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Abstract

Background Loop-mediated isothermal amplification (LAMP) is a highly attractive
nucleic acid detection method for decentralized molecular diagnostics, but its broader
adoption has been limited by unpredictable nonspecific amplification (NSA). Here, we
dissect the fundamental determinants of LAMP specificity and present a new high-
temperature ssBP-LAMP technique to suppress NSA without compromising assay
sensitivity or speed.

Methods Ubiquitous bioinformatic tools for prediction and design of primer sets and
their characteristics were employed to generate a panel of 21 primer sets targeting
diverse bacterial, viral, fungal, and human targets. Fluorometric ssBP-LAMP was
implemented with a series of coordinated modifications, from increased temperature
(only possible owing to a novel, engineered thermostable strand displacement Bst
polymerase enzyme) to fine-tuning of additives and auxiliary enzymes. Finally, proof-of-
concept validation using both fluorometric and colorimetric approaches for ssBP-LAMP
was performed, and their resistance to common inhibitors of molecular diagnostics
was evaluated.

Results We show for the first time that primer design alone is insufficient to ensure
specificity, and bioinformatic predictions are insufficient predictors of efficiency and,
more importantly, of specificity, even when using elevated reaction temperatures. This
suggests that NSA frequently originates during the thermal ramp-up phase, before the
assay reaches its operational temperature. To address this, we employed a thermolabile
single-stranded DNA-binding protein (ssBP) from bacteriophage T7, which transiently
sequesters primers during temperature ramp-up. When combined with conventional
LAMP primers and elevated assay temperatures (> 68 °C), ssBP consistently suppressed
NSA across all tested targets. This approach translated directly to both liquid and
lyophilized master mixes, enabling highly specific ssBP-LAMP detection by real-time
fluorescence and colorimetry. These formulations retained robust sensitivity (down

to 10-100 copies/reaction for real-time detection), eliminated false positives, and
exhibited tolerance to clinically relevant inhibitors such as plasma, hemoglobin, saliva,
and urine, especially in real-time fluorescence detection.

Conclusions Together, the results establish high-temperature ssBP-LAMP as a rapid
(< 15 min), specific, inhibitor-tolerant, and highly adaptable molecular diagnostic
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technology that overcomes key limitations of conventional LAMP while achieving
analytical performance comparable to qPCR, with broad relevance for both clinical and
point-of-care testing.

Keywords Loop-mediated isothermal amplification, LAMP, Bst polymerases,
Nonspecific amplification, Primer design, Colorimetric LAMP
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Background

The advent of the polymerase chain reaction (PCR) by Mullis and colleagues [1, 2] rev-
olutionized nucleic acid detection, catalyzing the development of a large diversity of
amplification-based diagnostic strategies. Although quantitative PCR (qPCR) is the cur-
rent gold-standard technique in molecular diagnostics, its long time to result combined
with the inherent requirement of specialized reagents, equipment, and trained person-
nel makes it a rather demanding diagnostic tool [3, 4], limiting its accessibility in decen-
tralized or point-of-care (POC) settings.

In recent decades, the development of isothermal amplification protocols has provided
novel opportunities toward more accessible, cost-effective, and faster molecular tests.
Among these, loop-mediated isothermal amplification (LAMP) has gained prominence
for its ability to amplify DNA with speed and simplicity, operating under a constant tem-
perature, using a strand-displacing polymerase and a complex but elegant primer system
of either four or six oligonucleotides [5, 6]. The inclusion of an additional loop primer
pair was shown to accelerate reaction kinetics, reducing the time to result (TTR) to as
little as 5 min, which makes LAMP especially attractive for resource-limited and point-
of-care (POC) applications [6, 7].

Despite growing interest, broader diagnostic adoption of LAMP has been hampered
by several technical challenges. A key limitation lies in its susceptibility to nonspecific
amplification (NSA), which can lead to false positive results, particularly under subopti-
mal primer design or assay conditions [8—10]. This susceptibility stems from the inher-
ent complexity of LAMP reactions: using multiple primers at high concentrations while
operating at relatively low stringency temperatures can result in intra- and interprimer
interactions that bypass the intended target. Hence, optimizing primer design is central
not only for reaction efficiency but also to ensure specificity. While some design prin-
ciples are borrowed from qPCR, such as balanced GC content and appropriate melt-
ing temperatures, LAMP primers require additional considerations, especially regarding
their length, thermodynamics, and spacing [11, 12]. For example, inner primers (FIP and
BIP) typically span 38—42 nucleotides, whereas outer and loop primers are shorter, and
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the Gibbs free energy (AG) of primer ends must be carefully tuned to avoid dimer for-
mation [5, 7, 13].

In addition to primer design, different approaches have been explored to improve
LAMP accuracy, particularly by increasing reaction specificity. For example, additives
such as betaine or tetramethylammonium chloride can suppress nonspecific binding,
although not without trade-offs in enzyme activity or reaction kinetics [10, 14]. Gua-
nidine hydrochloride is also known to accelerate LAMP reactions and improve target
sensitivity [15], although its effects are not consistent across all primer sets or sample
matrices, suggesting incomplete mechanistic understanding. More recently, we pro-
posed that increasing LAMP reaction temperature could reduce the formation of spu-
rious primer—primer interactions. However, the conventional Bst polymerase displays
limited thermostability under such conditions [16]. To address this, we screened a panel
of naturally occurring Bst-like enzymes and identified three novel candidates capable of
supporting LAMP amplification at temperatures up to 72 °C while maintaining resis-
tance to common qPCR inhibitors, as the specific impact of high-temperature LAMP
on the suppression of NSA remains to be systematically evaluated [16]. Finally, a wide
array of LAMP detection formats has been developed to suit a range of diagnostic appli-
cations, ranging from real-time LAMP detection using fluorescence to more elabo-
rate formats like lateral flow and end-point methods detecting reaction turbidity and
pH-sensitive colorimetric shifts [17]. While these approaches offer different balances
between simplicity, sensitivity, and quantification, many LAMP assays still struggle with
consistency, particularly when applied to diverse targets or deployed in point-of-care
environments.

In this study, we set out to address the persistent challenges that limit the broader
adoption of LAMP as a diagnostic tool, namely the unpredictability of primer perfor-
mance, the prevalence of nonspecific amplification, and the limited robustness in com-
plex sample matrices. We designed a diverse panel of targets and primer sets, rigorously
analyzed their performance under high stringency conditions, and dissected the role of
thermodynamics and pre-amplification dynamics in controlling assay specificity. Build-
ing on these insights, we developed and tested four LAMP master mixes, real-time and
colorimetric, liquid and lyophilized, tailored for laboratory and point-of-care applica-
tions, and evaluated their tolerance to clinically relevant inhibitors. Together, these
advances establish a cohesive and generalizable framework that transforms high-tem-
perature LAMP (=68 °C) into a predictable, robust, and widely deployable diagnostic
platform.

Materials and methods

LAMP primer design and sequences

To ensure broad relevance and technical robustness, all primers were selected from
well-validated literature sources [18-23] (Supplementary Table S1) or designed using
the NEB° LAMP Primer Design Tool version 1.4.0 (New England Biolabs, Ipswich, MA;
https://lamp.neb.com/) and ordered from Integrated DNA Technologies, Inc (IDTDNA,
Coralville, IA). All primer sequences are provided in Supplementary Table S2. The
melting temperatures, guanine—cytosine (GC) content, and Gibbs free energy (AG) of
designed primers were determined using the OligoAnalyzer™ tool (IDTDNA; https://
www.idtdna.com/calc/analyzer) by selecting the following parameter settings: 50 mM
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Na*, 8 mM Mg", and 1.4 mM dNTPs. Regarding the fourth parameter that needs to
be defined in this tool, oligonucleotide concentration, FIP and BIP primers were used at
1.6 pM, F3 and B3 primers at 0.2 uM, and FL and BL primers at 0.4 pM. Unless other-
wise specified, all LAMP reactions throughout this study were performed using primers
at the concentrations described above.

DNA templates

The template DNAs used in this study were synthetic DNA fragments produced in-
house (NZYtech, Lisbon, Portugal), which were quantified using a NanoDrop One spec-
trophotometer (Thermo-Fisher, Waltham, MA) and diluted in IDTE 1x TE solution
pH 8.0 (IDTDNA) to obtain serial DNA concentrations ranging from 10’ to 10 copies/
pL. The only exception was the single-strand DNA of the M13 bacteriophage, which
was obtained from New England Biolabs. The DNA sequences of all targets evalu-
ated in the assays described in this study are as follows (accession no.: position in the
DNA sequence): the breast cancer 1 (BRCAI) gene from Homo sapiens (NG_005905.2:
9258-9424), the maltose B (malB) gene from Escherichia coli (J01648.1: 3243-3388),
the envelope (E) gene from severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) (NC_045512.2: 26,245-26,472), the nucleocapsid (N2) gene from SARS-CoV-2
(NC_045512.2: 28,274-29,533), the pyruvate:ferredoxin oxidoreductase domain (PFO
domain) gene from Candida auris (NC_072813.1: 774—947), the preprotein translocase
(SecY) gene from Leptospira interrogans (EU358000.1: 401-611), the B subunit of the
bacterial RNA polymerase (rpoB) gene from Mycobacterium tuberculosis (CP089779.1:
3,492,186-3,495,704), the 28S ribosomal RNA (28S rRNA) gene from Candida albicans
(NW_139715.1: 2081-3180), and the fibrinogen-binding protein B (FbsB) gene from
Streptococcus agalatidae (CP010874.1: 831,317-833,412).

Strains, plasmids, molecular cloning, expression, and purification of ssBP

Escherichia coli strains used for gene cloning (DH5-Alpha) and expression (BL21 (DE3))
were provided by NZYtech. For DNA extraction and purification, the NZYMiniprep kit
was employed (NZYtech). The gene encoding the single-stranded DNA-binding pro-
tein (ssBP) of Escherichia phage T7 (NC_001604.1: 9158-9856) was synthesized (NZY-
tech) and cloned into the prokaryotic pHTP1 expression vector (NZYtech), which led
to the incorporation of two poly-histidine (6xHis) sequences (N- and C-terminal) that
allowed subsequent recombinant protein purification by immobilized metal ion affin-
ity chromatography (IMAC). The molecular cloning was performed through the ligation
independent cloning (LIC)-based method using the NZYEasy Cloning & Expression
kit I (NZYtech). Positive clones were analyzed by DNA sequencing through Macrogen
Europe CES service (Amsterdam, The Netherlands) to confirm the correct sequence
insertion and integrity. The recombinant enzyme was expressed in E. coli BL21(DE3)
grown in 250 mL of NZY Auto-Induction LB medium (NZYtech) and purified via IMAC
resorting to AKTA go™ protein purification system (Cytiva, Wilmington, DE). Cells were
collected through centrifugation, chemically lysed in NZY Bacterial Cell Lysis Buffer
(NZYtech), and purified according to standard protocol. The protein’s relative solubility,
expression levels and estimated molecular weight were confirmed by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (NZYtech). Gels were imaged
using a Gel Doc XR+ System (Bio-Rad, Hercules, CA). Since the molecular weight
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determined by SDS was slightly higher than estimated (Supplementary Fig. S1) [24, 25],
a functional test was also conducted following protocols established in-house before the
use of ssBP in the experiments described in this study.

Reagents

The reagents used in the preparation of the inhibitors’ bank tested were the following:
bile salts, human hemoglobin, human serum, and human plasma were all acquired from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO); ethanol was obtained from PanReac
AppliChem (Barcelona, Spain), and human saliva and urine were obtained from Inno-
vative Research (Novi, MI). For protein electrophoresis, standard 14% SDS gels were
prepared in-house using NZYtech’s acrylamide/bis-acrylamide. Cresol Red used in colo-
rimetric assays was from Sigma-Aldrich. All other reagents not listed were of the highest
degree of purity commercially available.

LAMP primer set testing

The 21 primer sets designed for the 10 targets were characterized regarding isothermal
amplification following established protocols in a real-time LAMP setup utilizing Ste-
pOnePlus™ Real-Time PCR System (Thermo-Fisher). A typical LAMP reaction com-
prised 1x Polaris® BstY Reaction Buffer 10x, 6 mM Polaris® MgSO,, 1.4 mM Polaris®
dNTPs mix, 1x NZY LAMP Fluorescent dye 50x (NZYtech), 2.5 pL. 10x LAMP Primer
Mix (16 uM FIP, 16 uM BIP, 2 uM F3, 2 uM B3, 4 uM LoopF, 4 uM LoopB), 8 U Polaris®
Glycerol-free BstY Polymerase 80 U/puL, 10° copies of template DNA, and water up to 25
uL. Unless otherwise specified, LAMP assays were conducted at 69 °C.

Analysis of the effect of increasing reaction temperature and ssBP incorporation

For these particular experiments, real-time LAMP assays were performed to amplify
eight targets from various origins: the BRCAI gene from H. sapiens, the malB gene from
E. coli, the E gene from SARS-CoV-2, the N2 gene from SARS-CoV-2, the IV gene from
Enterobacteria phage M13, the PFO domain gene from C. auris, the SecY gene from
L. interrogans, and the rpoB gene from M. tuberculosis. Isothermal amplification was
performed in a real-time LAMP setup using the StepOnePlus™ Real-Time PCR System
(Applied Biosystems). Reactions were carried out as specified above in a final volume of
25 uL, with amplification performed at 64 and 68 °C in the presence of increasing con-
centrations of single-stranded DNA-binding protein (ssBP): 0, 11.4, and 22.8 uM.

LAMP master mixes

Two master mixes were prepared to assess the sensitivity of different LAMP detection
methods: the Colorimetric LAMP Master Mix 4x and the Real-time LAMP Master Mix
4x. The Colorimetric LAMP Master Mix 4xis a mixture of 4x Polaris® BstY Reaction
Buffer 10x, 0.5 mM Cresol Red, 5.6 mM Polaris® ANTP mix 25 mM, IVD (NZYtech),
1.28 U Polaris® Glycerol-free BstY Polymerase 80 U/uL (NZYtech), and 92.8 uM ssBP.
The Real-time LAMP Master Mix 4x consists of 4x Polaris® BstY Reaction Buffer 10x,
5.6 mM Polaris® ANTP mix 25 mM, IVD (NZYtech), 1.28 U of Polaris® Glycerol-free
BstY Polymerase 80 U/uL (NZYtech), and 92.8 uM ssBP.



Simodes et al. Cellular & Molecular Biology Letters (2026) 31:92 Page 6 of 27

Lyophilization (freeze-drying)

Each master mix was gently homogenized by using a vortex mixer at a low speed to
avoid introducing bubbles and prevent any adverse effects on the lyophilization process.
The master mixes were dispensed into suitable glass lyophilization vials (660 pL/vial),
which were then spun before slow freezing at —20 °C to favor adequate ice crystal forma-
tion. The frozen aliquots were then transferred to a lyophilizer, and the following proto-

col was applied:

Stage Duration (h) Temperature (°C) Ramp Pressure
Primary freezing 4 —40 N/A Atmospheric
Primary drying, first stage 2 —45 0.3 °C/ min 70 mTorr
Primary drying, second stage 24 —40 0.3 °C/ min 70 mTorr
Secondary drying 4 +25 0.3 °C/ min 70 mTorr

Upon freeze-drying completion, the vacuum was broken with an inert gas (N,) to
avoid the introduction of water vapor before sealing the vials with rubber stoppers.

Assessment of detection sensitivity

The Colorimetric LAMP Master Mix 4xand the Real-time LAMP Master Mix 4x pre-
pared as previously detailed were assessed for their ability to amplify multiple starting
template DNA concentrations following established protocols. A typical colorimet-
ric LAMP reaction (25 pL) comprised 1x Colorimetric LAMP Master Mix 4x, 2.5 uL
10x LAMP Primer Mix (as above), 1 pL template DNA, and water up to 25 pL. A typical
real-time LAMP reaction (25 uL) comprised 1x Real-time LAMP Master Mix 4x, 6 mM
Polaris® MgSO, 100 mM (NZYtech), 1x NZY LAMP Fluorescent dye 50x (NZYtech), 2.5
puL 10x LAMP Primer Mix (as above), 1 pL template DNA, and water up to 25 uL. The
templates used in these assays were synthetic DNA fragments corresponding to various
targets: the BRCAI gene from H. sapiens, the malB gene from E. coli, the E gene from
SARS-CoV-2, the N2 gene from SARS-CoV-2, the IV gene from Enterobacteria phage
M13, the PFO domain gene from C. auris, the SecY gene from L. interrogans, the rpoB
gene from M. tuberculosis, and the 28S rRNA gene from C. albicans.

Evaluation of inhibitor resistance

The Colorimetric LAMP Master Mix 4xand Real-time LAMP Master Mix 4x were
tested for their resistance to common gPCR inhibitors following established protocols.
A typical colorimetric LAMP reaction (25 uL) comprised 1x Colorimetric LAMP Master
Mix 4x, 2.5 uL. 10x LAMP Primer Mix (as above), 10 pL inhibitor, 1 uL template DNA,
and water up to 25 pL. A typical real-time LAMP reaction (25 pL) comprised 1x Real-
time LAMP Master Mix 4x, 6 mM Polaris® MgSO, 100 mM (NZYtech), 1xNZY LAMP
Fluorescent dye 50x (NZYtech), 2.5 pL. 10x LAMP Primer Mix (as above), 10 pL inhibi-
tor, 1 puL template DNA, and water up to 25 pL. The template DNA used in these assays
was a synthetic DNA fragment corresponding to 10° copies/pL of the E gene sequence of
SARS-CoV-2.

Template copy number calculation
The following equation was used to determine the number of copies of template DNA

for each case:
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DNA concentration (ng/uL) x 6.022 x 102
Length of template (bp) x 10° x 650

#copies of DNA template per uL =

Calculations were made on the basis of the assumption that the average molecular
weight of a base pair (bp) is 0.65 kDa and using a conversion factor to nanograms (ng) of
1 x 10°.

Preparation of spiked samples and extraction protocol

Escherichia coli (DH5-Alpha) cells (NZYtech) were grown in 200 mL LB Broth medium
(NZYtech) to an ODggy,, of approximately 0.5, which is equivalent to a cell concentra-
tion of 4 x 10® cells/mL. At this point, cells were put on ice and used to prepare spikes
for urine samples as well as for control samples (containing water instead of urine) to
obtain a final collection of spiked samples with cell concentrations ranging between 1 x
10® cells/mL and 1 x 10° cells/mL. Extraction of DNA from the prepared spiked samples,
both urine and control, was performed using the NZY Mag Blood & Tissue DNA Isola-
tion Kit (NZYtech) and the TANBead Maelstrom™ Switch 8 (Taiwan Advanced Nano-
tech Inc, Taiwan). Extraction success was confirmed both by agarose gel and nanodrop
quantification of the extracted samples.

Real-time assays for pathogen nucleic acid detection in spiked samples

The real-time LAMP assays performed to detect the malB gene (E. coli) in spiked urine
and control samples were carried out using the Real-time LAMP Master Mix 4x pre-
pared as previously detailed. A typical real-time LAMP reaction comprised 1x Real-time
LAMP Master Mix 4x, 6 mM Polaris® MgSO, 100 mM (NZYtech), 1x NZY LAMP Fluo-
rescent dye 50x (NZYtech), 2.5 uL 10x LAMP Primer Mix (as above), 2.5 puL sample, and
water up to 25 pL. The real-time PCR assays performed to detect the malB gene (E. coli)
in the spiked samples were conducted using the NZYSupreme qPCR Green Master Mix
(SYBR Green qPCR) and the NZYSupreme qPCR Probe Master Mix (TagMan qPCR),
both provided by NZYtech. Real-time PCR assays using the SYBR detection method
were prepared as follows: 1x NZYSupreme qPCR Green Master Mix, 10 uM Primer F3,
10 uM Primer B3, 2 pL sample, and water up to 20 uL. Real-time PCR assays using the
probe detection method were prepared as follows: 1x NZYSupreme qPCR Probe Master
Mix, 10 uM Primer F3, 10 puM Primer B3, 10 uM Probe (5’-/56-FAM/CCG ACA AAC/
ZEN/ACC ACG AAT TCA CCT T/3IABKFQ/-3), 2 uL ,sample and water up to 20 pL.
All assays were performed in a StepOnePlus™ Real-Time PCR System (Thermo-Fisher)

following the amplification protocols indicated by the manufacturer.

Statistical analysis

The experimental results are expressed as the mean of a series of replicates (n > 3) and
standard deviation (SD). All statistical analyses were performed using Microsoft Excel®
2021 and GraphPad Prism (version 9.0.0).

Results

Establishing a diverse primer set panel for LAMP-based molecular diagnostics

Although guided by well-established principles, primer design for LAMP remains largely
empirical. It is arguably the most critical determinant of assay success, particularly
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under the rigorous conditions required for clinical diagnostics, where both sensitivity
and specificity are crucial [26]. To explore the intrinsic determinants of LAMP primer
performance, we assembled 21 distinct LAMP primer sets targeting different sequences
in the genome of a wide array of living organisms by combining two approaches (Sup-
plementary Table S1): (i) mining well-validated sequences from the literature and (ii)
designing de novo candidates with the NEB LAMP Primer Design Tool (https://lamp.ne
b.com/#!/), which generates the six standard primers required for LAMP assays (conven-
tionally named F3, B3, FIP, BIP, FL, and BL). These 21 primer sets (Supplementary Table
S2) were then subjected to experimental evaluation under standardized assay conditions
to assess whether LAMP performance and the prevalence of nonspecific amplification
could be linked to primer design features.

Primer sets were generated using the tool’s default parameters, with melting tempera-
tures (Tm) optimized for high-temperature amplification: ~ 60 °C for the outer and inner
primer regions (F3, B3, F2, and B2) and ~ 65 °C for the loop primers. Additional design
constraints, such as primer length, GC content, interprimer spacing, and avoidance of
secondary structures, were automatically enforced by the software to maximize amplifi-
cation efficiency and specificity under isothermal conditions. The resulting primer sets,
listed in Supplementary Table S2, span ten distinct biological systems of diagnostic and
biomedical relevance, including viruses, bacteria, fungi, and a human genetic marker,
reflecting the broad utility of modern molecular diagnostics [27]. Most targets were
associated with two or three distinct primer sets, acknowledging the intrinsic variabil-
ity in LAMP performance and the common occurrence of false positives in no-template
controls (NTCs) [7, 28]. By combining established and newly designed primers across a
diverse range of diagnostic contexts, this panel allowed for a rigorous and comprehen-
sive assessment of primer-dependent variability in LAMP specificity and sensitivity.

Experimental assessment of LAMP primer set performance and specificity

Following the design and selection of 21 LAMP primer sets targeting a range of clinically
and biologically relevant templates, we next sought to evaluate their experimental per-
formance under identical reaction conditions. Each primer set was tested in standard-
ized real-time LAMP assays at 69 °C using Polaris® BstY Polymerase 80 U/puL (NZYtech),
a thermostable strand displacement DNA polymerase engineered for high-temperature
LAMP reactions. Each assay was performed in triplicate with 10° copies of the corre-
sponding target DNA and included nine NTC reactions to ensure a robust assessment
of specificity and accuracy in the absence of target sequences. For SARS-CoV-2, an RNA
virus, a synthetic DNA fragment encompassing the E and N2 gene regions was used as
the template.

Despite uniform reaction conditions, substantial variability was observed among
primer sets, both in terms of amplification efficiency, measured as time to result (TTR),
and specificity, assessed by the percentage of nonspecific amplification (%NSA) and time
to NTC (TTN) (Table 1, Fig. 1). Product melting analysis [29] at the end of the real-
time LAMP assays confirmed that NSA observed in NTC reactions with 11 primer sets
was not a result of assay template contamination (data not shown). Several primer sets
yielded high signal intensities with rapid TTR values (Fig. 1A-C).

By comparing amplification outcomes (TTR) with primer sequence parameters (Table
S2) and self and cross-dimer AG (Supplementary Table S3), with data summarized in
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Table 1 Overview of LAMP primer set performance and sequence parameters for 21 assays
targeting diverse diagnostic organisms

Target Set Six primers Four primers
TTR TTN %NSA TTR TTN %NSA T, T Aver- AG<-8
(min) (min) (min) (min) BIP_H FIP_H age count
AG
Homo sapiens 1 874 2436 1111 2434 2324 10000 596 606 —602 4
(BRCAT gene) 2 1460 NA 000 ND ND ND 596 631 —585 2
Candida auris 1 635 2540 4444 1414 2103 10000 631 631 =717 7
(PFOdomain gene) 2 537 2096 10000 1409 1753 10000 630 635 —643 5
Candida albicans 1 9.78 NA 0.00 ND ND ND 613 60.4 -735 9
(28S rRNA gene) 2 685 NA 000 ND ND ND 642 633 —721 6
3 648 NA 000 ND ND ND 636 636 —834 9
Escherichia coli 1 702 2021 2222 ND ND ND 637 638 —672 6
(malB gene) 2 692 2614 5556 2576 2035 10000 640 633 -626 4
Leptospira 1 1175 NA 000 ND ND ND 610 610 -7.12 8
interrogans 2 954 2804 3333 1817 2074 10000 606 610 —692 7
(SecY gene) 3273 NA 000 ND ND ND 494 613 —553 0
S.agalatiae 1 609 2415 10000 1665 27.04 2222 600 601 —765 6
(FbsB gene)
Mycobacterium 1T 1128 2600 2222 1693 2009 7778 638 665 —756 9
tuberculosis 2 740 NA 000 ND ND ND 642 677 —886 12
(rpoB gene)
Hepatitis Bvirus 1 536 1950 10000 1267 1866 10000 634 643 —705 7
(Pgene) 2 490 2078 10000 1389 2031 10000 635 648 —857 10
3 884 2458 7778 1869 2376 8888 671 599 603 3
SARS-CoV-2 1 739 NA 000 ND ND ND 607 606 —692 6
(E gene)
SARS-CoV-2 1 632 NA 000 ND ND ND 624 635 728 7
(N2 gene)
M13 bacteriophage 1 1008 NA 000 ND ND ND 606 610 —677 8
(IVgene)

Time to result (TTR, in minutes) and percentage of nonspecificamplification (%NSA) were determined from real-time LAMP
assays at 69 °C. The %NSA corresponds to the number of NTC reactions that exhibited amplification compared with the
total number of NTC reactions [9] performed for each enzyme. For each primer set, the melting temperature (T,,,, °C) of the
hybridizing regions of the inner primers (FIP_H and BIP_H), the average T, of outer (F3/B3) and loop (LF/LB) primers, the
average free energy (AG, kcal/mol) across all self- and cross-primer interactions, and the number of strong interactions
(AG < -8 kcal/mol) are listed. NA=No amplification detected within 30 min. ND=Not determined

Table 1, several trends emerged. Amplification efficiency (TTR) was strongly correlated
with the melting temperature of the hybridizing segments of the inner primers (FIP_H
and BIP_H). Primer sets yielding rapid amplification (TTR <7 min) consistently featured
FIP_H/BIP_H regions with T, values 263 °C. In contrast, delayed sets, such as L. inter-
rogans set 3, exhibited hybridization regions with T}, values approaching or below 60 °C,
indicating suboptimal annealing at 69 °C. These findings reinforce the critical role of
inner primer thermodynamics in controlling LAMP kinetics at elevated temperatures
[7, 30]. While the T, of FIP_H/BIP_H segments>63 °C may generally predict faster
TTR, primer—dimer AG values, target accessibility, and internal primer architecture may
be important secondary contributors. For example, S. agalactiae set 1 illustrates how
efficient template engagement may offset lower primer melting temperatures, leading
to unexpectedly rapid amplification. Outer primers (F3/B3), which mediate the initial
strand displacement, displayed broader T, ranges and did not strongly correlate with
amplification timing once loop cycling was initiated (Supplementary Table S2). Similarly,
loop primers (LF/LB), whilst associated with improvements in amplification speed, were
not consistent predictors of kinetic performance (Supplementary Table S2).
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Fig. 1 Representative real-time LAMP amplification profiles selected from 21 primer sets tested. Amplification
curves illustrate the performance of LAMP assays targeting three distinct sequences, conducted at 69 °C using 10°
copies of template DNA per reaction. Each assay was performed in triplicate (green curve: average of three rep-
licates) alongside nine no-template controls (NTCs; individual amplification curves in grey). A-C examples using
full six-primer sets (FIP, BIP, F3, B3, FL, and BL), revealing differences in time to result (TTR) and levels of nonspecific
amplification (NSA). D The same primer set as C, but in a four-primer format (without loop primers), illustrating the
impact of loop primer exclusion on reaction kinetics and specificity. Each cycle represents 30 s, totaling 30 min for
the full assay duration

To further assess factors that may contribute to delayed amplification, we analyzed the
self-dimerization propensity of full-length primers (Supplementary Table S3). Although
some variability in average self-dimer AG (across FIP, BIP, F3, B3, FL, and BL) was
observed among functional sets, efficient amplification was observed even in the pres-
ence of strong self- and cross-dimer interactions. These findings challenge the criteria
defined by primer design tools such as OligoAnalyzer™ (IDTDNA) which recommend
a AG more positive than -9 kcal/mol to ensure that oligonucleotide performance is not
impaired (Table 1). Collectively, these findings confirm that the hybridization thermody-
namics of the inner primers, particularly the T, of the FIP_H and BIP_H segments, are
primary determinants of amplification efficiency. These data suggest that a minimum 7
threshold of 263 °C for these regions should be considered when designing LAMP assays
intended to operate at or above 68 °C.

Unexpectedly, nonspecific amplification (%NSA) did not correlate with any single
primer thermodynamic property, suggesting that existing metrics may be insufficient
to predict assay specificity (Table 1). For example, primer sets with zero NSA, such as
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M13 phage (gene V), SARS-CoV-2 (gene N), and C. albicans set 2, presented average
AG values as low as —8.34 kcal/mol and up to eight strong dimer interactions, indistin-
guishable from those in highly nonspecific sets. In addition to %NSA, we examined the
time to amplification in no-template controls (TTN) to further dissect assay specificity.
However, TTN values also varied widely among primer sets with comparable thermody-
namic profiles. For example, C. auris set 1 exhibited a TTN of 25.4 min with 44.4% NSA,
while L. interrogans set 2 had a TTN of 28.04 min but only 33.3% NSA. Conversely, sets
such as M. tuberculosis set 2 and SARS-CoV-2 (E and N2 genes) showed no NSA (0%)
and no detectable NTC amplification within 30 min (TTN=NA), despite containing
several strong dimer interactions.

To evaluate whether nonspecific amplification (%NSA) and time to amplification in
no-template controls (TTN) could be mitigated by reducing the primer set from six
to four primers, we retested ten primer sets that had previously exhibited NSA in the
full six-primer configuration by omitting the loop primers. The comparative results are
shown in Table 1 and exemplified in Fig. 1C, D. While omitting loop primers predictably
resulted in delayed amplification, reflected in longer TTR values across all tested sets
[28, 30], their exclusion had no consistent effect on reducing NSA or delaying TTN. In
several instances, %NSA remained unchanged or only marginally decreased, and TTN
values continued to overlap with amplification observed in the presence of target DNA.
These results suggest that loop primers are unlikely to be the main contributors to the
emergence of nonspecific amplifications. Instead, the data point toward the core primer
sets, FIP/BIP and F3/B3, as the primary drivers of assay specificity. This observation also
highlights the difficulty of predicting nonspecific amplification based solely on primer
thermodynamics. Other variables, such as local template structure, primer-template
accessibility, or even stochastic primer interactions, may also play a critical role in driv-
ing unspecific amplifications in LAMP assays.

High-temperature LAMP is still vulnerable to NSA: the role of pre-assay mispriming

The initial screening of 21 primer sets at 69 °C was designed to suppress nonspecific
amplification (NSA), a well-documented challenge in LAMP diagnostics [16]. However,
despite the elevated temperature, 11 of the 21 primer sets still yielded detectable ampli-
fication signals in no-template controls (Table 1), suggesting that increased thermal
stringency is not, by itself, sufficient to universally prevent misamplification. To system-
atically evaluate how temperature modulates both specificity and reaction efficiency, we
selected six representative primer sets, comprising both NSA-prone and NSA-free sets
at 69 °C, and assayed them across a temperature range of 6272 °C.

The results (Fig. 2) offer important mechanistic insights into how temperature modu-
lates LAMP specificity. Notably, all LAMP assays were functional across the entire tem-
perature range tested, except for C. auris set 1, which failed to produce amplification
at 72 °C (Fig. 2A). This observation further underscores the broad operational range of
Polaris® BstY polymerase and supports its suitability for high-temperature LAMP diag-
nostics (Fig. 2A). In terms of specificity, most primer sets exhibited elevated %NSA
values and shorter TTNs at the lower end of the temperature spectrum (62—-64 °C), indi-
cating a higher tendency for nonspecific amplification under these conditions (Fig. 2B).
For example, H. sapiens set 1 exhibited 100% NSA and TTNs below 15 min, while E. coli
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Fig. 2 Effect of assay temperature on A TTR and B nonspecific amplification (NSA) and time to amplification in
no-template controls (TTN) for six representative LAMP primer sets. A lists the TTR for the six targets at the different
amplification temperatures (62-72 °C) tested. B displays the percentage of reactions showing NSA (black bars, left
Y-axis) and the mean TTN in minutes (gray bars, right Y-axis) at those same temperatures. Each plot corresponds
to a different target and primer set, including H. sapiens, C. auris, E. coli, L. interrogans, and SARS-CoV-2 (E and N2).
Error bars represent the standard deviation from replicates. NSA generally decreased with increasing temperature,
while TTN increased

. Non-specificamplification (% Time to NTC (min.)

set 1 and L. interrogans set 2 also showed elevated NSA levels (>80%) and early NTC
amplification, indicating robust off-target priming at these temperatures.

As the reaction temperature increased, a gradual decline in NSA incidence and an
increase in TTN were observed in most primer sets. Notably, the SARS-CoV-2 E and N2
sets transitioned from nearly 100% NSA at 62—-64 °C to 0% NSA at>68 °C, with TTNs
extending beyond 25 min or remaining undetected. This transition strongly supports
the role of elevated temperature in enhancing hybridization stringency and minimizing
nonspecific interactions [16]. A comparable, albeit less dramatic, trend was observed for
C. auris set 1, where NSA progressively declined and TTNs became more delayed as
temperature increased. For the H. sapiens set 1, NSA was only fully suppressed at 72 °C;
however, this was accompanied by reduced amplification kinetics, with TTR extending
to 12 min at 72 °C from 5-6 min at lower temperatures. In contrast, E. coli set 1 and
L. interrogans set 2 deviated from this trend. Both exhibited persistent NSA across all

Page 12 of 27
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temperatures, with %NSA remaining above 70% and TTNs remaining below 20 min even
at 72 °C. These observations imply that NSA in these cases may not be driven solely by
insufficient thermal stringency. Instead, they suggest a pivotal contribution from early-
phase primer—primer or primer—template interactions that occur during the assay setup
and pre-heating phase. Since Bst-family enzymes retain significant strand displacement
activity even at suboptimal temperatures [31], amplification may be inadvertently initi-
ated before the reaction mixture reaches the target temperature, rendering subsequent
thermal correction ineffective.

Taken together, these results demonstrate that, while elevated temperatures enhance
specificity by reducing NSA and extending TTN, this strategy is not universally effective
in reducing LAMP nonspecific amplification in the context of molecular diagnostics. In
primer sets prone to mispriming, the onset of NSA likely occurs during the assay assem-
bly stage or the early heating phase, driven by transient, low-stringency hybridizations
in the presence of an active polymerase. Thus, implementing strategies that delay ampli-
fication until the reaction mixture reaches the intended temperature may offer a robust
solution to improve LAMP specificity in clinical and point-of-care applications.

Mitigation of nonspecific amplification by single-stranded DNA-binding protein

Building on the observation that elevated temperatures alone are insufficient to fully
suppress NSA in certain primer sets, we next explored whether early stage mispriming
events, occurring before the reaction reaches thermal equilibrium, might represent a
key vulnerability in LAMP assays. To address this possibility, we employed thermolabile
single-stranded DNA-binding proteins (ssBPs), known to transiently sequester single-
stranded oligonucleotides and impede premature primer annealing and extension before
denaturation [32—34]. These proteins typically dissociate from single-stranded oligonu-
cleotides at ~ 45 °C, allowing amplification to commence only under optimal hybridiza-
tion conditions.

To investigate the hypothesis that LAMP assays are susceptible to nonspecific primer
interactions occurring during the pre-assay and temperature ramping phases, we cloned
and expressed gene 2.5 protein (gp2.5) [35] from Escherichia phage T7 (UniProt P03696;
PDB 1JE5) in E. coli and purified the protein to near homogeneity (Supplementary Fig.
S1). We then evaluated the influence of ssBP on LAMP specificity and efficiency using
eight representative primer sets previously tested at 69 °C. Each assay was conducted
at 64 °C and 68 °C, in the presence of 0 M (control), 11.4 uM, or 22.8 uM ssBP, corre-
sponding, respectively, to 2.5-fold and fivefold molar excess of ssBP relative to the total
primer concentration (4.4 uM). The results are summarized in Table 2 and exemplified
in Fig. 3, with additional data displayed in Supplementary Fig. S2.

Across all tested primer sets, the addition of ssBP had a negligible impact on
amplification speed of positive controls, with time to result (TTR) values remain-
ing within+1 min across the entire dataset (Table 2). This finding supports the notion
that recombinant gp2.5 ssBP does not interfere with Polaris® BstY Polymerase activity
or impede primer annealing once the reaction has initiated, consistent with its thermal
dissociation above 45 °C. In contrast, ssBP exerted a marked effect on assay specific-
ity given that at 22.8 puM, the protein consistently delayed or abolished amplification in
no-template controls, as reflected by extended time-to-NTC (TTN) values and substan-
tial reductions in the percentage of nonspecific amplification (%NSA) (Table 2; Fig. 3).
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For instance, in H. sapiens set 1 at 64 °C, %NSA dropped from 100% (0 uM ssBP) to
17% (22.8 pM ssBP), accompanied by a TTN increase from 16 to 26.4 min. At 68 °C,
NSA was fully suppressed (%NSA =0%), with no detectable NTC amplification within
the 30-min assay window. Comparable improvements were observed in C. auris set 1,
where %NSA declined from 50% to 17% at 64 °C and from 50% to 0% at 68 °C, with TTN
values correspondingly extended. The M13 bacteriophage set, previously NSA-resistant,
also showed modest but consistent gains in TTN with ssBP, indicating a stabilizing effect
even in high-fidelity systems.

Under the most stringent conditions tested—68 °C in the presence of 22.8 uM ssBP—
seven of the eight primer sets were completely free of significant detectable NSA
(Table 2). The sole exception was E. coli set 1, which produced a late-rising NTC sig-
nal (Fig. 3). Melt analysis and 16S qPCR attributed this fluorescence to trace E. coli
genomic DNA carried over with the recombinant ssBP, corresponding to roughly 20-60
contaminating copies per reaction (data not shown). Because ssBP can also bind dou-
ble-stranded DNA in addition to single-stranded DNA, albeit with lower affinity, this
background precludes any fair assessment of ssBP’s effect on E. coli-targeted assays. By
contrast, the M. tuberculosis (rpoB) traces never exceeded 10% of the fluorescence of
their positive controls and appeared only at the end of the assay; we therefore classified
them as negative (Table 2; Fig. 3; Supplementary Fig. S2). The results obtained confirm
that pairing high-stringency temperature with thermolabile ssBP is an efficient strategy
to suppress NSA for every target tested except where reagent-borne DNA contamina-
tion is present. This supports a mechanistic model in which LAMP specificity depends
not only on primer design or reaction temperature, but also on early primer accessibility
during the pre-amplification phase.

Resolving residual NSA with ssBP at high temperatures

To determine whether the combined application of elevated temperature and thermola-
bile single-stranded DNA-binding protein (ssBP) can fully suppress residual nonspecific
amplification (NSA), we revisited a subset of primer sets previously shown to exhibit
persistent NSA at 69 °C (Table 1). These included six targets used for the detection of C.
auris, S. agalatiae, M. tuberculosis, and hepatitis B virus DNA, which remained vulner-
able to misamplification despite high-temperature assay conditions. E. coli targets were
excluded owing to the inherent contamination of ssBP with template DNA. Each primer
set was reassessed at 69 °C in the absence or presence of 22.8 uM ssBP, and performance
was evaluated in terms of time to result (TTR), time to NTC (TTN), and percentage of
NSA (%NSA). The results are summarized in Table 3.

Remarkably, the incorporation of ssBP led to complete suppression of NSA in five out
of six cases. The lone exception was the C. auris primer set, where %NSA, though not
entirely eliminated, was significantly reduced from 100%, in the absence of ssBP, to 33%
with ssBP. Notably, amplification kinetics (TTR) were preserved in all reactions, con-
sistent with prior observations at 64—68 °C. These findings confirm that the combined
strategy of operating at 69 °C and including ssBP effectively all but eliminates even the
most persistent cases of NSA.
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Fig. 3 Effect of reaction temperature and ssBP on nonspecific amplification in LAMP assays. Representative real-
time amplification curves illustrate the influence of increased reaction temperature (64 and 68 °C) and single-
stranded DNA-binding protein (ssBP) concentration (0, 11.4, and 22.8 uM) on amplification profiles using eight
selected LAMP primer sets, here exemplified for BRCAT, E gene, malB, and gene IV. All reactions were performed
with 10° copies of target DNA (positive controls) or without template (NTCs). Amplification traces for NTCs are
shown in grey to highlight the impact of ssBP on nonspecific amplification (NSA). Each cycle represents 30 s, total-
ing 30 min for the full assay duration. Full quantitative metrics, including TTR, TTN, and %NSA, are summarized in

Table 2
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Table 3 Impact of single-stranded DNA-binding protein (ssBP) on LAMP amplification kinetics and

specificity at 69 °C
TTR (min) TTN (min) NSA (%)

[ssBP] 0 pM 22.8 uM 0 pM 22.8 uM 0 pM 22.8 uM
C. auris (PFO gene) Set 2 5.69 4.33 19.40 23.29 100 333
S.agalatiae Set 1 5.88 6.09 27.04 - 56.6 0.00
(FbsB gene)
M. tuberculosis Set 1 10.07 12.76 25.86 - 222 0.00
(rpoB gene)
Hepatitis B virus Set 1 5.03 5.01 1533 - 100 0.00
(P gene) Set 2 451 453 19.29 - 100 0.00

Set3 8.60 740 2522 - 56.6 0.00
Average 6.63 6.69 22.02 - 722 -

Six challenging LAMP primer sets were tested at 69 °C in the presence of 0 or 22.8 uM ssBP. Amplification performance
was evaluated by time to result (TTR, min), time-to-no-template control signal (TTN, min), and percentage of nonspecific
amplification (%NSA). The TTR values reflect amplification speed in the presence of target DNA. TTN values indicate the
time at which amplification was detected in no-template controls, and %NSA represents the proportion of NTC replicates
showing amplification within 30 min. Missing TTN values (“-") indicate no detectable signal during the assay time frame.
Average values across all sets are shown in the last row

Performance of liquid and lyophilized LAMP master mixes for real-time and colorimetric
detection

Expanding on the mechanistic findings of the previous sections, particularly the influ-
ence of elevated temperature and early primer mispriming on NSA, we next assessed
whether these findings could be translated into improved diagnostic performance by
using LAMP master mixes under simulated laboratory and point-of-care conditions.
Nine of the previously validated primer sets, showing robust amplification—H. sapiens,
C. auris, C. albicans, E. coli, L. interrogans, M. tuberculosis, two SARS-CoV-2 loci, and
M13 phage—were selected as representative targets. Two distinct master mix formula-
tions were developed: (i) a real-time fluorescence-based master mix optimized for lab-
oratory use and (ii) a colorimetric master mix intended for point-of-care applications.
Both mixes were engineered to be lyophilization-ready, allowing direct comparison of
fresh and freeze-dried formats. To rigorously test their performance, each formulation
was challenged with serial dilutions of starting DNA (107 to 10 copies) and no-template
controls (NTCs), under standardized amplification conditions at 69 °C. Liquid and
reconstituted lyophilized mixes were assayed side-by-side to evaluate any loss of activity
after freeze-drying. The results are exemplified in Fig. 4 and combined in Supplementary
Fig. S3.

The real-time master mix performed robustly across all targets, with amplification
being detected with input levels as low as 10 copies for SARS-CoV-2 N2 and E. coli, 100
copies for C. albicans and SARS-CoV-2 E, and 1000 copies for the remaining targets.
These observed differences in LAMP sensitivity across targets have previously been
attributed to multiple primer- and template-specific factors [36]. In general, the lyophi-
lized master mix format closely matched the sensitivity of the liquid counterpart, dem-
onstrating that the freeze-drying step did not compromise enzymatic activity or overall
assay integrity. A slight reduction in sensitivity was observed for the lyophilized format
in E. coli, where the detection limit increased from 10 to 100 copies (Fig. 4). In addi-
tion, the real-time amplification curves displayed high reproducibility and low variability
across template concentrations, suggesting that the formulation is both precise, sensitive
and specific. Finally, incorporation of previous insights concerning reaction accuracy
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Fig. 4 Comparative performance of colorimetric and real-time LAMP in liquid and lyophilized formats. Represen-
tative data from four selected targets—¢. coli (malB gene), C. auris (PFO domain), C. albicans (255 rRNA gene) and
L. interrogans (SecY gene)—demonstrate the sensitivity and robustness of the developed master mixes. Reactions
were conducted at 69 °C using serial dilutions of template DNA, ranging from 107 to 10 copies per reaction. Each
master mix was tested in both liquid and lyophilized (reconstituted) forms. For colorimetric assays (left panels),
successful amplification is indicated by a yellow color shift, while pink denotes no amplification. For real-time
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illustrates comparable performance across formats and methods, confirming the preservation of sensitivity and
specificity following lyophilization and supporting the utility of both formulations for point-of-care and laboratory-
based diagnostics. Each cycle represents 30 s, totaling 30 min for the full assay duration

ensured that all reactions remained highly specific, with no amplification observed in
NTCs.

Colorimetric LAMP reactions, using pH-sensitive dye-based detection, also demon-
strated excellent performance (Fig. 4; Supplementary Fig. S3). A clear pink-to-yellow
shift distinguished positive and negative reactions with high contrast. While colorimet-
ric sensitivity was slightly lower than real-time fluorescence-based detection, typically
detecting down to 100 or 1000 copies, it remained within acceptable diagnostic thresh-
olds for high-prevalence pathogens. This contrast between colorimetric and real-time
LAMP detection limits has been reported before in literature [37], however the dif-
ference we observed was not as pronounced. In addition, both liquid and lyophilized
colorimetric mixes yielded similar results, with minimal variation in visual output,
confirming the robustness of the lyophilized formulation. Fluorescence-based assays
provide real-time monitoring and higher resolution, while pH-dependent colorimetric
systems require bulk acidification, which may delay visible changes at very low template
concentrations [30, 38, 39].

The consistency between fluorescent and colorimetric configurations, in both liquid
and lyophilized formats, further supports the idea that NSA in LAMP is primarily dic-
tated by primer—primer interactions during the pre-amplification phase and is not sig-
nificantly influenced by the physical format of the reaction mix. Given that all reactions
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were conducted at 69 °C, a temperature previously shown to mitigate NSA when com-
bined with optimized primer design and single-stranded DNA-binding proteins, the
absence of amplification in NTCs reinforces the notion that specificity can be main-
tained through rational reaction design.

Resistance of lyo-compatible LAMP mixes to common diagnostic inhibitors

Given the growing demand for molecular diagnostic tools compatible with minimally
processed or crude samples, it is imperative to ensure assay robustness in the pres-
ence of common inhibitory substances. Following the systematic optimization strate-
gies described in the preceding sections, we next evaluated the tolerance of the different
LAMP formulations to a panel of clinically and environmentally relevant inhibitors. Spe-
cifically, we assessed both real-time and colorimetric liquid LAMP master mixes using a
SARS-CoV-2 E gene target (10° DNA copies/reaction) in the presence of increasing con-
centrations of seven representative inhibitors (Supplementary Table S4). The selected
inhibitors included: (i) biological contaminants, exemplified by hemoglobin, plasma,
serum, saliva, bile salts and urine, and (ii) extraction reagent residues, represented by
the common sample contaminant ethanol. These agents are widely recognized for their
ability to impair nucleic acid amplification by interfering with polymerase activity, che-
lating magnesium ions, or disrupting nucleic acid hybridization [40]. Although qPCR is
notoriously susceptible to such inhibitors, LAMP is generally considered more tolerant
to these compounds [16, 40].

The data (Fig. 5) revealed that colorimetric assays appear to display higher vulnerabil-
ity to inhibitors when compared with real-time LAMP results, with several substances
inducing ambiguous or misleading color changes even at moderate concentrations
(Fig. 5, left). We postulate that this could be due to the inherent pigmentation of these
inhibitors (e.g., hemoglobin) or their buffering capacity (e.g., bile salts), which ultimately
interferes with pH-based detection. Nonetheless, colorimetric LAMP inhibition is still
very poorly characterized in the literature, limiting result interpretation. Recent studies
have reported that combining dyes in different ratios can lead to a more robust colori-
metric detection [41, 42], therefore this could be an avenue worth exploring in future
work by combining Cresol Red with, for example, a pH-insensitive dye. Notably, pH-
independent colorimetric LAMP methods have been developed [43] by using a divalent
zinc salt (such as ZnCl,) and murexide to form a transient complex (Zn-MX). How-
ever, since zinc can only be added after the reaction because it inhibits DNA amplifica-
tion, this increases the risk of carryover contamination and, subsequently, false positive
results, rendering it unsuitable for routine use in diagnostics.

Conversely, real-time assays using fluorescent detection demonstrated considerable
resilience (Fig. 5, right) to the tested inhibitors. Real-time amplification remained effec-
tive across a broad range of inhibitor concentrations, maintaining clear amplification
curves and time-to-result metrics with minimal delay, at least for the two first inhibitor
concentrations tested. The only compounds that posed a bigger challenge were bile salts
and ethanol, which were previously demonstrated to have a greater inhibitory effect in
DNA amplification reactions [16, 40, 44]. Regardless, resistance to inhibitors had a con-
sistent pattern across both real-time and colorimetric formats, suggesting that the core
LAMP formulation itself—optimized in the current study through thermostable compo-
nents and the minimization of NSA—is inherently resilient. However, signal detection
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modality significantly modulates practical diagnostic reliability in contaminated con-
texts [37]. These results confirm the superior robustness of fluorescence-based real-time
LAMP for inhibitor-rich matrices and underscore the limitations of pH-dependent colo-
rimetric detection when applied to complex clinical samples.

Analytical validation of high-temperature ssBP-LAMP comparatively to gPCR

Although high-temperature ssBP-LAMP emerged in this study as a robust strategy for
pathogen detection, quantitative PCR (qPCR) remains the gold standard for nucleic acid
detection in molecular diagnostics [45]. We therefore benchmarked ssBP-LAMP directly
against standard qPCR assays using biologically relevant sample matrices. Escherichia
coli cells were used to spike human urine, alongside water controls, and the malB gene
was detected using three real-time methods: TagMan qPCR, SYBR Green qPCR, and
ssBP-LAMP. To avoid locus-dependent bias, the F3 and B3 primers of the ssBP-LAMP
target were also used as the amplification primers in the two qPCR formats. The use
of crude and extracted samples allowed the testing of inhibitor resistance and lysis effi-
ciency under conditions relevant to diagnostic workflows.

The results, presented in Table 4 and Fig. 6, revealed that high-temperature ssBP-
LAMP displayed a similar detection performance when compared with qPCR across the
full range of tested bacterial loads (200 to 2 x 10° copies per reaction), which represent
concentrations commonly reported in urine samples infected with E. coli [46]. Across
all concentrations, ssBP-LAMP consistently detected the target in both water and urine
matrices, demonstrating matrix-independent robustness and supporting the inhibitor
tolerance observed in earlier sections. When compared with SYBR qPCR, which relies
on the same intercalating dye-based fluorescence chemistry, ssBP-LAMP showed supe-
rior robustness in urine, particularly in nonextracted samples, as illustrated in the left
panels of Fig. 6. This highlights the resilience of the ssBP-LAMP chemistry to urine-
associated inhibitors that negatively impact conventional qPCR amplification.

Analysis of extracted versus crude samples revealed a larger time-to-threshold shift
for ssBP-LAMP than for qPCR, reflected by higher A C, values (Table 4). This effect is
expected and can be attributed to fundamental mechanistic differences between the
techniques. Because LAMP is isothermal and operates at a lower temperature than
qPCR, cell lysis is less efficient and reduced template accessibility is expected in crude
samples, whereas nucleic acid extraction markedly accelerates target availability [45].
Importantly, despite this kinetic delay, ssBP-LAMP retained reliable detection across all
tested conditions. Together, these findings establish that high-temperature ssBP-LAMP
provides analytical performance comparable to qPCR while enabling direct testing of
nonextracted samples. This combination directly addresses key cost and time constraints
associated with conventional qPCR-based diagnostics.

Discussion

Loop-mediated isothermal amplification (LAMP) is a nucleic acid amplification method
that has gained prominence for its speed and operational simplicity [5, 7, 47]. Despite
increasing interest and its potential to replace qPCR in decentralized settings, the
broader adoption of LAMP in molecular diagnostics has been generally limited by its
susceptibility to nonspecific amplification (NSA), particularly under suboptimal primer
configurations or reaction conditions [8—10]. This study provides a systematic evaluation
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Table 4 Comparison of C, values obtained for the detection of Escherichia coli (malB) by three
distinct techniques: TagMan gPCR (gPCR Probe), SYBR Green PCR (gPCR SYBR), and ssBP-LAMP (ssBP-
LAMP), in direct and extracted spiked urine and control samples

C, mean*
Sample Urine Control
Extraction No Yes AC, No Yes AC,
2% 10° copies gPCR Probe 20.54 2091 -037 21.97 21.64 0.33
gPCR SYBR 20.07 18.27 1.80 19.17 17.84 1.32
ssBP-gLAMP 16.98 11.85 5.12 14.98 12.35 2.64
2% 10* copies gPCR Probe 2359 24.80 -122 25.24 26.04 —-0.80
gPCR SYBR 2264 2296 -032 2217 21.81 037
ssBP-gLAMP 19.25 14.62 4.63 17.08 14.67 242
10,000 copies gPCR Probe 2533 2593 —-0.60 2627 26.79 -052
gPCR SYBR 2419 23.94 0.26 23.07 2242 0.65
ssBP-gLAMP 20.23 15.23 5.00 18.51 14.89 362
5000 copies gPCR Probe 25.86 27.07 -1.20 2713 28.03 -0.89
gPCR SYBR 24.83 2573 —0.90 2418 23.80 0.38
ssBP-gLAMP 21.00 15.96 5.04 18.76 15.89 287
2000 copies gPCR Probe 27.11 2844 -1.34 2812 29.82 -1.70
gPCRSYBR 2594 2744 -1.50 25.76 2511 0.65
ssBP-qLAMP 2249 16.70 5.78 19.62 16.87 275
1000 copies gPCR Probe 2840 29.51 - 1.1 29.01 30.17 -1.16
gPCRSYBR 27.50 27.94 - 044 26.37 26.15 0.22
ssBP-qLAMP 24.96 16.95 8.01 2045 17.16 329
200 copies qgPCR Probe 30.26 31.59 -133 30.67 33.11 —244
gPCR SYBR 29.90 30.79 —-0.89 2899 2825 0.74
ssBP-qLAMP 2849 19.36 914 2140 18.76 2.64

Three real-time amplification methods were employed to detect E. coli in both direct (nonextracted) and extracted spiked
urine and water control samples, allowing for a comparative assessment of analytical sensitivity and matrix effects. The
samples tested contained an initial number of cells, allowing for a final concentration of genomic DNA ranging between
200 and 2x10° copies/reaction. A C, was calculated as the difference between the cycle threshold value obtained for
nonextracted samples with no extraction and their extracted counterparts

* For ssBP-LAMP, the reported C, values correspond to time-to-threshold (TTR) measurements rather than amplification
cycles, as ssBP-LAMP is an isothermal reaction and does not involve thermal cycling. In the real-time acquisition used here,
fluorescence was recorded every 30 s; therefore, ssBP-LAMP C, values can be converted to time in minutes by dividing by 2

of the determinants of LAMP specificity and robustness and delivers a unifying strat-
egy to overcome its most persistent limitations, thereby enabling a more predictable and
broadly deployable diagnostic platform.

LAMP primer design is inherently complex. A standard reaction may require up to six
primers at varying concentrations, and unlike qPCR, fewer than a dozen publicly avail-
able tools exist to support LAMP primer design [48]. To uncover the origins of NSA, we
tested 21 primer sets targeting diverse genomic sequences from a wide range of organ-
isms. Our results identify the core primer sets (FIP/BIP and F3/B3) as primary drivers of
specificity, with loop primers playing a more modest role. Importantly, thermodynamic
parameters alone proved insufficient to predict NSA, highlighting the lack of computa-
tional tools adapted to the isothermal context. Local template structures, primer acces-
sibility, and stochastic interactions likely contribute to amplification artifacts and remain
largely unexplored in LAMP workflows.

We previously showed that thermostable strand-displacing polymerases enable high-
temperature LAMP (=68 °C), potentially reducing the prevalence of NSA [16]. However,
the present study shows that increasing the reaction temperature by using a thermo-
stable strand displacement polymerase is insufficient to fully eliminate nonspecific
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Fig. 6 Detection of E. coli (malB) by three distinct techniques: real-time Probe PCR (gPCR Probe), TagMan gPCR
(gPCR Probe), SYBR Green PCR (gPCR SYBR), and ssBP-LAMP (ssBP-LAMP), in direct and extracted spiked urine and
control samples. Real-time assays targeting the E. coli malB gene were performed using spiked urine and control
samples that were either analyzed directly (nonextracted) (yellow) or subjected to nucleic acid extraction (purple).
The initial genomic DNA concentrations used per reaction were serial dilutions estimated to be 20,000, 2000, and
200 copies and appear in this respective succession from left to right in all charts. All reactions were performed in
technical triplicates

amplification, as early primer—primer interactions during the thermal ramp-up phase
remain a hidden but decisive source of false positives. To address this early-phase vul-
nerability, we introduced a thermolabile single-stranded DNA-binding protein (ssBP)
from Escherichia phage T7, which transiently sequesters primers and mitigates nonspe-
cific hybridization [34]. When combined with conventional LAMP primers and elevated
assay temperatures (=68 °C), a concentration of 22.8 uM of ssBP yielded highly specific
diagnostic assays and efficiently eliminated nonspecific amplification even for the most
challenging targets screened. Together, the data suggest that this dual-parameter optimi-
zation, including ssBP and high-temperature LAMP, offers a robust pathway to enhance
assay specificity without compromising amplification performance and is readily appli-
cable to molecular diagnostics where high specificity is essential.

Although LAMP has the advantage of being a simpler and faster technique, there are
often concerns regarding its sensitivity as qPCR has been proven to have lower limits of
detection (LoD) [49, 50]. Detection thresholds vary by target and detection modality [9,
30], and LAMP’s performance has historically been difficult to generalize. By integrating
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the ssBP strategy into both real-time fluorescence and colorimetric master mixes, we
established formats that are compatible with lyophilization and field use. The real-time
assays consistently achieved detection limits of 10—100 copies across nine diagnosti-
cally and environmentally relevant targets, while the colorimetric format retained visual
sensitivity in the 100—1000 copy range, which is optimal for point-of-care deployment.
Moreover, results obtained with crude and extracted spiked samples demonstrate that
ssBP-LAMP achieves analytical performance comparable to qPCR for this matrix,
while providing faster detection and increased robustness in urine-containing samples.
Indeed, multiple studies have shown that LAMP is generally more tolerant to clinical,
environmental, and nucleic acid extraction inhibitors when compared with qPCR [40,
51]. Our results confirmed the resistance of ssBP-LAMP to a panel of common clinical
inhibitors, including plasma, hemoglobin, saliva, and urine, and indicate that the real-
time master mix exhibits a higher tolerance than the colorimetric format. These differ-
ences in resistance could be due to the inherent pigmentation of some inhibitors (e.g.,
hemoglobin) or their buffering capacity (e.g., bile salts) that directly interfere with the
pH-based color detection mechanism. Together, these findings underscore the versatil-
ity of high-temperature LAMP (268 °C) when supplemented with a thermolabile ssBP
and offer a generalizable strategy with broad applicability across a diversity of diagnostic

scenarios.

Conclusions

This work transitions LAMP from a method constrained by static thermodynamic and
design limitations to a dynamic and tunable high-performance amplification platform.
By synchronizing temperature control with primer availability through the use of ssBP,
we offer a robust, generalizable solution to nonspecific amplification. In addition to
qPCR-comparable sensitivity and efficiency, ssBP-LAMP exhibits a high degree of toler-
ance to clinically relevant inhibitors, including plasma, hemoglobin, saliva, and urine.
Comparative benchmarking against established qPCR assays further confirms that ssBP-
LAMP operates at a level consistent with current gold-standard molecular diagnostic
workflows. This advance is a major step in the evolution of isothermal diagnostics and
restores the full diagnostic potential of LAMP by promoting its deployment in settings
ranging from centralized laboratories to point-of-care environments.
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