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Loop-mediated isothermal amplification (LAMP) —
review and classification of methods for sequence-
specific detection
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Roland Zengerle® and Felix von Stetten @ *2°

In the course of the last 20 years, isothermal nucleic acid amplification tests have emerged as an important
diagnostic tool, not only for clinical applications, but also for food quality control and environmental
monitoring. Loop-mediated isothermal amplification (LAMP) is well known for its robust and highly sensitive
and specific amplification of target DNA, which is achieved by utilizing up to six primers. Moreover, LAMP
excels through its isothermal and energy efficient amplification requirements, rendering it a prime candidate
for low-cost diagnostics and analysis at the point of need. Recently, methods for sequence-specific detection
have gained more importance because, unlike sequence-independent detection methods, they are highly
specific towards the target DNA. In the last 13 years, a variety of sequence-specific methods have emerged,
based on a very diverse range of sensing techniques, including optical, magnetic, piezoelectric,
electrochemical and magnetoresistive sensing. To give structure to the diverse multitude of sequence-specific
methods, we created a systematic classification and provide a critical comparative evaluation according to
a catalogue of criteria (analytical performance, multiplexing, quantification and instrumental requirements).
Fluorescence-based detection, making up half of the methods, can be processed on open platforms and
satisfies all the criteria listed before. Instrumental requirements are discussed in terms of complexity,
portability and fluidic cartridges. In addition, the technological readiness level and the kind of platform (open
versus method-tailored) are evaluated, the latter playing an important role in the miniaturization and
automation of operational process steps. We also observe an increase in the use of smartphone-integrated
sensors to improve LAMP-based point-of-need testing. In summary, recent developments in methods for the
sequence-specific detection of LAMP demonstrate high potential for many future applications.
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1. Introduction

Since the revolutionary development of the polymerase chain
reaction (PCR) in the 1980s,"* nucleic acid amplification tests
(NAATs) have become an indispensable tool throughout the
entire life sciences field, and have even grown to be the gold
standard of nucleic acid analysis, especially in clinical appli-
cations,* but also for food quality control” and environmental
monitoring.®? A remarkable trend, emerging between 1995 and
2005, can also be observed in the development of isothermal
NAATs, which was provoked by the limitations of PCR. The
complex and expensive devices required for thermal cycling and
real-time detection during PCR restrict the use of this amplifi-
cation method. Isothermal NAATs enable amplification reac-
tions at constant and moderate temperatures. Simple and low-
cost devices, as well as fast processing times compared to PCR,
make isothermal NAATs increasingly attractive and open up
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new application opportunities in the field of point-of-care
(POC)/point-of-need (PON) testing.***

The development of rolling circle amplification (RCA),** the
pioneering isothermal NAAT method, laid the cornerstone for
ongoing research into numerous alternative methods enabling
isothermal amplification of DNA. These include loop-mediated
isothermal amplification (LAMP),"* recombinase polymerase
amplification (RPA),™ nucleic acid sequence based amplifica-
tion (NASBA),"* strand displacement amplification (SDA),*®
helicase dependent amplification (HDA)" and transcription-
mediated amplification (TMA)"® to just name the most impor-
tant ones. LAMP and RCA rank among the most frequently used
methods described in literature. The percentage of publications
listed in Web of Science that have LAMP in their title, illustrated
in Fig. 1, demonstrates the prevalence of LAMP among
isothermal NAATS (status as of 2019).

LAMP was first described by Notomi et al. in 2000* and was

optimized with additional primers for accelerated
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4.5%

Fig.1 Percentage of publications listed in Web of Science (status as of
2019), refined search for appearance in title.

amplification by Nagamine et al.?>* It has proven itself through
its high sensitivity and specificity and its tolerance to PCR-
The outstanding specificity is

inhibiting substances.***
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accomplished by using four to six specific primers, which
-RPA recognize six to eight different regions in the target DNA
NASBA sequence. A standard method for the detection of LAMP is the
SDA measurement of the turbidity caused by precipitated magne-
. |HDA sium pyrophosphate,**** as well as endpoint detection with the
- RCA naked eye.”**” Other target sequence-independent detection
B TVA methods rely on gel electrophoresis,” metal indicators for
calcium,® colorimetric LAMP,* coffee-ring effect on colloid-
crystal substrates,®* paper-based rapid detection of LAMP-
magnetic bead aggregates,®” melting and annealing curve
analysis,* intercalating fluorescent dyes such as SYBR
green,* ¢ bioluminescence through pyrophosphate conver-
sion®*”** or electrochemiluminescence.*>*

LAMP stands out in terms of its high analytical specificity
towards the target analyte due to the utilization of six primers.
However, the large number of long primers means there is
a risk of primer dimers forming.*** Sequence-independent
detection methods, listed above, indicate extended primer
dimers as false positive results. In contrast, methods for
sequence-specific detection excel through the use of target-
specific probes or modified primers as biorecognition

. ILAMP

60.7%

Table 1 Definitions. Terms used throughout the review are defined

Term

Definition

Analytical sensitivity

Analytical specificity
Biorecognition element
Biorecognition event
Biosensor

Diagnostic sensitivity
Diagnostic specificity
FRET

Heterogeneous detection
Homogeneous detection
Imprecision

Method-tailored demonstrators
Miniaturized total chemical
analysis systems (uTAS)
One-pot multiplexing

Open platforms

Signal transduction
Transducing element

TRL

This journal is © The Royal Society of Chemistry 2020

The analytical sensitivity of an NAAT describes the minimum number of target copies in a sample that
can be measured accurately.” It is expressed as the limit of detection (LOD), describing the number of
copies which can be detected with a probability of 95%

The analytical specificity of an NAAT describes the probability of detecting the correct target sequence
rather than non-specific targets™

Element in a biosensor which specifically interacts with the target analyte

Interaction between biorecognition element and target analyte

“A device that uses specific biochemical reactions mediated by isolated enzymes, immunosystems, tissues,
organelles or whole cells to detect chemical compounds usually by electrical, thermal or optical signals”. (B.
Nagel, H. Dellweg and L. M. Gierasch 1992)**°°

This is also referred to as clinical sensitivity, and describes the percentage of positive test results which
are correctly identified as positive®

This is also referred to as clinical specificity and describes the percentage of negative test results which
are correctly identified as negative®

Forster resonance energy transfer. The energy of an excited fluorophore (donor) is transferred radiation-
free to a second light-sensitive molecule (acceptor), also called a quencher

Planar sensor surfaces, connected to the transducing element, are used for heterogeneous detection.
During signal detection, biorecognition elements capturing the target or a mediator, are in close
proximity or linked to the sensing surface

Signals are generated within and detected from the entire volume of the reaction mix. During signal
transduction, biorecognition elements are homogeneously distributed in the reaction volume, either
dissolved in solution or immobilized on suspended particles

Describes the repeatability (intraassay variance) and reproducibility (interassay variance) of an NAAT>®
Custom-made instrumentation, comprising devices and/or disposables, which was developed for

a special method and application

WTAS are devices which provide automated sample handling. All steps for the analysis of a sample are
included (sample preparation, (bio)chemical reaction and detection)

Multiple target analytes are parallelly amplified in parallel in a single reaction, comprising multiple
primer sets, and detected simultaneously™®

Commercially available instrumentation, which can beis adaptative to different protocols and reagents.
The instrumentation comprises devices and related disposable cartridges, such as chips or disks

The process of converting a biorecognition event into an electrical signal with a transducing element
Element in a biosensor, which converts the biorecognition event into an electrical measurable electrical
signal

Technological readiness level. This scale indicates the development status of a technology

Anal. Methods, 2020, 12, 717-746 | 719
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elements. Such sequence-specific detection enables the accu-
rate identification of amplicons without being affected by
unspecific products. Moreover, sequence-specific detection
allows for differentiation between and identification of
multiple targets simultaneously in one assay (one-pot multi-
plexing®®). Appropriate selection and adaption of bio-
recognition elements plays an essential role in biosensing
performance, especially with respect to sensitivity and speci-
ficity.** Recent advancements have provided automated
systems with integrated sample handling, sample preparation
and biosensing.*® This integration of several laboratory
processes into miniaturized total chemical analysis systems
(1TAS) offers tremendous advantages, such as lower costs due
to reduced volumes and consumption of reagents, compact
system size, and high throughput.***” Furthermore, minia-
turization reduces the complexity of the instrumentation and
its operation and, combined with the isothermal reaction
conditions enabled by LAMP, paves the way for on-site testing
in the environmental field**** or close to the patient at the
PON.SO,SI

Methods for real-time monitoring and endpoint detection
of LAMP were summarized in a brief review by Zhang et al.**
These methods comprise diverse sequence-independent and
sequence-specific methods. Furthermore, Mayboroda et al.*®
reviewed multiplex methods for isothermal amplification in
general. As a completion of the previous work and in
consideration of the novel methods published after 2014, we
provide the first comprehensive, systematic classification and
critical analysis of such methods. In this review, we place
particular focus on methods for sequence-specific detection.
First, we give a short introduction to the principle of a LAMP
reaction. The terms used throughout this review are defined
in Table 1. In chapter 3, we classify the sequence-specific
detection methods for LAMP according to the transducing
elements and sensing techniques they use. We define the
assessment criteria which we use to evaluate the different
methods at the beginning of chapter 4. The main section of
chapter 4 gives a detailed description and illustration of the
individual methods, and related instrumentation is discussed
in chapter 5. We compare the different methods according to
our assessment criteria and their related instrumentation in
a general discussion in chapter 6, and provide a summarizing
overview in Table 2.

2. LAMP mechanism

The principle of LAMP is depicted in Fig. 2. The optimum
temperature range of LAMP is between 60-65 °C. LAMP
utilizes two outer primers (forward outer primer, F3, and
backward outer primer, B3), two inner primers (forward
inner primer, FIP, and backward inner primer, BIP) and
a DNA polymerase with strand-displacement activity.'> LAMP
can be accelerated by a factor of two by using an additional
pair of primers, the loop primers (forward loop primer, LF,
and backward loop primer, LB).?° Initially, the inner primer
FIP, which contains two target sequences specific to two
different regions in the template DNA, hybridizes to the

720 | Anal. Methodss, 2020, 12, 717-746
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B3 B2 Bl Target Flc F2c F3c
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C
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D

B2 F2c

exponential amplification

Fig. 2 General principle of LAMP. See text for explanation (redrawn
according to ref. 19 and 20).

target DNA and starts complementary strand synthesis (A).
The outer primer F3 starts strand displacement of the elon-
gated FIP primer, releasing single stranded (ss) DNA that
serves as a template for the backward primers (B). The BIP
primer starts strand synthesis at the ssDNA and is subse-
quently displaced by the B3 primer (C). Both the 3’ and the 5’
end are complementary to sequences further inwards,
enabling the formation of a stem-loop DNA structure (C and
D). The stem-loop structure is the starting point for expo-
nential amplification. Self-priming and the elongation of its
3’ end (F1) induces displacement of the 5’ end (B1c), subse-
quent unfolding of the hairpin structure, and backfolding of
the newly synthesized strand. Repetition of the self-priming
pathway generates long amplicons with cauliflower-like
structures. Additionally, inner and outer primers hybridize
to the loop structures and initialize strand synthesis and
subsequent displacement. Loop primers, annealing to the
loops in the stem-loop structure (D), further accelerate
LAMP.

3. Classification of detection
methods

We have divided the methods used for sequence-specific
detection of LAMP into groups and sub-groups according to

the techniques used for signal detection. For a visual illus-
tration of this classification, we provide a graphical overview

This journal is © The Royal Society of Chemistry 2020
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| METHODS FOR SEQUENCE-SPECIFIC DETECTION OF LAMP |
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Fig. 3 Overview and grouping of the methods for sequence-specific detection of LAMP. The abbreviations used herein are explained in the
following: fluorescence of loop primer upon self-dequenching (FLOS), alternately binding quenching probe competitive LAMP (ABC-LAMP),
quenching probe (QProbe), graphene oxide (GO), detection of amplification by release of quenching (DARQ), quenching of unincorporated
amplification signal reporters (QUASR), one-step strand displacement (OSD), mediator displacement (MD), multiple endonuclease restriction
real-time (MERT), Tth endonuclease cleavage (TEC), surface-enhanced Raman spectroscopy (SERS), gold nanoparticles (AuNPs), enzyme-linked
immunosorbent assay (ELISA), quartz crystal microbalance (QCM), retroreflective Janus particle (RJP), surface plasmon resonance (SPR), giant

magnetoresistive (GMR) measurement, resistive pulse sensing (RPS).

of all the methods discussed within this review (Fig. 3). The
methods are classified into homogeneous and heterogeneous
detection (Fig. 3, black boxes). We further differentiate
between particle-free and particle-based methods (Fig. 3,
dark grey boxes) and classify the methods according to the
transducing elements (Fig. 3, grey boxes) and sensing tech-
niques (Fig. 3, light grey boxes) used. This systematic scheme
is applicable to real-time as well as to endpoint detection of
LAMP.

The major divide is into homogeneous and heterogeneous
methods. Homogeneous detection methods rely on signals
generated within and detected from the entire volume of the
reaction mix. During signal transduction (see definitions), bio-
recognition elements (see definitions) are homogeneously
distributed in the reaction volume, either dissolved in solution
(particle-free detection) or immobilized on suspended particles
(particle-based detection). In contrast, heterogeneous detection
methods make use of planar sensor surfaces connected to the
transducing element. For signal detection, biorecognition
elements which capture the target analyte are in close proximity or
linked to the sensing surface. For the next two levels of the
systematic classification of the methods, we rely on the differen-
tiation of the signal transduction and sensing techniques. Signal

This journal is © The Royal Society of Chemistry 2020

transduction, the conversion of the biorecognition event into
a measurable signal, can be classified according to the transducing
element (Fig. 3, grey boxes): optical, piezoelectric, magnetic,
magnetoresistive or electrochemical. We further divided the
methods using each type of transducer into sub-groups depending
on the sensing technique used (Fig. 3, light grey boxes).

4. Methods for sequence-specific
detection of LAMP

4.1. Assessment criteria

In this review we assess 34 different methods for sequence-
specific detection of LAMP. In order to compare these
methods, we define assessment criteria, listed in Table 2. Data
that is available and published for each method is indicated
with an “X”. The first criterion is the analytical performance.
This was assessed according to the MIQE guidelines,*® which
define the following criteria: analytical sensitivity, analytical
specificity and imprecision (accuracy, repeatability and
reproducibility). The second criterion is the ability to cope
with complex sample material. To assess the second criterion,
we evaluated published clinical studies reporting on the

diagnostic sensitivity and diagnostic specificity, or

Anal. Methods, 2020, 12, 717-746 | 721
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demonstrating proof of concept with real sample material.
Organisms and target genes utilized to assess the analytical
performance or the diagnostic sensitivity and specificity are
listed in Table 3. The third, fourth and fifth assessment
criteria were the capability regarding multiplexing, quantifi-
cation and detection by naked eye. The final criterion was the
instrumental requirements. Method-tailored and open plat-
forms that are used to apply a certain method are considered
separately (platform section in Table 2) and are evaluated in
chapters 5 and 6.4.

4.2. Homogeneous, particle-free detection - optical

Sections 4.2.1.-4.2.7. relate to single-modified fluorogenic
primers and probes.

4.2.1. Fluorescence of loop primer upon self-dequenching
(FLOS) LAMP. An inner or loop primer is modified with a fluo-
rophore capable of self-quenching. No further fluorogenic
molecules are required, and therefore this is a non-FRET based
quenching mechanism. The mechanism of the dequenching of
an internally conjugated label is still unclear, but one possible
approach is based on interactions with surrounding nucleo-
bases.***” Initially, the fluorophore-modified primer is unbound
and free in solution, and shows self-quenching. During ampli-
fication, the modified primer is incorporated into the double
stranded amplicon, resulting in dequenching and conse-
quently, increased fluorescence (Fig. 4). Analytical and clinical
validation of FLOS-LAMP was conducted for the human path-
ogen Varicella-zoster virus by Gadkar et al.>®* They used both
crude sample material (direct specimen addition, no pre-
extraction protocol) and extracted DNA, with the latter
showing a more robust detection signal. Analytical sensitivity
was 500 copies per reaction and the diagnostic sensitivity and
specificity were 96.8% and 100% respectively.*® One challenge is
to find fluorophores showing high self-quenching and a primer
appropriate for modification with a fluorophore. Primer
sequences are highly variable and can lead to high background
fluorescence signals. The self-quenching method was utilized in
a biplex assay for the diagnosis of Japanese pear dwarf,*® caused
by the fungi Fomitiporia torreyae or Fulviformes umbrinellus.
Visual detection was made possible by adding polyethylenimine
(PEI), leading to the formation of an insoluble LAMP amplicon-
PEI complex. The fluorescence-modified probes are incorpo-
rated into the precipitation, enabling easy detection by naked
eye on a conventional UV illuminator. Visual differentiation
between the two targets is possible, but only when just one of
the targets is present. Furthermore, the same method was
applied to the identification of three species of whitefly, Tri-
aleurodes vaporariorum, Bemisia tabaci Middle East-Asia Minor 1
(MEAM1), and Mediterranean (MED).®® All three targets were
identified with the naked eye in a multiplex assay by the three
different colours of the precipitate.

4.2.2. HyBeacon probes. In contrast to FLOS-LAMP,
HyBeacon probes are non-extending reporter molecules and
are placed between the inner primers, FIP and BIP (Fig. 4).
Detection occurs after LAMP through annealing curve analysis.
The described method was used for the detection of Chlamydia

722 | Anal. Methodss, 2020, 12, 717-746
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trachomatis and for the simultaneous detection of both alleles
of the vitamin K epoxide reductase 1 (VKORC1)1639 G > A single
nucleotide polymorphism (SNP) (rs9923231).** Analytical
sensitivity was determined with C. trachomatis DNA to be 18
copies per reaction. Mori et al.®> described a similar approach to
the visual multiplex detection of hepatitis B and C viruses (HBV
and HCV). Precipitation was generated by adding PEI after
LAMP, and the LAMP result was observed by naked eye on
a conventional UV illuminator. Discrimination between HBV
and HCV and the observation of the simultaneous presence of
both targets was possible.

4.2.3. Guanine quenching principle. Probes or primers are
modified with a fluorescent dye at a cytosine residue at the 5’
end. When the probe or primer anneals to the target sequence,
fluorescence is quenched by electron transfer between the
fluorescent dye and the guanine residue (Fig. 4). So-called
QPrimers® were used for the detection of influenza virus and
respiratory syncytial virus in singleplex assays.®® The analytical
sensitivity was between 25-250 copies per reaction, and the
diagnostic sensitivity and specificity were determined to be
85.0% and 100% respectively. One big drawback is that signal
generation depends heavily on the target sequence. Fluo-
rophores must be attached to a cytosine to enable efficient
quenching in the target-probe-complex. Furthermore, the
signal of a free probe could be influenced by there being any
guanine bases in close proximity.

4.2.4. Alternately binding quenching probe competitive
LAMP (ABC-LAMP). ABC-LAMP, mainly developed for the
quantification of DNA, also makes use of guanine quenching,
and is further based on a competing reaction.** The LAMP mix
comprises two targets, the amplicon of interest and an internal
amplification standard (competitor). Both targets include
a sequence in the loop region that is complementary to the
alternately binding quenching probe (AB-QProbe). Binding of
the probe to the target amplicon of interest attenuates the
fluorescence intensity through guanine quenching. In contrast,
binding to the competitor maintains the fluorescence of the AB-
QProbe label because the guanine residues in the competitor
have been replaced with cytosine (Fig. 4). The ratio of LAMP
products from the target to those from the competitor can be
calculated from the fluorescence intensity. ABC-LAMP was
characterized for a model target, amoA, which encodes the
ammonia-oxidizing enzyme in environmental bacteria. Analyt-
ical parameters were not assessed, but accurate quantification
was demonstrated. The advantage of ABC-LAMP for the quan-
tification of target DNA is that any inhibitors present in the
LAMP mix affect amplifications of the real target and of the
competitor equally. The competitor serves as an internal stan-
dard and enables quantification from measurements of the
fluorescence at the beginning and the end of the amplification
process. No real-time monitoring is required. One disadvantage
is that the amplification efficiencies of the target and the
competitor must be balanced. Another is that a standard curve
is needed.*

4.2.5. Fluorophore-modified primer with
bromide (EtBr). Kouguchi et al.®® presented a method linking
fluorescence-modified primers with an intercalating dye for the

ethidium
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identification of two different Shiga toxin genes in Shiga toxi-
genic Escherichia coli isolates. A BIP primer is modified with
FAM, and an intercalating acceptor molecule (EtBr) is used to
weaken the fluorescence intensity through FRET. The method
has been developed for biplex detection in particular. The
primer set specific to target 1 includes a FAM-modified primer,
whereas the primer set for target 2 is label-free. Initially, FAM
fluorescence is weak due to FRET with EtBr. During amplifica-
tion of target 2, EtBr intercalates into double stranded ampli-
cons. The amplicons do not contain FAM modifications as only
the second primer set is involved. The consumption of EtBr
lowers the concentration of free EtBr in solution and conse-
quently reduces FRET, leading to increased FAM-fluorescence.
In contrast, the amplification of target 1 generates amplicons
modified with FAM fluorophores. Intercalation of EtBr leads to
close proximity between FAM and EtBr, resulting in strong
quenching of fluorescence compared to the initial conditions
(Fig. 4). Analytical sensitivity for the detection of Shiga toxin
genes in Shiga toxigenic E. coli isolates was determined to be
100 colony forming units per reaction. One drawback of this
approach is that multiplexing is limited to two targets. Another
is the use of EtBr, which is known to decrease the specificity of
biplex LAMP due to its interaction with unspecific by-products.
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A third drawback is the difficulty distinguishing between the
targets when they are both present initially due to complicated
fluorescence plots. EtBr may also decrease the efficiency of
amplification. Furthermore, EtBr is considered a strong
mutagen, and is potentially carcinogenic and teratogenic.
However, the modification of primers for signal generation is
simple.

4.2.6. Universal quenching probe (QProbe). A universal
QProbe® is used together with joint DNA. The single stranded
joint DNA contains two regions. One of these is complementary
to the QProbe and the other is complementary to the target
sequence. The QProbe is a universal probe labelled with a fluo-
rophore at its 3’ end. The joint DNA operates as a coupling
between the QProbe and the target by hybridizing with the
template during amplification. Electron transfer between the
fluorophore and the guanine residue in the target sequence
leads to fluorescence quenching (Fig. 4). SNPs can be detected
by melting curve analysis following LAMP reaction. QProbes
were used for the detection of point mutations in the xylem 3
(SIx3) gene of the tomato wilt pathogen Fusarium oxysporum f.
sp. lycopersici. Analytical sensitivity was 30 pg per reaction. An
advantage of this method is that the nucleotide sequence of the
QProbe can be fixed and does not contain target-specific
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regions. Still, this is a target sequence-dependent mechanism
because the fluorophore attached to the 3’ end of the universal
sequence is quenched by a guanine in the target strand when it
is in close proximity. This works only if guanine bases are
present at this position in the target sequence, and therefore it
is only a semi-universal method.

4.2.7. Graphene oxide (GO) based FRET. Fluorescence
quenching via FRET can be achieved by mixing with fluorogenic
probes, as energy can be transferred between the fluorophore
and GO. Single stranded probes are adsorbed onto the GO
surface via - interactions, leading to fluorescence quenching
due to the close proximity between the fluorophore and GO.
After LAMP, the fluorogenic probes hybridize with the ampli-
con, and thus nucleotide bases are not accessible to the GO.
Consequently, a fluorescence signal is recovered. LAMP product
is added to a probe-GO mixture, and in the case of a positive
LAMP reaction probes bind to amplicons, leading to signal
recovery within 10 minutes (Fig. 4). FRET between the fluo-
rophore and GO was first applied by Waiwijit et al. to detect
white spot syndrome virus.*” Analytical sensitivity was 10
plasmid DNA copies per reaction and 0.6 fg infected shrimp
total DNA. High analytical specificity (100%) was confirmed by
testing against common shrimp viruses. GO was synthesized by
the authors and not obtained commercially. A further weakness
is that this method depends on opening LAMP reaction vials,
which risks contamination with amplicons. However, high
fluorescence quenching due to efficient FRET between GO and
fluorophores is an advantage of this detection method.

Sections 4.2.8.-4.2.14. relate to multiple-modified fluoro-
genic primers and probes.

4.2.8. Detection of amplification by release of quenching
(DARQ). The DARQ probe consists of a modified FIP primer and
an additional oligonucleotide (Fd) which is complementary to
the 5’ overhang of the FIP primer. The FIP primer is modified
with a quencher or a fluorophore at the 5’ end and anneals to
the Fd, which is also modified with a fluorophore or quencher at
the 3’ end. The new synthesized strand hybridizes to the Fd
probe and serves as a template for subsequent primer elonga-
tion. Primer extension at the 3’ end of the newly generated
strand leads to the displacement of the Fd and a release of
quenching, resulting in a gain in the fluorescence signal (Fig. 5).
DARQ detection was first described by Tanner et al.®® for the
singleplex and quadruplex detection of model systems
comprising E. coli, Caenorhabditis elegans, HeLa, lambda and
hBRCA1 DNA. However, there was no consistent curve shape
and the data showed deviations from a sigmoidal shape.
Furthermore, early non-template amplification was observed in
multiplex assays, resulting in a decreased specificity.>”*®* DARQ
LAMP was also applied to detect Salmonella,* avian reovirus,”
methicillin-resistant  Staphylococcus aureus (MRSA)* and
Brucella.” Analytical sensitivity for Salmonella DARQ LAMP was
10 copies per reaction. High specificity against non-Salmonella
strains was shown. Diagnostic sensitivity and specificity were
100% and 99.4% respectively.*

4.2.9. Quenching of unincorporated amplification signal
reporters (QUASR). QUASR is specifically designed for endpoint
detection of LAMP. Similar to DARQ, the QUASR method,
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presented by Ball et al.,”® uses a primer modified with a fluo-
rophore at its 5 end and a short quencher probe of about 7-13
bases modified at the 3’ end. The quencher probe is comple-
mentary to the 5 end of the modified primer. The melting
temperature of the dimer, consisting of the modified primer
and the quencher probe, must be below the temperature of
LAMP to guarantee the presence of ssDNA during LAMP. After
LAMP, the reaction is cooled down to room temperature,
allowing hybridization of the free primer and the quencher
probe. After the amplification of the target DNA, primers
modified with fluorophores are incorporated into the ampli-
cons and are inaccessible to the quencher probe (Fig. 5).
Consequently, the fluorescence signal remains bright and can
be observed visually with a UV lamp. Bacteriophage MS2 was
used as a model RNA virus, and biplex detection of West Nile
virus (WNV) and chikungunya virus RNA were also demon-
strated.” Technical applications of QUASR on a chip and with
smartphone readout are described elsewhere.””¢ The analytical
sensitivity for detection of cell-cultured zika virus by QUASR RT-
LAMP was 44 copies per reaction. Furthermore, the assay
showed high analytical specificity when tested against other
flaviviruses and alphaviruses. Similar approaches allowing
visual endpoint detection through the addition of quencher
oligonucleotides after amplification were demonstrated for the
human immunodeficiency virus (HIV) and genetically modified
maize.”®" Detection of diarrheal disease by QUASR was per-
formed on a centrifugal microfluidic platform.*> QUASR is
limited to biplex LAMP if visual detection is performed due to
overlapping of the colours. Furthermore, no precise quantifi-
cation is possible.

4.2.10. Toehold-mediated strand exchange reaction,
termed one-step strand displacement (OSD). The OSD probe
comprises two complementary probes: the target-binding probe
contains a fluorophore at its 5 or 3’ end, and the second
oligonucleotide is modified with a quencher at its 3’ or 5’ end.
The target-binding probe is between 10 and 11 bases longer
than the second oligonucleotide, resulting in a higher binding
enthalpy between the target-binding probe and the amplicon.
According to the principle of Le Chatelier, toehold-mediated
strand exchange reaction occurs during the amplification of
the target DNA. Consequently, separation of the fluorophore
and quencher induces an increase in fluorescence intensity
(Fig. 5). The probes are sensitive towards single mismatches in
target amplicons due to their thermodynamic properties, and
therefore OSD probes can distinguish SNPs in LAMP amplicons
with a high signal-to-noise ratio. LAMP-OSD was applied for
SNP detection in a mutant BRAF allele (V600E) in the presence
of the wild-type gene. The mutant allele (V600E) was detected
with an analytical sensitivity of 20 copies per reaction, and
further, in the presence of 20 times as many wild-type gene
copies, could deliver a yes/no result.*® The method was also
applied for the detection of Middle East respiratory syndrome
coronaviruses,® as well as the detection of human faecal
contamination of water on a portable platform by visual
endpoint detection with unmodified smartphones, LEDs and
filters, including the provision of lyophilized reagents and
chemical heating.®® LAMP-OSD was also used to monitor
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Wolbachia infection frequencies in Aedes aegypti mosquito
populations on a one-pot sample-to-answer nucleic acid diag-
nostic platform with visual endpoint detection.*® Blind field
tests with field-caught mosquitoes revealed a diagnostic sensi-
tivity and specificity for identifying Ae. aegypti of 98% and 97%
respectively. Biplex detection was shown for the Plasmodium
falciparum cytB gene and the genomic locus detection of herpes
simplex virus 1 (HSV1) US4.** A drawback is that LAMP-OSD
requires elaborate assay design, as binding enthalpies must
be calculated and balanced to guarantee successful exchange
reactions.

4.2.11. Molecular beacon. The target-specific dual labelled
probe is modified with a fluorophore and a quencher at each
end of its strand. Its 3’ end is complementary to its 5 end,
allowing the probe to form a hairpin structure.*”®® In the
absence of amplicons, the molecular beacon exists in closed
loop form due to intramolecular hybridization between the 5’
and 3’ ends. Consequently, the fluorophore and quencher are in
close proximity, leading to fluorescence quenching. In the
presence of amplicons, the probe hybridizes with an amplicon,
causing the loop to open, separating the fluorophore and
quencher, and resulting in release of fluorescence (Fig. 5).
Molecular beacons were used for the viral nucleic acid detection
by LAMP of HIV, HBV, HCV, hepatitis E (HEV), dengue virus
(DENV) and WNV.* Analytical sensitivity was between 50-100
viral particles per reaction for HCV and HBV detection, and
analytical specificity was confirmed by testing against various
viral nucleic acids. Furthermore, clinical validation was con-
ducted with nucleic acids extracted from human clinical spec-
imens. This revealed a diagnostic sensitivity and specificity of
97% and 100% respectively. Molecular beacons were used for
the detection of a part of the 1031-bp ompW gene from Vibrio
cholera® and also, on a digital microfluidic system, for the
detection of the human African trypanosomiasis pathogen
Trypanosoma brucei.** The hairpins are unstable under LAMP
conditions, resulting in high signal-to-noise ratios. An approach
to improving the thermal stability of molecular beacons is to
use locked nucleic acids to decrease the background fluores-
cence signal. Locked nucleic acids comprise some kind of
artificial bases, which generates high melting temperatures.®® A
further method to monitor LAMP with molecular beacons is
based on G-quadruplex molecular beacons.® Due to the binding
of the molecular beacon to an amplicon, a spatial G-quadruplex
complex is formed. G-quadruplexes consist of G-rich nucleic
acids. They are formed of stacked G-tetrads®* and can associate
with hemin to form DNAzymes. The catalytic effect of the G-
quadruplex/hemin complex upon peroxidation reactions is
exploited to induce chemiluminescence due to the oxidation of
luminol.*

4.2.12. LightCycler. LightCycler probes for LAMP were
introduced by Chou et al®* and are currently commercially
available for PCR. LightCycler probes comprise an acceptor
probe modified with a quencher at the 5’ end and a donor probe
labelled with a fluorophore at the 3’ end. The distance between
the 5’ end of the acceptor part and the 3’ end of the donor part of
the target sequence is about two bases to guarantee close
proximity between the fluorophore and quencher. During

This journal is © The Royal Society of Chemistry 2020
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LAMP, amplicons are generated, providing probe-
complementary sequences to which the probe system hybrid-
izes, bringing the fluorophore and quencher into close prox-
imity (Fig. 5). Analytical sensitivity was determined for white
spot syndrome virus (WSSV) of penaeid shrimp and yielded 100
copies per reaction. Analytical specificity was confirmed by
testing against host DNA and further DNA from virus pathogens
found in shrimp. Clinical usefulness was demonstrated by
testing genomic DNA from WSSV-infected Penaeus vannamei.®* A
similar approach for endpoint detection of SNPs was presented
by Komura et al. for the mutant genotypes F167Y, E198Q and
F200Y in the B2-tubulin gene region of the causal pathogens of
Fusarium head blight in wheat.*®

4.2.13. Assimilating probe. The assimilating probe®® is
a dimer consisting of two partly complementary oligonucleo-
tides. It is closely related to DARQ detection.®® A first oligonu-
cleotide comprises a target-specific sequence at the 3’ end and
a universal sequence carrying a fluorophore at its 5 end. A
second oligonucleotide, complementary to the universal
sequence of the first oligonucleotide, is labelled with
a quencher at its 5 end. Initially, the quencher strand is
annealed to the first oligonucleotide of the assimilating probe,
resulting in fluorescence quenching. During LAMP, the target-
specific 3 end of the fluorogenic oligonucleotide anneals to
the amplicon taking part in the amplification process. The
binding and extension of the reverse primers induces the
displacement of the quencher strand, resulting in a release of
fluorescence (Fig. 5). It differs from DARQ detection in the
universal quencher oligonucleotide, which is target-specific in
DARQ detection. Assimilating probes were first presented for
detection of the bacterial agricultural wilt pathogen Ralstonia
solanacearum.”® The assay has also been incorporated into
a portable device.””*® This device does not require any power
supply as it uses the exothermic hydration of calcium oxide for
incubation at 61 °C. Assimilating probes were also used for the
detection of Salmonella enterica in a handheld device, enabling
real-time monitoring of LAMP with an analytical sensitivity of
15 copies per reaction.” Samples processed from chicken rin-
sate showed a sensitivity of 25 CFU per assay.” A biplex assay to
sub-type specific quarantine strains of the bacterial wilt path-
ogen Ralstonia solanacearum is described in ref. 100. Again, this
method is semi-universal, as the fluorogenic oligonucleotides
contain target-specific regions. Adaption to different target
sequences requires modifications of the fluorogenic oligonu-
cleotide which may influence signal generation.

4.2.14. Mediator displacement (MD) LAMP. MD LAMP
features a MD probe and a universal reporter (UR).' The
mediator displacement probe is a bifunctional dimer
comprised of two partly complementary oligonucleotides. The
first oligonucleotide contains a target-specific sequence, and
also a universal sequence at its 5’ end. The second oligonucle-
otide, called the mediator, is complementary to the universal
sequence of the first oligonucleotide. The signal generating
molecule, the UR, exhibits a hairpin-shaped secondary struc-
ture. It is labelled with a fluorophore and a quencher, and has
a mediator-complementary part at its 3’ end. The UR is
completely target-independent. Amplification of target DNA
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induces the displacement of the mediator from the MD probe.
The displaced mediator then hybridizes with the UR and
generates a fluorescence signal upon mediator elongation and
the subsequent unfolding of the UR (Fig. 5). Biplex MD LAMP
was demonstrated for HIV-1 and human T-lymphotropic virus 1
(HTLV-1), as well as for Treponema pallidum and Haemophilus
ducreyi.*** Universal applicability of MD detection was demon-
strated by utilizing the same generic mediator-reporter set for
HIV-1/HTLV-1 and for T. pallidum and H. ducreyi detection.
Analytical sensitivity was determined for HIV-1 RNA as 131
copies per reaction. Additionally, MD LAMP showed high
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analytical specificity (100%) and low inter- (34.0% for 1 x 10°
copies per reaction, 0.7% for 1 x 10° copies per reaction) and
intraassay variation (16.0% for 1 x 10° copies per reaction, 0.7%
for 1 x 10° copies per reaction). Clinical validation of T. pal-
lidum and H. ducreyi biplex detection with statistically valid
number of patient samples yielded acceptable diagnostic
sensitivities and specificities.'”> Preconfigured mediators and
URs can be used for various target panels. As signal generation
is decoupled from target amplification, quenching and fluo-
rescence intensity can be optimized independently from the
design of the target-specific probe.
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Sections 4.2.15.-4.2.17. relate to detection based on restric-
tion enzymes.

4.2.15. Multiple endonuclease restriction real-time
(MERT)-LAMP. The signal generating unit is an inner primer
with an overhang at its 5’ end. The 5’ overhang is modified with
a fluorophore and a quencher, which flank an endonuclease
recognition site. The modified inner primer is called the core
MERT-LAMP primer.'”® During LAMP, the core MERT-LAMP
primer is inserted into the amplicons. Synthesis of a new
strand containing the MERT-LAMP primer sequence generates
a double stranded terminus. Consequently, a nicking enzyme,
recognizing the endonuclease recognition site, digests the
double stranded terminus. Separation of the fluorophore and
quencher releases quenching (Fig. 6). One-step MERT-LAMP
enables simultaneous LAMP and digestion reaction under
constant conditions, allowing real-time monitoring, quantifi-
cation and also visual endpoint detection via colour change.
MERT-LAMP was first described by Wang et al for biplex
detection of Listeria monocytogenes and Listeria ivanovii'®,
revealing an analytical sensitivity of 250 fg DNA per reaction.
Raw meat samples were evaluated successfully and high
analytical specificity was confirmed by testing against various
Listeria strains. Further, MERT-LAMP was applied for biplex
detection of two marine seafood-borne pathogens Vibrio para-
haemolyticus and Vibrio vulnificus.***

4.2.16. Tth endonuclease cleavage (TEC)-LAMP. TEC-LAMP
is similar to MERT-LAMP, but instead of an endonuclease
recognition site, an abasic site, cut by a Tth endonuclease IV
enzyme, is incorporated (Fig. 6). The modified inner primers are
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called TEC primers.'®” TEC-LAMP was applied for the detection
of leading bacterial meningitis pathogens (Streptococcus pneu-
moniae, Neisseria meningitides and Haemophilus influenzae) in 3-
plex LAMP and in 4-plex LAMP with an internal control.
Analytical sensitivities of the above listed targets were between
17.3 and 39.5 genome copies per reaction, and high analytical
specificity was shown. Clinical validation revealed a diagnostic
sensitivity and specificity of 92.3% and 100% respectively. A
drawback of MERT- and TEC-LAMP is that additional enzymes
increase costs and also carry the risk of interactions with
components in the reaction mix. Furthermore, nicking enzymes
require specific conditions which must be made compatible
with those of the LAMP reaction.

4.2.17. Pyrosequencing. For pyrosequencing of amplicons
generated during LAMP, a FIP primer is modified with
a target-specific barcode and a recognition sequence for the
nicking endonuclease (NEase) near the barcode, between the
F2 and Fic regions. During LAMP, the target-specific barcode
and the recognition sequence for the nicking endonuclease
are incorporated into the amplicon. After LAMP, nicking of
the amplicon occurs, followed by subsequent pyrosequencing
(Fig. 6). Pyrosequencing in solution makes use of the
nucleotide-degrading enzyme apyrase. The washing steps
required in solid-phase pyrosequencing are therefore redun-
dant. The registration of target-specific barcodes enables the
identification of a large number of different targets. This
method was presented by Liang et al.**® for 4-plex detection of
HBV, HCV, HIV and T. pallidum. LAMP and the nicking
reaction can be processed in a standard thermocycler, and
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pyrosequencing can be processed in a portable pyrosequencer
(Hitachi, Ltd., Central Research Laboratory, Japan). A draw-
back is that this method, comprising LAMP, manual purifi-
cation of LAMP amplicons with a PCR purification kit (about
30-45 minutes), nicking reaction (1 hour and 20 minutes) and
pyrosequencing, is elaborate and requires many handling
steps. Pyrosequencing is not quantitative, but it does enable
a high degree of multiplexing.

4.3. Homogeneous, particle-based detection - optical

4.3.1. BEAMing LAMP. LAMP is conducted in an emulsion
on magnetic beads modified with target-complementary
probes, and is subsequently measured by flow cytometry.'””
Probes are immobilized on a magnetic bead surface via biotin—
streptavidin interaction and bind to the FIP region of the target
molecule. BIP primers free in solution are labelled with Cy5 for
amplicon detection. In a first step, target molecules hybridize to
probes immobilized on the bead surface. In the case of low
target concentrations, the magnetic beads carry either zero or
one template molecule. After the single-molecule capturing
step, the beads are washed, mixed with LAMP reagents, and
divided into droplets by the formation of a water-in-oil emul-
sion in a 48-well TissueLyser. Each aqueous droplet contains
one magnetic bead carrying one or no template molecules.
Droplets are incubated at LAMP conditions, and amplicons
labelled with Cy5 accumulate on the bead surface. After in-
droplet LAMP, the emulsion is broken by mixing with iso-
propyl alcohol and the beads are washed. In a final step, the
beads are analyzed using flow cytometry (CytoFLEX, Beckman)
(Fig. 7). By counting the number of positive beads, the initial
target concentration can be determined precisely. Unlike most
existing digital nucleic acid amplification platforms,****°
BEAMing LAMP is a non-chip (cartridge-free) format. Further-
more, it allows parallel processing of multiple samples. The
optimum time for on-bead LAMP is 1.5 hours, and the total
turnaround time is about 2 hours. BEAMing LAMP has been
demonstrated for the detection of HCV with an analytical
sensitivity of 300 copies per reaction and high reproducibility
(15% relative errors).'”” Furthermore, clinical plasma samples
were tested, revealing its potential for use in clinical applica-
tions. High-precision endpoint quantification due to digital
readout makes DNA standards redundant. However, the
complex workflow entails drawbacks.

4.3.2. Surface-enhanced Raman spectroscopy (SERS) with
gold nanoparticles (AuNPs). Capture probes complementary to
the LAMP amplicons and containing a Raman-active modifica-
tion, e.g. Cy5 dyes are immobilized on the surface of AuNPs. The
Raman-active label is in close proximity to the AuNP, causing
the Raman signal intensity to increase significantly. LAMP
amplicons hybridize to the capture probe, forming double
stranded (ds) DNA. In the absence of the target DNA, the capture
probes remain single stranded. Due to the addition of S1
nuclease, which specifically degrades ssDNA, ss capture probes
are degraded into mononucleotides (ANTPs), whereas probes
bound to amplicons and forming dsDNA are protected against
degradation. In the absence of target DNA, Cy5 is released due
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to nuclease digestion, resulting in a reduction in the intensity of
the Raman signal (Fig. 7). Two handling steps are needed, as
digestion is conducted after LAMP. First, the LAMP (40 minutes)
product is mixed with AuNPs and an S1 nuclease enzyme mix
and incubated for 25 minutes. Second, the mix is washed twice
and then analyzed with a confocal micro-Raman spectroscopic
system, equipped with a Leica microscope. Total turnaround
time is about 1 hour and 20 minutes. SERS was applied for the
detection of Salmonella enterica serotype enteritidis and showed
an analytical sensitivity of 66 CFU per reaction. High analytical
specificity was demonstrated by testing against closely related
bacterial species. Successful identification of the target in arti-
ficially spiked milk samples was also demonstrated."™ SERS
spectroscopy is very sensitive and allows detection on a single
molecule level.

4.3.3. Optomagnetic detection. Two approaches for the
functionalization of magnetic beads are used in literature:
magnetic beads are either modified with target-specific capture
probes or are coated with streptavidin and used in combination
with amplicons carrying biotin due to the incorporation of
biotinylated primers during LAMP. Clustering of the function-
alized magnetic beads occurs in the presence of the target
amplicons, as these contain many repetitions of the sequence
complementary to the capture probe or many biotin modifica-
tions. Clustering leads to an increase in the hydrodynamic
volume, resulting in a change in the optomagnetic spectra
(Fig. 7). Optomagnetic methods rely on the modulation of the
intensity of light in an external magnetic field, which is trans-
mitted through the magnetic beads suspended in solution.
Real-time monitoring was conducted in a custom-made chip
processed in a specially established measuring station which
was comprised of a light source, a photodetector, heaters, and
poly(methyl methacrylate) rods to provide light access to the
chip."” DENV was detected in real time with an analytical
sensitivity of 100 fM per reaction. Total turnaround time was
only 20 minutes. The method was also applied for the endpoint
detection of Newcastle disease virus'® with an analytical
sensitivity of 10 aM. Clinical applicability was demonstrated by
successfully analyzing viral RNA extracted from clinical speci-
mens. A drawback is the sedimentation of magnetic beads
during LAMP, which could influence the result. Furthermore,
the modulation efficiency is not predictable or consistent, as the
size distribution of LAMP amplicons is very broad. Another
drawback is that the LAMP mix is not washed after incubation.
Consequently, biotinylated primers and amplicons compete
with each other in binding to the magnetic beads.

4.3.4. AuNPs. The surfaces of AuNPs are modified with
target-specific probes which bind to amplicons after LAMP.
AuNPs enable the visual detection of target strands by their
wine-red colour. The exact shade of red depends on particle size
and the degree of aggregation. ssDNA-labelled AuNPs form
larger clusters due to salt-induced self-aggregation, resulting in
a blue-grey colour. Hybridization between amplicons and
probes increases steric hindrance at the Au-surface, leading to
repulsion between AuNPs. The AuNPs thus remain homoge-
neously distributed and dispersed in solution, leading to
a wine-red colour (Fig. 7). In a manual step, LAMP product is
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mixed with AuNP solution and incubated for about 30 minutes.
AuNP biosensors were applied for the visual endpoint detection
of influenza viruses with an analytical sensitivity of 10-100

copies RNA per reaction and a diagnostic sensitivity and spec-
ificity of 98.3% and 100% respectively."™* AuNPs were also
utilized for the detection of various pathogens,**>™** for forensic
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evidence," and for clinically relevant SNPs.”*>** In another
approach, hybridization-induced aggregation due to cross
linking between AuNPs and a template led to a colourless
precipitation.”* This method does not require laboratory
operations or expensive equipment and can be used directly at
the PON. Furthermore, AuNPs are used for staining on lateral
flow dipsticks. Lateral flow dipsticks find wide application in
the detection of LAMP products and are therefore discussed in
chapter 4.3.4.1.

4.3.4.1. Lateral flow dipsticks. During LAMP, primers that
are two-fold modified with two different antigens are incorpo-
rated into the amplicon. Antigen 1 (identical for each target) is
for colour reaction and antigen 2 (individual for each target) is
for capturing at the test line. Biotin in combination with
streptavidin-modified AuNPs can be used instead of antigen 1.
Antibodies for antigen 2 are pre-immobilized on the test lines
and Au-NPs labelled with antibodies for antigen 1, for colour
reaction, are pre-immobilized on the conjugate pad. After
dipping the test strip into a running buffer which includes
LAMP products, antibody 1-labeled AuNPs are rehydrated and
transported in the running buffer. Antigen 2-tagged amplicons
are trapped at specific test lines by antibodies for antigen 2, and
AuNPs accumulate on the test lines due to their binding to
antigen 1, which is attached to the amplicons. Positive ampli-
fication is indicated by a red band which can be observed
visually (Fig. 7). The described lateral flow method was utilized
by Chen et al.**® after triplex LAMP to identify three different
toxin genes of Pseudomonas aeruginosa with an analytical
sensitivity of 20 CFU per reaction. Similar lateral flow
approaches were utilized to detect various other patho-
gens.'** ' Lateral flow tests have also been integrated into
sample-to-answer microfluidic systems.'*” Lateral flow tests are
easy to handle and do not require additional equipment other
than an incubator for LAMP. The strips are universally appli-
cable as no target-specific probes are immobilized on the
surface. These tests can therefore be produced on a large scale,
minimizing fabrication costs. However, they are not quantita-
tive, and the opening of LAMP reaction vials risks contamina-
tion with amplicons.

4.3.5. Magnetogenosensor. After LAMP,
labelled amplicons hybridize to probes immobilized on
magnetic beads via biotin-streptavidin interaction. This
hybridization takes about 20 minutes. Next, non-hybridized
amplicons are washed away with a portable magnetic sepa-
rator. Then, anti-fluorescein antibody peroxidase conjugate
(POD) is added. This binds to fluorescein-labelled amplicons
during the next incubation step (10 minutes). After a further
washing step and the addition of 3,3’,5,5"-tetramethylbenzidine
(TMB), a substrate of POD, there is a colour change from brown
to blue, indicating a positive result (Fig. 7).**® Total turnaround
time is about 2 hours. This method was applied for the detec-
tion of pathogenic Leptospira with an analytical sensitivity of 80
copies per reaction and 100% analytical specificity when tested
against 172 bacterial strains.*® The portable magnetic sensor
enables use at the PON, as no additional devices or power
supply is required. Many manual steps and opening of the
reaction vessels are drawbacks of this method.

fluorescein-
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4.4. Homogeneous, particle-based detection - magnetic

4.4.1. AC susceptometry. Before LAMP, biotinylated
primers are immobilized onto streptavidin-coated magnetic
beads. These immobilized primers are extended during LAMP
and the amplicons generated lead to an increase in the hydro-
dynamic volume of the magnetic beads. After incubation, the
reaction vessel, containing LAMP product, is mounted in an AC
susceptometer and the frequency-dependent AC susceptibility
in an alternating magnetic field is measured (Fig. 8). The
magnetic beads start to rotate (Brownian relaxation'*’) so that
their magnetic moments are aligned with the direction of the
applied magnetic field. The hydrodynamic volume of the
magnetic beads influences the time taken for relaxation, which
is reflected by the susceptibility. Time for readout is about 15
minutes. AC susceptometry was applied for the quantitative
detection of synthetic Zika virus oligonucleotides with an
analytical sensitivity of 1 aM.**® High specificity was demon-
strated by testing against four relevant viruses. An advantage of
this method is that no washing steps are required, which may
allow real-time monitoring, provided that the time for readout
can be reduced.

4.5. Heterogeneous, particle-free detection - optical

4.5.1. LAMP detected by enzyme-linked immunosorbent
assay (LAMP-ELISA). Amplicons are tagged with digoxigenin
during amplification due to the incorporation of digoxigenin-
labelled nucleotides, and with biotin due to biotin-modified
primers and probes. After LAMP, the amplicons are trans-
ferred to a streptavidin-coated microtiter plate well. The
amplicons bind with the biotin tag to the streptavidin, which is
immobilized on the surface of the well. Next, the wells are
washed, POD-labelled anti-digoxigenin antibody Fab fragment

4.4.1. AC susceptometry
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Fig. 8 Schematic illustration of 4.4.1. AC susceptometry**° (redrawn
according to the references).
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is added, and the wells are incubated. During incubation, anti-
digoxigenin Fab fragments bind to the digoxigenin incorpo-
rated into the amplicons. After 30 minutes of incubation, the
wells are washed and an enzymatic reaction on the surface of
the well is started after the addition of TMB. TMB is activated by
the POD, resulting in an absorbance change. This absorbance
change is detected using a standard microtiter plate reader
(Fig. 9).** LAMP-ELISA was applied for the detection of Salmo-
nella with an analytical sensitivity of 4 CFU per reaction. The
analytical specificity was evaluated with related Salmonella and
non-Salmonella strains. LAMP-ELISA was also validated with
DNA extracted and purified from blood samples that had been
artificially contaminated with Salmonella enterica serovars
Typhi and Paratyphi A.**"***> A big drawback is the elaborate
handling. This could be circumvented by an automated system.
A further disadvantage is the long processing time. Advantages
are that it is suitable for low-resource settings, as it is nearly
instrument-free, except for a water bath and a microtiter plate
reader. It is also flexible, as it allows the processing of several
hundred samples simultaneously.

4.6. Heterogeneous, particle-free detection - piezoelectric

4.6.1. Quartz crystal microbalance (QCM). LAMP is con-
ducted directly on an avidin-coated QCM surface. Biotinylated
primers are incorporated into the amplicons and bind to the
avidin-coated QCM surface, enabling real-time monitoring of
LAMP. Changes in the frequency of the quartz crystal resonator
due to the binding of amplicons to the sensor surface are
measured by a frequency counter (Fig. 9). Further components
needed are: a temperature control device to maintain LAMP
conditions and a housing for the quartz crystal, enclosed by
gold electrodes on both sides. For stable signal generation,
a pre-incubation step is necessary, followed by the addition of
polymerase using peristaltic pumps. It is a semi-automated
process. The pre-incubation step and the baseline detection
with HEPES buffer, which is needed to generate a stable signal
before LAMP, are performed manually. The subsequent addi-
tion of polymerase to the LAMP mix and the immediate transfer
into the QCM system are performed by pumps.*** QCM for the
detection of LAMP was presented by Prakrankamanant et al.**®
for the detection of high-risk human papillomavirus (HPV) type
58 with an analytical sensitivity of 100 copies per reaction and
a diagnostic sensitivity and specificity of 100% and 90.5%
respectively. Advantages are that the modified QCM surface is
probe-free and universally applicable, which reduces fabrica-
tion costs and simplifies the adaption to different targets.
Furthermore, quartz crystals enclosed by a gold electrode can be
obtained commercially. A drawback is that the analyte is in
contact with the sensor surface, which is reusable. This means
there is a risk of carryover contamination.

4.7. Heterogeneous, particle-free detection -
electrochemical

4.7.1. Nanopore sequencing. After LAMP, amplicons are
sequenced using a MinION™ nanopore sequencer (Oxford
Nanopore Technologies, Oxford, UK) to identify different

This journal is © The Royal Society of Chemistry 2020
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species. Nanopore sequencing was validated for the detection of
Plasmodium species causing malaria 154 and showed an
analytical sensitivity of 10-100 copies per reaction. It has also
been applied and validated with clinical samples for the
detection of cutaneous leishmaniasis 155, DENV'* and
artemisinin-resistant Plasmodium falciparum.*> An advantage of
this method is that it allows detailed genotyping analysis and
a high degree of multiplexing. Furthermore, it requires no
modification of oligonucleotides and no additional probes
before LAMP. Therefore, this method can be used for any target
sequence. MinION™ nanopore sequencers are portable and are
not restricted to clinical or laboratory environments. Drawbacks
are the opening of reaction vessels and expensive equipment,
for example the consumable flow cells. Furthermore, the prep-
aration of a DNA library for nanopore sequencing is elaborate,
and sequencing is time-consuming, as the whole workflow,
including a rapid sequencing protocol, takes 24 hours.

4.7.2. Covalently bound redox reporter. The electro-
chemical probe comprises a linear oligonucleotide modified
with a redox-reporter and is covalently attached to a gold surface
which serves as an electrode. The custom-made microfluidic
chip consists of an amplification chamber for LAMP and an
electrochemical detection chamber connected to the LAMP
chamber. After LAMP, the reaction mix is pushed into the
detection chamber and onto the electrode. LAMP amplicons
hybridize to the probes, which subsequently become rigid.
Consequently, the movement of the redox-reporter is restricted,
and thus the distance between the redox label and the gold
surface increases, leading to a reduction in current. If the target
is absent, the probe strand is flexible and moves freely on the
gold surface. This enables the end-located redox-label to make
contact with the gold surface and to be detected by square wave
voltammetry (Fig. 9). This approach was applied for the biplex
detection and discrimination of Salmonella enterica subsp.
enterica serovars Typhimurium and Choleraesuis.”*® The
analytical sensitivity of the sensor for both pathogens was
determined with synthetic target amplicons, revealing a limit of
detection of 10 nM amplicons. Clinical utility was evaluated in
a model experiment with blood from uninfected mice and mice
infected with Yersinia pseudotuberculosis. Only endpoint detec-
tion was shown, but real-time monitoring, and therefore
quantification, would be feasible if the assay conditions could
be adapted to improve the speed of the reaction. Chips must be
prepared individually for different targets as different probes
have to be immobilized on the chip surface. The authors claim
that the chips are reusable.

4.7.3. Intercalating redox reporter. Unlabelled DNA probes
are immobilized on a gold electrode surface and hybridize to
amplicons after LAMP. An intercalating redox reporter, for
example Hoechst 33258 or methylene blue, is used for signal
generation. Hoechst 33258 intercalates in the dsDNA formed by
amplicons and probes and immobilized on the electrode
(Fig. 9). The anodic peak current derived from the redox
reporter is then measured by linear sweep voltammetry. Naka-
mura et al. utilized the Genelyzer™ (Toshiba), a portable system
for the analysis of an electrochemical DNA chip, for the detec-
tion of six SNPs associated with rheumatoid arthritis.">*'*°
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LAMP reaction was conducted off-chip and the LAMP products
were transferred manually to a custom-made chip*®* for detec-
tion. First, the hybridization reaction is carried out for 20
minutes, after which the chip is washed with a buffer for 20
minutes. In the next step, phosphate buffer solution containing
a redox reporter is transferred into the detection chamber and
incubated for 10 minutes. Then the anodic peak current is
measured. The process after hybridization (washing and incu-
bation with a redox reporter) is completely automated. Total
time to result is about two hours, as LAMP is incubated for one
hour. Clinical samples were successfully analyzed to demon-
strate the analysis of complex sample material."**'* The elec-
trochemical DNA chip comprises up to 13 types of immobilized
probes for multiplex assays. A different approach, aimed at
enlarging the electrochemical signal and increasing the sensi-
tivity for DNA detection, was presented by Sun et al.*®® They
developed an electrochemical chip for the detection of Yersinia
enterocolitica LAMP amplicons. Manual processing steps
included the hybridization of target molecules, washing to
remove unhybridized target ssDNA, the addition of a redox
reporter, washing to remove excess redox reporter, and starting
pulse voltammetry. The analytical sensitivity of the sensor was
determined with LAMP amplicons and was around 1.8 pM.
4.7.4. Electrical impedance spectroscopy. Impedance
spectroscopy allows for the label- and modification-free
endpoint detection of amplicons. Amplicons hybridize with
probes immobilized on the surface of interdigitated electrodes.
This induces a change in impedance, which is detected. The
measuring station comprises a reference resistor, a function
generator and a lock-in amplifier, and was assembled specially

732 | Anal. Methodss, 2020, 12, 717-746

for this purpose. The total turnaround time including LAMP is 1
hour and 20 minutes.**

Electrical impedance spectroscopy was utilized for the
detection of the HLA-B*15:02 allele responsible for adverse drug
reactions in humans. Diagnostic sensitivity and specificity were
determined with 27 crude blood samples to be 92.9% and
84.6% respectively.

The authors claim that the fabrication of the sensors is
simple and low-cost, and that future miniaturization and inte-
gration into a PON device is possible.

4.8. Heterogeneous, particle-based detection - optical

4.8.1. Retroreflective Janus particle (RJP). This
retroreflection-based optical sensing approach uses RJP-
quantifying chips, which can be obtained from AMED (Seoul,
Korea). Probes complementary to the amplicon are immobi-
lized on the sensing surface of the chip. After LAMP, the
amplicons hybridize with surface-immobilized capture probes.
Unbound LAMP products are subsequently washed away. In the
next step, RJPs carrying probes are added, and these bind to the
amplicons. Unbound RJPs are then washed away before the
detection of retroreflection with an optical system comprising
a white LED and a CMOS camera (Fig. 10). All steps after the
chip is loaded with the amplicons are automated. The number
of RJPs attached to the sensing surface through the loop region
of the amplicons is proportional to the concentration of the
amplified target DNA, and thus enables quantification of the
target gene. RJPs were first used in combination with LAMP for
the detection of Salmonella Typhimurium with an analytical

This journal is © The Royal Society of Chemistry 2020
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sensitivity of 100 CFU per reaction.'®* Retroreflection can be
induced by various light sources, e.g. visible light, infrared light,
and non-monochromatic light. The intensity of the light re-
flected at the particles is significantly brighter than the
incoming light.'®> Synthesis and the phenomenon of retrore-
flection are described in ref. 165.

4.8.2. Surface plasmon resonance (SPR). Gold sensor chips
are modified with streptavidin and biotinylated target-specific
probes. During LAMP, amplicons hybridize with probes immo-
bilized on the sensor surface. AuNPs carrying target-specific
probes can also be added to the LAMP mix for signal enhance-
ment.** AuNPs induce a pseudo mass increase, enhancing the
refraction index change which is caused by the adsorption of
amplicons onto the sensor surface (Fig. 10)."*” The overall detec-
tion time after LAMP is about 30 minutes, including 10 minutes
of initial baseline detection and 20 minutes of hybridization of
the amplicons to the sensor surface. LAMP combined with SPR
was first described for the detection of MRSA with an analytical
sensitivity of 250 copies per reaction. Clinical performance was
tested with a total of 90 Staphylococcus isolates from clinical
specimens. All samples were identified correctly. Multiplex
detection of S. aureus through the detection of femB and antibi-
otic resistance through the detection of mecA in MRSA, was
demonstrated with a sensor array which enabled spatially
resolved measurements.® The authors claim that the sensors
can be reused. The hybridization reaction between the amplicons
and the probes is still too slow to allow real-time monitoring, but
quantification by endpoint detection was demonstrated. Portable
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and handheld devices for SPR have already been addressed in
literature'**** and make this method also attractive for PON
testing. However, implementation is still challenging as no low-
cost commercial products are yet on the market.

4.9. Heterogeneous, particle-based detection —
magnetoresistive

4.9.1. Giant magnetoresistive (GMR) measurement. The
detection system for GMR comprises a signal output instru-
ment, a GMR detector and a disposable microfluidic chip.
During LAMP, conducted in the microfluidic chip, a bio-
tinylated primer is incorporated into the amplicon. The
bottom of the channel on the chip is modified with target-
specific probes. Amplicons generated during LAMP
hybridize with the immobilized probes. After LAMP,
streptavidin-conjugated magnetic nanoclusters are added to
the mix, which is incubated for 15 minutes to allow binding
between the streptavidin and the biotinylated amplicons.
After a rinsing step, the microfluidic chip is transferred into
the GMR detector and measurement of the resistance values
of the GMR sensors begins. The signal intensity depends on
the number of magnetic particles bound to the amplicons,
which are immobilized on the bottom of the chip (Fig. 11).*7°
HBV was detected by GMR-LAMP with an analytical sensi-
tivity of 10 copies HBV DNA per reaction. The GMR detecting
system was custom made and is not commercially available.
Advantages are that GMR detectors are inexpensive, small
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and portable. The detectors are universal and reusable, as no
target-specific molecules are incorporated. Only endpoint
detection was demonstrated. Real-time monitoring is diffi-
cult, as unbound magnetic nanoclusters must be washed
away after LAMP.

4.10. Heterogeneous, particle-based detection -
electrochemical

4.10.1. Genomagnetic LAMP-based electrochemical detec-
tion. Digoxigenin-labelled nucleotides are incorporated in the
amplicons during LAMP. After LAMP, the products are mixed
with streptavidin-coated magnetic beads and biotinylated
probes specific to the amplicons. The amplicons bind to the
magnetic beads due to hybridization with the immobilized
probe. Residual LAMP components are then washed away and
anti-digoxigenin antibodies conjugated with horseradish POD
are added to the mix. The beads are washed and transferred to
an electrode on which they accumulate due to magnetic forces
resulting from a magnet placed beneath the electrode. The
addition of hydrogen peroxide and a substrate (hydroquinone)
starts the enzymatic oxidation of the hydroquinone, which is
subsequently reduced on the electrode surface (Fig. 11). The
electrochemical reduction can be monitored chronoampero-
metrically. The turnaround time including LAMP is about 2.5
hours. This method was presented by Bartosik et al.*”**”* for the
detection of HPV types 16 and 18 on electrochemical chips
using a multi potentiostat/galvanostat. The analytical sensitivity
was described with a limit of detection of 0.1 ng DNA per
reaction and a limit of quantification of 0.6 ng per reaction. The
assay's specificity was confirmed with various cell lines,
demonstrating discrimination between HPV16- and HPV18-
positive cell lines. Three clinical samples were successfully
analyzed. Advantages are that magnetic beads can be used for
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further purification steps, so that components which may
inhibit the signal are washed away. Furthermore, inexpensive
carbon electrodes are used, as no modification of the electrode
surface is needed. The universal applicability of the electrodes
and magnetic beads allows easy adaption to different targets.

4.10.2. Resistive pulse sensing (RPS). LAMP amplicons
carry biotin labels due to the incorporation of biotinylated
primers. First, the amplicons are mixed with avidin-
functionalized AuNPs. Then, AuNPs functionalized with
target-specific probes are added. Interactions between the
amplicons and the AuNPs generate clusters, which allows
detection by resistive pulse sensing using a nanopore sensor.
The nanopore separates two chambers which contain aqueous
electrolytes and between which a constant voltage is applied.
AuNP-amplicon clusters passing through the nanopore cause
an ionic resistance, also called a ‘resistive pulse’ (Fig. 11). The
nanopore platform is commercially available (qNano, IZON
Science, Christchurch, New Zealand), whereas the AuNPs were
synthesized and modified by the authors. LAMP-RPS comprises
three manual steps: first, LAMP takes place, second, amplicons
are mixed with AuNPs, and third, the AuNP-amplicon mix is
transferred into the electrochemical chamber of the nanopore
platform. Measurement duration after LAMP is about 10
minutes. LAMP-RPS was presented by Yang et al'” for the
detection of the Panton-Valentine leukocidin toxin encoding
gene of MRSA. Analytical sensitivity was 530 copies per reaction.
Turnaround time for LAMP and RPS was around 2 hours. The
ionic resistance generated by AuNP-amplicon clusters passing
through the nanopore depends on the size of the cluster and the
NPs. Therefore, multiplexing could be achieved by using NPs
with different, target-specific sizes. However, an accurate
assignment may be difficult due to the undefined size of the
clusters.

This journal is © The Royal Society of Chemistry 2020
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5. Instrumentation: open versus
method-tailored platforms

In this chapter, we provide criteria for the assessment of the
operational implementation of LAMP with sequence-specific
detection. Table 2 shows platforms on which the individual
methods can be implemented. Each platform comprises
a device, as well as disposable tubes or cartridges.

The technological readiness level (TRL)"” of each platform is
listed in a separate column and ranges from level three
(demonstration of proof of concept) to nine (works in an oper-
ational environment and is ready for commercial deployment).
Next, we differentiate between open platforms (O), which can be
adapted to various protocols and reagents, and method-tailored
platforms (M). All open platforms are already commercially
available, and the methods have been adjusted to their
requirements. In contrast, method-tailored platforms are
custom-made and designed specifically for the applied method.
As LAMP is predestined for on-site testing, another criterion for
the assessment of a platform is its portability. We also indicated
the use of disposable cartridges, like disks or chips, as these
represent a substantial cost factor compared to the use of
standard reaction tubes. Reusable cartridges or sensors have
been shown to reduce costs, and therefore these are also
marked in Table 2.

We next evaluated the practical operation. The evaluation
was inspired by the key criteria given in the standards of the
Clinical Laboratory Improvement Amendments (CLIA)
program,'”® which regulates clinical laboratory testing on
patient specimens in the United States. Based on the available
literature, we evaluated the complexity of the methods accord-
ing to their CLIA score (Table 2). Scores range between one and
three. A score of one indicates a low level of complexity, and
score of three a high level of complexity.'”® We provide scores for
the following categories: preparation of reagents, characteris-
tics of the operational steps, training, and expertise.'”>'*

6. Comparative general discussion

A brief description and visualization of the methods for
sequence-specific detection of LAMP has been presented in
chapter 4, and criteria for the evaluation of the platforms for the
operational implementation of these methods have been pre-
sented in chapter 5. In the discussion chapter, we assess the
methods and platforms according to the criteria specified in
chapters 4.1 and 5 respectively. We also extend the assessment
with additional criteria specific to homogeneous or heteroge-
neous detection methods.

First, we evaluate the status of the research with regard to the
analytical performance of the methods and their ability to
analyze complex sample material. We also highlight any
possible shortcomings. In the second step, we evaluate the
methods in a comparative manner. Homogeneous and hetero-
geneous detection methods are considered separately. Third,
we focus on the operational implementation of various
methods on the different instrumental platforms.

This journal is © The Royal Society of Chemistry 2020
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6.1. Analytical performance and analysis of complex sample
material

The analytical performance of a large number of methods has
been extensively examined in literature, as can be seen from
Table 2. The majority of the methods (31 out of 34, 91%) have
been evaluated according to analytical sensitivity. Moreover, the
analysis of complex sample material has been demonstrated for
more than half the methods (21 out of 34). Parameters from
field studies, such as diagnostic sensitivity and diagnostic
specificity, were reported for more than one third of the
methods (12 out of 34). For future studies, we strongly suggest
including investigations of repeatability (intraassay variance)
and reproducibility (interassay variance), as these parameters
were published in only 6% of the cases. The assay variance is
a key parameter for the assessment of the precision and
robustness of an assay and the variation in results between runs
or between different laboratories.*

6.2. Homogeneous methods

Homogeneous sequence-specific methods are those which
enable the detection of signals from the entire reaction volume
due to the homogeneous distribution of biorecognition
elements. Biorecognition elements are either dissolved in
solution or immobilized on suspended particles. Homoge-
neous, particle-free methods make use of optical transducing
elements (fluorescence) only, whereas particle-based methods
can be differentiated by their use of optical (fluorescence,
chemiluminescence, scattering, reflection or colorimetry) or
magnetic transducing elements.

Since a large proportion of the homogeneous methods (18
out of 23) are based on fluorescence, we first discuss and
compare fluorescence-based methods in detail. For this, we
extend the general assessment criteria (quantification, multi-
plexing and detection by naked eye, chapter 4.1) and focus
additionally on the modification of primers and probes, the
optimization of fluorescence signals and the adaption to
different targets.

Most of the fluorescence-based methods for sequence-
specific detection of LAMP allow real-time monitoring of
LAMP, and generate rapid and quantitative results using single-
or multiple-fluorescence-labelled primers and probes. To
obtain high amplification efficiencies and to maximize signal-
to-noise ratios, the concentrations and ratios of fluorescence-
labelled primers and probes must be adjusted carefully for
each new target sequence. Semi-universal and universal
methods like 4.2.6. universal QProbe, 4.2.13. assimilating probe
and 4.2.14. MD LAMP render elaborate work to optimize the
signal redundant, as the fluorophore and quencher are located
at universal sequences. Consequently, these methods allow
simple adaption to various target panels. 4.2.7. GO based FRET
stands out for its excellent fluorescence yields due to efficient
quenching properties. However, a drawback is an additional
handling step required for adding graphene oxide (GO) after the
LAMP reaction.

Adding PEI after LAMP enables instrument-free, visual
endpoint detection by naked eye. This method was applied after
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Table 3 List of referenced organisms and target genes (alphabetical
order)

Aedes aegypti (Wolbachia infection)®>®°

Ammonia-oxidizing enzyme in environmental bacteria®*
Avian reovirus”’

Bacteriophage MS2 7*

Bemisia tabaci®®

BRAF allele (V600E)*?

Brucella”®

Caenorhabditis elegans®®

Chikungunya virus”®

Chlamydia trachomatis®*

Dengue virus®-113¢

Diarrheal disease®

Escherichia coli®®

Fomitiporia torreyae®

Fulviformes umbrinellus®®

Fusarium oxysporum f. sp. lycopersici
(point mutations in xylem 3 (SIX3) gene
Genetically modified maize”” %!
Haemophilus ducreyi*®*
Haemophilus influenzae'*®
hBRCA1

HeLa®®

Hepatitis B and C virus
Herpes simplex virus 1 (HSV1) US4 *
Human immunodeficiency virus®”'!
HLA-B*15:02 allele™®
Human papillomavirus
Human T-lymphotropic virus 1
Influenza virus®'**

Lambda DNA®®

Leptospira**®

Leishmania*>

Listeria ivanovii*®

Listeria monocytogenes'®
Methicillin-resistant Staphylococcus aureus (MRSA)
Middle east respiratory syndrome coronaviruses®*
Neisseria meningitide'®

Newcastle disease virus'"?

Panton-Valentine leukocidin toxin of MRSA'”?
Plasmodium falciparum®*>**>” and, P. vivax,

P. ovale wallikeri, P. ovale curtisi, P. knowlesi and P. malariae™*
Pseudomonas aeruginosa*>®

Ralstonia solanacearum®®

Respiratory syncytial virus®

Rheumatoid arthritis (SNPs associated with)'>*1¢°
Salmonella69,ll1,151,152,158,164

Shiga toxigenic Escherichia coli®®

Streptococcus pneumoniae™®®

Treponema pallidum*°**°

Trialeurodes vaporariorum®

Trypanosoma brucei®

Varicella-zoster virus®®

Vibrio cholera®®

Vibrio parahaemolyticus'®*

Vibrio vulnificus'®*

Vitamin K epoxide reductase 1 (SNP)**

West Nile virus”**

White spot syndrome virus
Yersinia enterocolitica'®*
Zika virus”*'*°

B2-Tubulin gene region of causal pathogens of Fusarium head blight of
wheat (mutant genotypes F167Y, E198Q, and F200Y)*

)56

62,87,107

153,171
101

71,166

67,94
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4.2.1. FLOS LAMP and 4.2.2. HyBeacon probes. Visual detection
by naked eye was also demonstrated for 4.2.9. QUASR. All
methods based on fluorescence enable multiplex detection and,
apart from one exception, quantification of the target analytes,
with 4.2.4. ABC-LAMP placing special focus on precise quanti-
fication. 4.2.17. pyrosequencing is particularly suitable for
multiplexing. However, the simultaneous amplification of
numerous targets by LAMP is not easy to implement, and
therefore the efficiency of amplification is the limiting factor.

The next section deals with homogeneous methods based on
suspended particles. The general assessment criteria (chapter
4.1) are extended to cover the modification of primers, probes or
particles, real-time vs. endpoint detection, quantification,
multiplexing and detection by naked eye. In contrast to
fluorescence-based methods, only half of the homogeneous,
particle-based methods require fluorescence-labelling or
further modification of the primers or probes participating in
the LAMP reaction. Target-specific probes are immobilized
covalently or due to streptavidin-biotin interaction on particle
surfaces. Except for wash-free methods like 4.3.3. optomagnetic
detection and 4.4.1. AC susceptometry, all the particle-based
methods focus on endpoint detection. 4.3.1. BEAMing LAMP
and 4.3.2. SERS have a complex workflow comprising many
individual manual steps. However, BEAMing LAMP stands out
for its precise, digital quantification without the need of stan-
dards, while SERS is capable of single molecule detection and
therefore enables highly sensitive measurements. Furthermore,
BEAMing LAMP is the only homogeneous, particle-based
method capable of multiplexing. Visual detection by naked
eye is possible with 4.3.5. magnetogenosensor and 4.3.4. AuNPs.
Moreover, a breakthrough was achieved by detecting LAMP
products with AuNPs in 4.3.4.1. lateral flow dipsticks after
LAMP. Lateral flow dipsticks are easy to handle and universally
applicable due to their probe-free sensing surfaces.

6.3. Heterogeneous methods

Heterogeneous detection methods make use of planar sensing
surfaces, in some instances combined with suspended parti-
cles. In contrast to homogeneous methods, the biorecognition
elements are in close proximity or linked to the sensing surface
during signal transduction. Heterogeneous methods make use
of various transducing elements, namely optical (colorimetry,
reflection), piezoelectric, electrochemical (amperometry, vol-
tammetry, impedimetry) and magnetoresistive elements.

In addition to the general assessment criteria defined in
chapter 4.1 (quantification, multiplexing and detection by
naked eye), heterogeneous detection methods are evaluated
according to the modification of primers, probes, particles or
sensing surfaces, the hybridization time, and real-time vs.
endpoint detection. These criteria apply equally to particle-free
and particle-based methods, and these are therefore considered
jointly.

Sensing and particle surfaces are coated either with strep-
tavidin or with covalently binding, target-specific probes. The
insertion of biotin into amplicons by biotin-labelled primers is
unproblematic regarding the efficiency of amplification due to
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the small size of biotin. However, for 4.5.1. LAMP-ELISA and
4.10.1. genomagnetic LAMP-based electrochemical detection,
digoxigenin-labelled dUTPs are inserted into amplicons. The
use of digoxigenin-labelled dUTPs causes additional optimiza-
tion work, since the amplification efficiency is decreased for
high dUTP concentrations.””” In contrast, biotin- and fluores-
cence label-free methods (4.7.1.-4.7.4., 4.8.1., 4.8.2.) are
advantageous with regard to assay optimization, as no modifi-
cation of primers is required at all.

The dependency between signal intensity and target
concentration allows rough quantification by endpoint detec-
tion. Precise quantification can be achieved by real-time
monitoring. In general, slow diffusion rates of target mole-
cules and amplicons migrating towards the sensing surface'’®
increase the time for hybridization. Long hybridization times
pose a general obstacle for real-time monitoring and therefore
for precise quantification. 4.10.1. genomagnetic LAMP-based
electrochemical detection is limited to endpoint detection,
but it circumvents long hybridization times by accumulating
amplicons, bound to magnetic beads, on the electrode surfaces
with the help of magnetic forces. A pioneer of real-time moni-
toring is 4.6.1. QCM, albeit with a pre-incubation step in
a chamber separated from the sensing surface before poly-
merase is added. A further important issue concerning precise
quantification arises when using biotinylated primers. For
4.5.1. LAMP-ELISA, 4.6.1. QCM, 4.10.1. GMR and 4.10.2. RPS,
biotinylated amplicons compete with excess biotinylated
primers for binding to streptavidin-coated sensing surfaces or
particles, affecting the sensitivity of the assay.

An advantage of heterogeneous detection methods, which are
based on planar sensing surfaces, is the simultaneous detection
of multiple targets by spatially resolved measurements,'>56016¢
or alternatively by wavelength division'’***° or spectral analysis of
multiple light beams."* Multiplex detection and differentiation
between targets was demonstrated exclusively for 4.7.2. and
4.7.3. electrochemical detection with redox reporters, and 4.8.2.
SPR. Another achievement is 4.7.1. nanopore sequencing, which
provides detailed genotyping analysis. However, this is at the
expense of requiring elaborate post-LAMP DNA library prepara-
tion. 4.5.1. LAMP-ELISA allows nearly instrument-free handling
and surpasses almost all methods with regard to high
throughput by using microtiter plates. No heterogeneous
method allows visual detection by naked eye.

6.4. Instrumental platforms

More than two thirds of all methods are implemented on open
instrumental platforms. Fluorescence-based methods make up
a large proportion of these. Except for 4.3.1. BEAMing LAMP, all
fluorescence-based methods are compatible with standard
isothermal amplification devices with an integrated fluores-
cence reader. The open instrumental platforms listed in Table 2
are commercially available and work in operational environ-
ments (TRL 9). For method-tailored platforms, only demon-
strations have been presented so far. These have only been
validated in the laboratory environment and are still assigned
low TRLs (TRL 4). Open instrumental platforms can also be
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combined with method-tailored cartridges (disks or chips), and
method-tailored platforms can be combined with commercially
available and universal cartridges (Table 2, O/M). In order to
bring these methods to the market, higher TRLs, i.e. validation
in operational environments must be achieved.

On-site testing at the PON requires portable instrumentation
based on simple equipment. Platforms designed specifically to
meet the demands for use at the PON"*'* have mainly been
presented for fluorescence-based detection. Simple readout via
smartphone, replacing bulky and expensive optical components,
has been implemented by a portable LAMP box’*”® or combined
with filter-based sample preparation.®*® The integration of small
smartphones into diagnostic platforms can reduce costs
considerably. In future, exploitation of the variety of sensors
hosted in smartphones, including optical sensors, wireless data
transfer and a global positioning system, could also be beneficial
in the context of telemedicine and e-health. Testing in the field
requires devices which do not require electric power or any other
external energy supply. The only devices which do not require
power supply are so far method-tailored and comprise power-free
devices for incubation at LAMP conditions combined with
a fluorometer or smartphone readout.®”*® Both devices follow the
same clever approach of generating heat for LAMP incubation
with an exothermic reaction.

Devices with microfluidic cartridges enable fully automated
LAMP with subsequent detection (4.2.9., 4.2.11., 4.7.2., 4.9.1.),
facilitating on-site sample processing.?>*>'*®7 Compared to
methods based on fluorescence, electrochemical readout seems
more amenable to miniaturization due to the independence of
optical path lengths, but suffers from the additional costs of
disposables with integrated electrodes.

Probe-free or streptavidin-coated universal sensor surfaces
(4.5.1., 4.6.1., 4.7.1., 4.10.1., 4.10.2.) are attractive as these
methods reduce costs by enabling cheap, large-scale fabrication
of target-independent disposables. One highlight is 4.10.1.
genomagnetic LAMP-based electrochemical detection, which
uses unmodified and inexpensive carbon electrodes. Moreover,
instrumentation providing reusable sensing surfaces (4.6.1.,
4.7.2., 4.8.2., 4.9.1., 4.10.2.) enables further cost reduction.
However, we would like to point out that carryover contamina-
tion with amplicons due to the reuse of sensors poses
a tremendous risk to reliable results. Therefore, LAMP and
detection should be conducted in separate chambers, as is
demonstrated for all methods except 4.6.1. QCM.

We now evaluate the complexity of the practical operation of
the methods. The majority of fluorescence-based detection
methods used standard isothermal amplification devices with
an integrated fluorescence reader and enable real-time detec-
tion of LAMP. These stand out due to a low degree of
complexity. Scores for all three categories of complexity,
comprising first the preparation of reagents, second the char-
acteristics of the operational steps and third training and
expertise, are one. First, biorecognition elements can be pre-
stored in the primer mix. Second, real-time monitoring in
a thermal cycler doesn't require post-LAMP steps. Conse-
quently, the complexity of the operational steps and the
required training and expertise is low.
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Time-consuming operational steps comprising the addition
of particles, incubation and washing steps, require trained staff
and therefore have a higher level of complexity. Particle-based
methods at a developmental stage involve elaborate particle
modification, raising their complexity score for reagent prepa-
ration and expertise to two and two/three respectively.
Furthermore, the modification of particles and sensor surfaces
increases the complexity of the reagent preparation even more.
Large-scale fabrication and the automation of operational steps
in the course of a market launch will lower their complexity and
increase their user-friendliness.

7. Conclusion and future prospects

LAMP is gaining more and more attention as field-friendly
analytical tool, especially for PON applications, due to its fast
processing times and simple instrumentation.” Methods for
sequence-specific detection of LAMP make full use of the speci-
ficity towards the target analyte for which LAMP is especially
renowned, and are thus preferable to sequence-independent
methods. For the assessment and comparison of sequence-
specific methods, we provided a catalogue of assessment
criteria covering the most important aspects (Table 2): analytical
performance, handling of complex sample material, multiplex
capacity, the ability to quantify the target analyte and detection
by naked eye. Additionally, we evaluated the method-related
platforms according to their TRL, accessibility (open/method-
tailored platforms), portability, disposability of cartridges, reus-
ability and complexity (reagent preparation, operational steps
and training/expertise), as summarized in Table 2. The methods
differ from each other in many aspects. Focus is placed on
precise quantification (4.2.4. ABC-LAMP, 4.3.1. BEAMing LAMP),
multiplex detection and genotyping (sequencing 4.2.17., 4.7.1.)
or detection by naked eye (adding PEI after LAMP 4.2.1. and
4.2.2., 4.3.4. AuNPs, lateral flow dipsticks 4.3.4.1., 4.3.5. magne-
togenosensor, 4.5.1. LAMP-ELISA).

Homogeneous detection methods capture the signal from
the entire sample volume, predominantly in real time, enabling
fast results and quantification without time-consuming
washing steps. There is a large variety of homogeneous,
fluorescence-based detection methods that have many similar-
ities with regard to their required instrumental platforms and
the complexity of their practical operation. Semi-universal
(4.2.6., 4.2.13.) and universal (4.2.14.) homogeneous methods
feature unique universal properties, and thus can be easily
adapted to different targets. Heterogeneous, surface-based
detection is mainly restricted to endpoint detection due to
slow diffusion processes, but also has advantages, as it is more
easily miniaturizable and integrable into pTAS systems. First
steps towards real-time monitoring have been made by 4.6.1.
QCM, a pioneering method which does not require post-LAMP
modifications. Electrochemical detection is another heteroge-
neous method which is a promising candidate for real-time
monitoring. In contrast to PCR, which suffers from thermally
unstable bonds between the electrode surface and oligonucle-
otide probes during cycles,'**'*> LAMP allows more moderate
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thermal conditions and paves the way for simultaneous
amplification and heterogeneous detection.

The miniaturization and automation of operational steps in
UTAS systems facilitates usage at the PON. So far, innovative
solutions have been realized by fluorescence®* and electro-
chemical detection methods.'*** In the context of miniaturi-
zation, electrochemical detection surpasses optical readout, as
no long path lengths, lenses or waveguides are necessary. The
latest trends in research show that bulky optical components
can be replaced by smartphones.”*”>#¢ Further developments
could lead to various heterogeneous detection methods being
combined with simple smartphone readout, making expensive
and sophisticated devices redundant and thus increasing user-
friendliness. An exciting and stimulating demonstration of the
smartphone approach is the detection of SPR, with a smart-
phone as the transducing element.'®® In addition, novel tech-
nologies in the field of electrochemical detection make use of
smartphones for signal processing and data transmission.*®”**°
Generally speaking, the combination of field-friendly LAMP and
smart devices is a forward-looking approach that has the
potential to bring diagnostics even closer to the patient.

Some methods, including mainly fluorescence-based methods
but also sequencing 4.2.17. and 4.7.1., 4.3.2. SERS, 4.4.1. AC
susceptometry, 4.5.1. LAMP-ELISA, 4.10.1. genomagnetic LAMP-
based electrochemical detection and 4.10.2. resistive pulse
sensing, can be implemented on open platforms which are
already commercially available. Method-tailored platforms pre-
sented in this review are still in their youth and do not exceed
TRL4, but convincing PON concepts have been shown in the
laboratory environment. The next steps required to reach higher
TRLs and aim for market launch will be the adaption to opera-
tional environments and the development of prototypes.

In summary, there are various methods for the sequence-
specific detection of LAMP which distinguish themselves by
their different intended uses. Our review intends to provide
a comprehensive overview and a systematic evaluation of these
methods with regard to different user requirements, ranging
from the overall performance of the method to the related
instrumental platforms. Ultimately, it may serve as a guideline
for the selection of the most appropriate methods.

Abbreviations

ABC- Alternately binding quenching probe competitive
LAMP LAMP

AuNPs Gold nano particles

B3 Backward outer primer

BIP Backward inner primer

CLIA Clinical laboratory improvement amendments
DARQ Detection of amplification by release of quenching
DENV Dengue virus

dUTP 2/-Deoxyuridine, 5'-triphosphate

EtBr Ethidium bromide

F3 Forward outer primer
FIP Forward inner primer
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FLOS Fluorescence of loop primer upon self-
dequenching

FRET Forster resonance energy transfer

GMR Giant magnetoresistive

GO Graphene oxide

HDA Helicase dependent amplification

H(B, C, E) Hepatitis B, C, E virus

\%

HIV Human immunodeficiency virus

HPV Human papillomavirus

LAMP Loop-mediated isothermal amplification

LAMP- LAMP detected by enzyme-linked immunosorbent

ELISA assay

LB Backward loop primer

LF Forward loop primer

MD LAMP Mediator displacement LAMP

MERT- Multiple endonuclease restriction real-time LAMP

LAMP

MNP Magnet nano particle

MRSA Methicillin-resistant Staphylococcus aureus

NAAT Nucleic acid amplification test

NASBA Nucleic acid sequence based amplification

NP Nano particle

PEI Polyethylenimine

POC Point-of-care

PON Point-of-need

QCM Quartz crystal microbalance

QUASR Quenching of unincorporated amplification signal
reporters

LAMP- LAMP one-step strand displacement

OSD

QProbe Quenching probe

RCA Rolling circle amplification

RJP Retroreflective Janus particle

PCR Polymerase chain reaction

RPA Recombinase polymerase amplification

RPS Resistive pulse sensing

SDA Strand displacement amplification

SERS Surface enhanced Raman spectroscopy

SNP Single nucleotide polymorphism

SPR Surface plasmon resonance

TEC- Tth endonuclease cleavage LAMP

LAMP

TMA Transcription-mediated amplification

TRL Technological readiness level

UR Universal reporter

WNV West Nile virus
WSSV White spot syndrome virus
uTAS Miniaturized total chemical analysis systems
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