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Abstract 
Listeria monocytogenes is a major foodborne pathogen affecting developing, and developed countries. The analysis of food 
contact surfaces in food industries is key for better controlling this pathogen. The current study focused on the development, 
optimization, and evaluation of a rapid and simple method for the detection of L. monocytogenes on stainless steel surfaces, 
suitable for decentralized setups, taking advantage of Loop-mediated isothermal amplification (LAMP). This was accom-
plished using a general pre-enrichment broth (TSB), with a simple DNA extraction based on a chelating resin, and final 
isothermal amplification. Two different detection strategies were tested, real-time fluorescence and naked-eye colorimetric, 
which were evaluated after 5, 7, and 24 h of pre-enrichment. Regardless the detection chemistry selected, after 5–7 h of pre-
enrichment, 103–104 CFU/cm2 were needed to obtain a positive result, while after 24 h, it was possible to detect concentra-
tions below 10 CFU/cm2. Within each given time, all the performance parameters calculated, relative sensitivity, specificity, 
and accuracy, reached values higher than 80–90%; likewise, a Cohen’s k of concordance with a culture-based approach higher 
than 0.8. Overall, the most sensitive assay can be performed in roughly 25 h. This time-to-result outperforms commercial 
kits with the added value of specifically detecting L. monocytogenes instead of Listeria spp.

Key points
• Real-time fluorescence and naked-eye colorimetric, were compared for the novel assay.
• An LOD50 of 3.4 CFU/cm2 and 4.2 CFU/cm2 was calculated for the two assays.
• Three pre-enrichment times were compared providing 24 h better results.

Keywords  Listeria monocytogenes · Surface analysis · Loop-mediated isothermal amplification · Naked-eye detection · 
Stainless steel

Introduction

Listeria monocytogenes, the causative agent of human lister-
iosis, is one of the most important foodborne pathogens due 
to its high mortality rate; in 2021, it was reported to be of 
13.7% in the European Union (EFSA and ECDC 2022), but 
it can reach values as high as 20–30% (Allerberger and Wag-
ner 2010; Abril et al. 2021). This bacterium is highly resist-
ant to harsh environmental conditions, it is able survive, 
and even grow over a wide range of pH values (4.3–9.8) 
and temperatures (0.5–45 °C), and it can stand high NaCl 
concentrations (20% w/v) as well as low water activities 
(aw 0.91). All these properties make L. monocytogenes par-
ticularly problematic in Ready-To-Eat (RTE) food products 
(Warriner and Namvar 2009).

Over the last years, the incidence of this pathogen has 
been quite stable, with around 2000–2500 cases confirmed 
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per year in Europe, even though in 2021 there was a 14% 
increase of reported cases compared to 2020 (EFSA and 
ECDC 2022). The official method for the detection of this 
pathogen relies on the ISO standard 11,290 (ISO 2017), and 
a plethora of alternative methods have been reported in the 
last few years aiming to overcome the existing limitations 
this standard presents, from turnaround time to subjectiv-
ity of results interpretation. To this end, the most popular 
approaches rely on molecular methods, more specifically, 
those based on nucleic acid amplification like PCR and 
qPCR (Rodríguez-Lázaro et al. 2005; Rossmanith et al. 
2006), but also others taking advantage of isothermal DNA 
amplification (Liu et al. 2015; Busch et al. 2022), or even 
more recently based on DNA sequencing (Yang et al. 2020; 
Azinheiro et al. 2021, 2022b; Commichaux et al. 2021). In 
addition to the development of specific assays, due to the rel-
evance, and challenges, this microorganism presents, some 
effort has also been made in the development of specific 
sample processing to improve its recovery, concentration, 
and purification for downstream applications which may 
include immunomagnetic separation, matrix lysis, among 
other procedures (Rossmanith et al. 2007; Duodu et al. 
2009; Gattuso et al. 2014; Rodríguez-Lázaro et al. 2014; 
Mao et al. 2016). However, studies focusing on the recovery 
and detection of this pathogen from food contact surfaces are 
scarce, even those analyzing the its presence in environment 
(Muhterem-Uyar et al. 2015; Capo et al. 2020), even though 
it is known that cross-contamination through contact sur-
faces is the most common route of transfer of the bacteria to 
foodstuffs (Wilks et al. 2006; Fagerlund et al. 2021). Finally, 
it is worth to note that some of the assays currently available 
for the identification of this pathogen on surfaces, either are 
complex to perform/interpret, in many cases are still fully 
culture-based delaying time to results, or lack specificity and 
so, additional confirmation steps are needed upon having a 
positive result (Gómez et al. 2012; Capo et al. 2020; Lane 
et al. 2020). Considering the current scenario in regards to 
surface analysis of L. monocytogenes, the aim of the current 
study was to develop an economic and simple to perform 
assay for the specific monitoring of L. monocytogenes on 
surfaces. To accomplish this goal, a novel Loop-mediated 
isothermal amplification (LAMP) assay was developed and 
two different detection strategies, real-time fluorescence and 
naked-eye colorimetric, were compared against a classical, 
culture-based approach.

Materials and methods

Media and bacterial strains

L. monocytogenes WDCM 00021, purchased from the Span-
ish Type Culture Collection (CECT) and recommended as 

reference strain in the ISOs 11,290 and 11,133 (ISO 2003, 
2017), was selected as type strain for all the spiking experi-
ments. To this end, fresh cultures were prepared by resus-
pending a single colony in 4 mL of Nutrient Broth (NB, 
Biokar diagnostics SA, France) and incubating this suspen-
sion overnight at 37 °C. The fresh cultures were one 100-
fold serially diluted in NB, and plated on Tryptic Soy Yeast 
Extract Agar (TSYEA, Biokar diagnostics SA, France) and 
the plates were incubated overnight at 37 °C. These plate 
counts were used to determine the concentration of viable 
bacteria spiked in every single sample. In addition to this, 
Escherichia coli WDCM 00013, also purchased from the 
CECT, was selected for mixed spiking experiments. Fresh E. 
coli cultures, and determination of reference values of viable 
bacteria, was performed as for L. monocytogenes but instead 
of plating on TSYEA, the dilutions were plated on Tryptic 
Soy Agar (TSA, Biokar diagnostics SA, France). Other than 
these two, the rest of bacteria included in the present study 
is summarized in Table 1.

The analysis of the stainless steel coupons included a 
pre-enrichment in Tryptic Soy Broth (TSB, Biokar diag-
nostics SA, France), and result confirmation was performed 
by streaking a loopful of the pre-enriched samples on COM-
PASS Listeria (COMPASS, Biokar diagnostics SA, France). 
The plates were incubated at 37 °C for 24–48 h. Note that 
this medium has the same composition as ALOA, selective 
media recommended in ISO 11290 for the isolation of L. 
monocytogenes from food and feed samples.

DNA extraction

Two different procedures were followed for the extraction 
of bacterial DNA depending if pure bacterial cultures or 
pre-enriched surface samples were analyzed.

Pure cultures

A fresh culture of every microorganism detailed in Table 1 
was prepared as described above; 1 mL was taken and cen-
trifuged at 16,000 × g for 2 min. Carefully, the supernatant 
was discarded and the pellet was resuspended in 200 μL of 
TE 1 × (10 mM Tris–HCl, 1 mM EDTA, pH 7.5). The bac-
terial suspension was thermally lysed at 99 °C for 10 min 
at 1400 rpm in a Thermomixer comfort (Eppendorf AG, 
Germany). Finally, the suspension was centrifuged for 5 min 
at 16,000 × g at 4 °C. The supernatant was transferred to a 
new tube. DNA samples were stored at 4 °C or – 20 °C for 
short- and long-term storage respectively, until needed.

The concentration of the DNA extracts was measured in a 
Qubit™ 4 Fluorimeter (Invitrogen™, Carlsbad, CA, USA), 
and the purity was assessed attending to the 260/280 and 
260/230 absorbance ratios, measured in a NanoVue™ Plus 
Spectrophotometer (GE Healthcare Europe GmbH).
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Surface samples

Three different DNA extraction protocols were tested to 
determine which one performed best for the surface analy-
sis. These were evaluated with and without a lysozyme pre-
treatment, making a total of six potential protocols. Three 
independent aliquots were taken for each protocol. In all the 
cases, 1 mL of a fresh culture of L. monocytogenes, prepared 
as detailed in in the first section of “Materials and meth-
ods,” was taken and centrifuged at 16,000 × g for 3 min. The 
supernatant was discarded and the pellet was used for the 
evaluation. In cases where the lysozyme treatment was per-
formed, 20 µL of a 20 mg/mL lysozyme solution, prepared 
in TE 2 × with 1.2% of Triton X100, was added to the pellet 
and were incubated at 37 °C for 10 min in a Thermomixer 
comfort at 1400 rpm. Once the incubation was completed, it 
was directly used for subsequent DNA extraction protocols. 
The selection of the final protocol to be used was based on 
the quality and concentration of the DNA, as well as the 
results obtained in real-time LAMP which was performed 
in triplicate.

Direct thermal lysis

To the pellet obtained as detailed above, or the lysozyme 
suspension if this pre-treatment was done, 200 µL of TE 

1X were added and directly incubated at 99 °C and constant 
agitation at 1400 rpm for 10 min. Once the lysis was com-
pleted, the samples were centrifuged at 16,000 × g and 4 °C 
for 3 min.

Chelex™ 100

The pellet was resuspended in 200  µL of a 6% (w/v) 
Chelex™ 100 suspension (Bio-Rad Laboratories, Inc., USA) 
by vortexing. The samples were placed in a Thermomixer 
comfort set at 56 °C for 15 min under constant agitation 
(1400 rpm) and this was followed by a thermal lysis of 
the bacteria at 99 °C for 10 min and constant agitation at 
1400 rpm. Lastly, the samples were centrifuged for 3 min at 
16,000 × g and 4 °C.

PrepSEQ™

When using the PrepSEQ™ Rapid Spin Sample Preparation 
Kit (Applied Biosystems, Foster City, CA, USA), the initial 
centrifugation was directly performed in the column sup-
plied within the kit (if the lysozyme treatment was applied, 
the enzyme was added to this pellet). To the pellet, 5 µL 
of lysis buffer and 5 µL Proteinase K were added; the mix-
ture was incubated at 56 °C for 30 min with agitation at 
1400 rpm in a Thermomixer comfort; this was followed by 

Table 1   Strain list

WDCM World Data Centre for Microorganisms reference, ATCC​ American Type Culture Collection, CUP 
Catholic University of Porto, UM University of Minho, UB University of Bristol, CECT Spanish Type 
Culture Collection. *Strains supplied by the National Institute for Agricultural and Veterinary Research 
(INIAV). AMC strains belong to the Collection from the Institute of Applied Microbiology—ASME-
CRUZ. Lhica: Food Hygiene, Inspection and Control Laboratory

Species Reference LAMP result Species Reference LAMP result

L. monocytogenes CM3  +  Salmonella 
enterica sv. 
Typhimu-
rium

WDCM 00031  − 

CR1  +  Salmonella 
enterica sv. 
Enteritidis

UB  − 

Chicken  +  E. coli C179 − 12*  − 
WDCM 00021  +  T4/97*  − 
Lhica CO55.1  +  LMV_E_2*  − 
Lhica CO55.2  +  LMV_E_3*  − 
Lhica ch  +  LMV_E_7*  − 
CECT 4032  +  LMV_E_4*  − 

L. innocua CECT 4050  −  EF129*  − 
CUP 1325  −  AMC 76  − 
CECT 5376  −  CECT 5941  − 
ATCC 33090  −  WDCM 00014  − 

L. ivanovii ATCC 12119  −  WDCM 00013
L. seeligeri ATCC 35967  −  C. lari AMC 250  − 
C. difficile CECT 531  −  C. coli UM  − 



	 Applied Microbiology and Biotechnology (2024) 108:510510  Page 4 of 14

10 min at 99 °C and 1400 rpm, and finally 250 µL of DNase/
RNase free water were added and the samples were centri-
fuged for 3 min at 16,000 × g and 4 °C.

LAMP primer design

A new set of primers was designed targeting the hly gene 
of the reference genome NC_003210 of L. monocytogenes 
with PrimerExplorer V5 (https://​prime​rexpl​orer.​jp/e/​index.​
html). For comparison purposes, the inner primers FIP and 
BIP were purchased with and without polyT linker separat-
ing F2 from F1c and B2 from B1c respectively, see Table 2.

LAMP reaction setup

Two different LAMP assays were included in the current 
study; on the one hand, a real-time fluorometric one, for 
now on real-time LAMP, and on the other hand a colorimet-
ric one, from now on colorimetric LAMP. The differences 
among these assays relied on the usage of a different master 
mix, and the fact that the real-time LAMP also included 
ROX as a passive reference dye, while the colorimetric 
LAMP did not implement such dye.

The final reaction volume was 25 µL composed of 15 µL 
of GspSSD2.0 Isothermal Mastermix (ISO-004), or Visual 
detection RT Isothermal Mastermix (ISO-010RT-VIS) both 
purchased from OptiGene (OptiGene Ltd., Horsham, UK) 
for the colorimetric assay. The final primer concentration 
was 1000 nM, 200 nM, and 800 nM for FIP/BIP with polyT 
linker, F3/B3, and LF/LB respectively; the reaction was sup-
plemented with 1% pullulan (TCI Chemicals Co., Ltd.) and 
6 µL were added as DNA template. The remaining volume 
was filled with DNase/ RNase free water (Thermo Fisher 
Scientific, Inc., Waltham, MA, US).

The reactions for the real-time LAMP assay were run at 
66 °C for 30 min with fluorescence acquisition every 30 s 
(60 cycles). Once the amplification step was completed, melt 
curve analysis was performed consisting in heating at 95 °C 
for 1 s, 80 °C for 20 s, and reheating up to 95 °C with incre-
ments of 0.015 °C and continuous fluorescence acquisition. 
This assay was performed in a QuantStudio™ 5 System and 
analyzed with QuantStudio™ Design & Analysis Software 
v1.5.1 (Applied Biosystems™, Foster City, CA, USA) that 
automatically calculated the cycle of quantification (Cq). 
The amplification temperature of the colorimetric LAMP 
was also performed at 66 °C but for 60 min instead of 30 min 
for better color discrimination, and was performed in a Ver-
iti™ Thermal Cycler (Applied Biosystems™, Foster City, 
CA, USA).

In the case of the colorimetric LAMP, in addition to 
naked-eye assessment of the results (colorless negative vs. 
blue/ turquoise positive), pictures were taken with an iPhone 
13Pro, and were RGB analyzed with the freely available 
App Pixel Picker 1.3.0.23. Five measurements were done 
per tube, and those with an average R value below 200 were 
considered positive.

qPCR

In parallel to the novel LAMP assays, all samples were 
also analyzed by qPCR. To this end, the assay developed 
by Roumani et al. (2021) and later validated in an inter-
laboratory ring trial (Azinheiro et al. 2023) was selected, 
sequences provided in Table 2. Briefly, the final reaction 
volume was 20 µL composed of 10 µL of TaqMan® Fast 
Advanced Master Mix (Applied Biosystems™, Foster 
City, CA, USA), 200 nM of forward and reverse primers, 
150 nM of the hydrolysis probe, 3 µL of DNA template, and 

Table 2   LAMP primers

Primers designed using the hly gene of NC_003210, RefSeq retrieved from NCBI. In FIP and BIP the “tttt” 
represents the polyT linker introduced and tested, see Supporting Information Fig. S1. *Primers and probe 
from Roumani et al. (2021)

Sequence (5′ → 3′) Final con-
centration 
(nM)

F3 TTC AAA AGC TTA TAC AGA TGG AA 200
B3 AAG CTA AAC CAG TGC ATT C 200
FIP TGA ACA ATT TCG TTA CCT TCA GGA T tttt TCG ATC ACT 

CTG GAG GAT AC
1000

BIP GGA GCG AAA ACA ATA AAA GCA AGC T tttt GCG TAA ACA 
TTA ATA TTT CTC GC

1000

LF CAT CCC AAG AAA TGT TGA ATT GAG C 800
LB TCG TCC ATC TAT TTG CCA GGT A 800
hly-P3F* CGC AAC AAA CTG AAG CAA AGG A 200
hly-P3R* CGA TTG GCG TCT TAG GAC TTG C 200
hly-P3P* FAM – CAT GGC ACC/ZEN/ACC AGC ATC TCC G – IABkFQ 150

https://primerexplorer.jp/e/index.html
https://primerexplorer.jp/e/index.html
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the remaining volume was filled with nuclease-free water 
(Thermo Fisher™ Scientific, Inc., Waltham, MA, USA).

All the samples were analyzed in duplicate in a Quant-
Studio™ 5 System, and the thermal profile consisted on a 
UDG treatment at 50 °C for 2 min followed by a hot start 
step at 95 °C for 2 min and then 40 cycles of dissociation at 
95 °C/1 s, and annealing-extension at 63 °C for 20 s.

LAMP assay evaluation

Both, real-time and colorimetric, LAMP assays were evalu-
ated attending to the dynamic range covered using ten-fold 
serial dilutions, analyzed in triplicate, of pure L. monocy-
togenes DNA, as well as the inclusivity and exclusivity of 
the assays using pure DNA of the bacterial strains detailed 
in Table 1 as well as in silico through nucleotide BLAST 
(https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi?​PROGR​AM=​blast​
n&​PAGE_​TYPE=​Blast​Searc​h&​LINK_​LOC=​blast​home).

Surface sample analysis

To simulate food processing surfaces, 10 × 10 cm stainless 
steel coupons which were disinfected with 70% ethanol 
(Sigma), rinsed with DI water and after drying were UV 
irradiated for 15 min prior to being inoculated. Once ready, 
the bacteria suspension was spread on the coupons with a 
pipette, and they were placed in a laboratory set at 37 °C 
until the inoculum was dry. The same procedure was fol-
lowed for mixed inoculation experiments. The bacteria were 
recovered using 3 M™ Sponge-Sticks (3 M, Saint Paul, MN, 
USA). To this end, the protocol described by Azinheiro et al. 
was followed. Briefly, the sponges were pre-moisten in PBS 
with 0.01% Tween®80, excess of liquid was squeezed out, 
and the sponge was passed 10 times vertically and another 
10 times horizontally over the coupons, and was placed 
in the original bag along with 5 mL of 37 °C pre-warmed 
TSB (Azinheiro et al. 2020). The samples were incubated 
at 37 °C under constant agitation (120 rpm) in an orbital 
incubator (VWR) and 1 mL aliquots were taken after 5, 7, 
and 24 h of pre-enrichment and subjected to Chelex DNA 
extraction in the final method. For confirmation purposes, 
the pre-enriched samples were streaked on COMPASS and 
incubated as detailed in the first section of “Materials and 
methods.”

Determination of the limit of detection

The determination of the limit of detection (LOD) was per-
formed attending to the mathematical model described by 
Wilrich and Wilrich and recommended in the ISO 16140 
and NordVal regulations (Wilrich and Wilrich 2009; ISO 
2016; NordVal 2017). The method relies on having repli-
cates with decreasing concentrations until a level is reached 

where positive and negative samples are obtained. To this 
end, all the samples analyzed in the current study were input 
in the model to calculate this parameter.

Fit‑for‑purpose

One the LOD was calculated, additional samples were 
spiked, along with negative controls to ensure there was no 
previous contamination of the surfaces, and were analyzed 
following the method described herein and analyzed with 
both LAMP assays. The results obtained after LAMP 
analysis were compared to those expected attending 
to whether the samples were inoculated or not. This 
allowed us to classify the samples as positive or negative 
agreement (PA/NA) if the molecular and culture method 
agreed, or positive and negative deviation (PD/ND) if there 
were discrepancies among them. The discrepant results 
were compared to the results obtained after platting on 
COMPASS, and these samples were further re-reclassified 
as true positive (TP) and false positive (FP) if the molecular 
method was confirmed or not by the culture-based approach 
(see NordVal 2017). This classification of the results served 
to calculate the relative sensitivity, specificity, and accuracy 
along with the Cohen’s k or kappa following the formulae 
specified in the ISO 16140 and NordVal regulations (ISO 
2016; NordVal 2017).

Graphical representation and statistical analysis

The graphics and statistical analysis were all performed with 
GraphPad Prism v.8.0.1 software (GraphPad Software, CA, 
USA). The ANOVA with a Tukey post hoc was done to com-
pare DNA extraction data with significance level of 0.05 
(p < 0.05).

Results

Evaluation of the DNA extraction protocols 
for surface analysis

All the protocols tested, whether they had the lysozyme 
pre-treatment or not, produced DNA templates suitable for 
LAMP analyses; however, it was observed that direct ther-
mal lysis combined with lysozyme performed was signifi-
cantly worse as it presented the highest average Cq value 
along with the highest standard deviation and two out of the 
nine replicates analyzed did not amplify. This observation 
is in line with the fact that only one out of the three extracts 
reached the minimum level of quantification of the Qubit™.

It was also observed that all the protocols implementing 
the lysozyme, except for PrepSEQ, also obtained signifi-
cantly higher Cq values. Taken together, it was noticed that 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
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the lowest average Cq value was obtained with the Chelex 
protocol, which also obtained acceptable values of DNA 
purity attending to the absorbance ratios obtained, and the 
DNA concentration was the third highest only surpassed 
by the Chelex and PrepSEQ protocols implementing the 
lysozyme which on the other hand had worse purity values 
and higher Cq results. Thus, the Chelex protocol, without 

lysozyme pre-treatment, was selected for the final method. 
These data are summarized in Table 3 and Fig. 1.

LAMP assay

The initial test to determine whether the addition of a polyT 
in the FIP/BIP primers improved the reaction indicated 

Table 3   DNA extraction 
protocols comparison

* DNA concentration measured with Qubit. **Absorbance ratios measured with NanoVue. +Two out of the 
three samples were below the limit of quantification

Protocol Concentration (ng/ µL)* 260/280** 260/230** Real-time LAMP Cq

Thermal lysis 0.554 ± 0.040 2.00 ± 0.01 0.70 ± 0.01 23.62 ± 0.53
Chelex 1.403 ± 0.661 1.80 ± 0.07 0.84 ± 0.09 23.00 ± 0.60
PrepSEQ 0.327 ± 0.079 1.38 ± 0.09 0.42 ± 0.04 27.25 ± 0.86
Thermal lysis + lysozyme 0.124+ 0.71 ± 0.01 0.16 ± 0.01 44.07 ± 7.21
Chelex + lysozyme 2.660 ± 1.455 1.59 ± 0.04 0.55 ± 0.02 35.55 ± 3.95
PrepSEQ + lysozyme 2.480 ± 0.865 0.80 ± 0.03 0.27 ± 0.09 23.97 ± 0.41

Fig. 1   Real-time fluorescence LAMP Cq values obtained with the different DNA extraction protocols applied on inoculated surfaces. Each pro-
tocol was evaluated with and without a lysozyme pretreatment (20 mg/mL)
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that this was indeed the situation, thus these primers were 
selected for the final assay optimization. The results may be 
found in Supporting Information Fig. S1.

The optimization of this novel assay was performed 
considering inner, outer, and loop primer concentrations, 
amplification temperature, supplementation with pullulan, 
and template volume as previously described (Roumani 
et al. 2021). The conditions providing the best results were 
200 nM F3/B3, 1000 nM FIP/BIP with linker, 800 nM 
LF/LB, 1% pullulan, and 6 µL of DNA template. The best 
amplification temperature was determined to be 66 °C. 
These results are provided in Supporting Information Figs. 
S2 to S6.

LAMP assay evaluation

The initial inclusivity/exclusivity test was performed in 
silico by analyzing with nucleotide BLAST the new set 
of primers designed, for which similarity with L. monocy-
togenes was only obtained. In addition to this, a total of 30 

target and non-target strains and species were tested includ-
ing 9 L. monocytogenes of different origins, 3 L. innocua, 
1 L. ivanovii, and 1 L. seeligeri, acquired from official cul-
ture collections as well as wild isolates from different foods. 
Only positive results were obtained with the target species, 
and considering the melting data obtained with these target 
strains when analyzed with real-time LAMP, as well as those 
from the spiked samples, the specific Tm was experimen-
tally determined to be 83.27 ± 0.20 °C, which was consid-
ered in subsequent experiments for real-time LAMP result 
confirmation.

Regarding the dynamic range, a four-log serial dilution 
range was covered, from 0.96 ng/µL down to 0.96 pg/
µL. The same concentrations were detectable with both 
LAMP detection strategies, fluorescence and colorimetry, 
as it can be observed in Fig. 2 A and B. With the lowest 
concentration, 0.96 pg/µL only two out of the three repli-
cates were positive, being the same result observed with 
the colorimetric assay, as even though the color of this 
dilution was not very intense, compared to the others, by 

Fig. 2   Dynamic range covered with real-time LAMP (A) and with colorimetric LAMP providing the average R value measured with the App 
Pixel Picker below each tube (B). In both cases, the dilutions ranged from 0.96 ng/µL down to 0.96 pg/µL
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measuring the R value with the App this was classified 
as positive, with a value of 192.0, while the following 
dilution was already negative with an R value of 201.8 (R 
values are provided in Supporting Information Table S1).

Determination of the LOD on spiked surface 
samples

The LOD was mathematically calculated inputting the 
data of the results obtained in the model developed by 
Wilrich and Wilrich. The LOD50 was determined to be 
1.5 × 104, 1.5 × 104, and 3.4 CFU/cm2 after 5, 7, and 24 h 
of enrichment respectively when the samples were ana-
lyzed with the real-time LAMP, and 6.7 × 103, 3.3 × 103, 
and 4.2 CFU/cm2 with the colorimetric assay. Within 
each pre-enrichment time no significant differences 
were observed among the colorimetric and the real-time 
LAMP approaches. As expected, increased incubation 
time allowed to significantly decrease the LOD from 
103–104 CFU/cm2 to less than 10 CFU/cm2. These results 
are graphically depicted in Supporting Information, Figs. 
S7A to S7F.

Fit‑for‑purpose

Overall, 34 samples were analyzed in the current study. Con-
sidering the LOD50 calculated for each LAMP detection 
strategy, at 5, 7, and 24 h or pre-enrichment, 8 samples were 
considered for the evaluation of the real-time assay after 5 
and 7 h, and 31 after 24 h. In a similar way, 9 were included 
in the evaluation after 5 h, 10 after 7 h, and 30 after 24 h for 
the colorimetric approach. As mentioned, only those sam-
ples above the calculated LOD50 were considered. In this 
sense, an SE and AC higher than 90% was obtained with the 
real-time assay at any given time, with an SP of 100% for 
all cases in addition to have a Cohen’s k higher than 0.90 as 
well. Regarding the colorimetric strategy, some additional 
discrepancies were observed as SE values higher than 90% 
were only obtained at 5 and 24 h while after 7 h, this param-
eter was calculated to be 83.3%. The AC of the colorimetric 
LAMP was again lower after 7 h compared to those of 5 h 
and 24 h, 90.0% compared to 100.0% and 96.7% respec-
tively. Even though some discrepancies were identified, it is 
important to note that the Cohen’s k values obtained were 
all above 0.80. These results are summarized in Table 4. 
It is worth to note that no significant detrimental effect on 
the performance of the assays was observed in the samples 
co-inoculated with E. coli as, even though those samples 
were only detectable by LAMP after 24 h of pre-enrichment, 
the initial concentration of L. monocytogenes was also low 
(4.9 × 100 and 1.1 × 101 CFU/ cm2).

With the colorimetric assay, three samples spiked with 
5.4 × 102, 5.4 × 101, and 1.1 × 101 CFU/cm2, after 7 h of 
pre-enrichment, presented a faint color change and the final 
assessment of whether they were positive or negative was 
performed attending to the average R value measured with 
the App. In this sense, out of the three, only the sample 
spiked with 1.1 × 101 CFU/cm2 was considered positive as 
it was the only one with an average below 200.

When compared against qPCR, after 24 h of pre-enrich-
ment minor differences were observed as overall there was 
only one sample difference among the three molecular 
approaches. However, the qPCR allowed to obtain a higher 
number of positive results after shorter periods of pre-
enrichment, 5 and 7 h, where the qPCR allowed to detect, 
roughly, the double of positive samples compared to either 
LAMP assay as it can be observed in Fig. 3.

Discussion

Food contact surface analysis is a critical step for micro-
bial risk assessment (Miguel et al. 2012). This is of par-
ticular relevance when dealing with pathogens, such as L. 
monocytogenes, which can persist and multiply in harsh 
environments, and even resist disinfection procedures due 

Fig. 2   (continued)
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to the formation of monospecies or mixed biofilms (Harm-
sen et al. 2010; Fagerlund et al. 2021). In the current study, 
the task to develop an easy to perform molecular test for 
the specific detection of L. monocytogenes on surfaces was 
addressed. In this sense, the key elements of the assay 

are thoroughly selected. It has been reported that sponges 
allow for a better recovery of bacteria from surfaces com-
pared to swabs (Azinheiro et al. 2020), thus this sampling 
device was selected; however, it cannot be overseen that 
other factors like sampling technique, moisture, material 

Table 4   Method evaluation 
summary for spiked samples

N: number of samples. LOD50: Limit of Detection in CFU/ cm2. PA positive agreement, PD positive devi-
ation, NA negative agreement, ND negative deviation, FN false negative, SE relative sensitivity, SP relative 
specificity, AC relative accuracy. k: Cohen’s kappa, interpreted as “substantial agreement” (0.61 to 0.8) and 
“almost complete concordance” (0.81 to 1.00) according to previous references (DG, 1991)

Pre-enrich-
ment (h)

LOD50 N PA NA PD ND FN SE SP AC k

Real-time LAMP
  5 1.5 × 104 8 4 4 0 1 0 100.0 100.0 100.0 1.00
  7 1.5 × 104 8 4 4 0 4 0 100.0 100.0 100.0 1.00
  24 3.4 31 24 5 0 2 2 92.3 100.0 93.5 0.91

Colorimetric LAMP
  5 6.7 × 103 9 5 4 0 0 1 100.0 100.0 100.0 1.00
  7 3.3 × 103 10 5 4 0 1 1 83.3 100.0 90.0 0.80
  24 4.2 30 23 6 0 3 1 95.8 100.0 96.7 0.95

Fig. 3   Comparison of the percentage of positive samples by real-time LAMP, color LAMP, and qPCR after 5, 7, and 24 h of pre-enrichment in 
TSB
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of the sampling device, among others, may also influence 
bacterial recovery from surfaces (Lahou and Uyttendaele 
2014; Keeratipibul et al. 2017).

Once the sampling device was selected, it was assumed 
that most likely a short pre-enrichment would be needed to 
detect low bacterial concentrations, and for this task TSB 
was selected as this is a classical broth present in virtu-
ally all microbiology laboratories, and which is relatively 
economic additionally, it was reported to allow for a faster 
growth of L. monocytogenes compared to other media such 
as brain heart infusion (Azinheiro et  al. 2022a). Even 
though selective media may also be used for this task, their 
use increases the cost of the assay, and on a regular basis, 
they tend to extend the lag phase not making them suitable 
for rapid detection however, this may be the best option 
when heavily contaminated surfaces are being analyzed, or 
if there is no particular interest in a reduced time-to-result.

The following step of the final method setup was the 
selection of simple DNA extraction procedure. This is typi-
cally accomplished by thermal lysis. For Gram-positive bac-
teria, such as L. monocytogenes, enzymatic lysis are recom-
mended when dealing with low concentrations (Kawasaki 
et al. 2012) but this increases the cost, turnaround time, and 
complexity of the assays. Upon implementation of a suitable 
pre-enrichment step, thermal lysis should provide satisfac-
tory results as previously demonstrated (Rodríguez-Lázaro 
et al. 2004; Azinheiro et al. 2023). In the current study, three 
simple thermal lysis protocols were tested, direct lysis in TE 
1X buffer, treatment in the chelating resin Chelex 100, and 
a commercial kit which implements a purification column 
to get rid of sample interfering material, PrepSEQ. All three 
were also combined tested with and without a lysozyme pre-
treatment to determine whether this had or not a significant 
impact in the outcome of the assay. It was observed that 
there was not a direct correlation of the DNA concentration 
obtained with the named protocols and the Cq value of the 
real-time LAMP assay; furthermore, the implementation of 
the lysozyme pretreatment did not improve the results except 
when combined with PrepSEQ. Most likely, this observation 
was associated to the fact that the enzyme, and its buffer, 
remained in the final extract and it must not be forgotten that 
with the kit the DNA is diluted in a larger volume of water 
compared to the other two approaches, and it was reported 
that an excess of EDTA may have detrimental effects on 
the performance of LAMP assays due to the chelation of 
Mg2+ cations (Nixon et al. 2014; Moore et al. 2021). It is 
important to note that even though there was a delay in the 
amplification, positive results were still obtained thus high-
lighting the robustness of LAMP to the presence of typical 
inhibitors (Kaneko et al. 2007). Considering these results, it 
was decided to proceed with the protocol based on Chelex 
without the lysozyme pre-treatment.

The last step for the development of the method was 
to select an appropriate DNA amplification technique. In 
this sense, LAMP is an attractive option due to its isother-
mal nature and compatibility with many different detec-
tion strategies. In the current study, two were assessed, 
real-time fluorescence and end-point naked-eye detection. 
Due to the development of miniaturized devices, both are 
compatible with decentralized analyses even though the 
investment cost of these equipment is significantly differ-
ent. Real-time detection was typically performed tracking 
increase in turbidity with a Loopamp device (Mori et al. 
2004) but in recent years, devices capable of fluorescence 
monitoring like the Genie II from OptiGene have demon-
strated suitable (Mckenna et al. 2017; Domesle et al. 2018, 
2022) as well as the BioRanger (Diaz et al. 2019; Drais et al. 
2019) among others, were developed and demonstrated to be 
a reliable option. If one thinks about end-point colorimet-
ric detection, then then number of devices suitable for this 
purpose increases as any stable heat source is potentially 
suitable thus greatly expands the applicability of any given 
methodology (Garrido-Maestu et al. 2022). For colorimetric 
detection, it is crucial to select an appropriate strategy for 
the samples being analyzed. In an initial trial, OptiGene’s 
colorimetric mastermix was compared to New England Bio-
labs’ (NEB), being obtained better results with the first one 
(data not shown), and motivated the selection of the first 
mastermix. In a study published in 2022, Azinheiro et al. 
reported difficulties with NEB’s mastermix most likely due 
to the fact that this reagent implements phenol red, a pH-sen-
sitive dye, to generate color change (Azinheiro et al. 2022c). 
Under the optimized conditions, clear color differentiation 
among positive and negative samples is possible; however, 
it was observed that for some samples, with very low DNA 
concentration, faint color may develop after 60 min of incu-
bation. Typically, by extending the incubation time, faint 
colors become more intense and easier to interpret but this 
may also increase the rate of false positive results as it was 
reported that extended incubation times is more prone to this 
thus; in order to address this potential issue, a freely avail-
able cell phone App, Pixel Picker, was tested and its utility 
was confirmed as out of the RGB data that the App provides; 
the R values are always below 200 for positive samples and 
allowed to easily discriminate some of the samples within 
the present study (e.g., lowest concentration of the dynamic 
range). The analysis of RGB values, or their ratios, has pre-
viously demonstrated suitable for the objective assessment 
of color differences (Elumalai et al. 2022).

Considering that one of the initial goals of the study was 
to develop a rapid method, ideally allowing for same-day 
detection, a new LAMP assay was designed targeting the hly 
gene of L. monocytogenes which included two loop prim-
ers to speed up the reaction and potentially increasing the 
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analytical sensitivity (Nagamine et al. 2002) as the initial 
assay developed in our group only had the LB primer, and 
was reported to obtain positive results down to 0.12 ng/
µL, much higher than the value reached herein, 0.96 pg/ µL 
(Garrido-Maestu et al. 2018a). A later study within our 
group allowed to reach a similar analytical sensitivity with 
the mentioned assay; however, this may be associated to 
differences in the DNA extraction protocol applied (Roum-
ani et al. 2021). An initial pre-screening of the inner prim-
ers confirmed that the implementation of a polyT linker 
improved the results as suggested by Lamas et al. (2023).

In terms of the performance of the method developed, the 
novel assay allowed to reach a low LOD, 3.4 and 4.2 CFU/
cm2, for the real-time and colorimetric assays respec-
tively, but a 24-h enrichment was needed as without it, 
103–104 CFU/cm2 were needed in order to obtain a positive 
result highlighting the need of an enrichment step for highly 
sensitive detection as previously reported for other molecu-
lar methods (Broten et al. 2022; Ríos-Castillo et al. 2022). 
These results were in line with those reported by Azinheiro 
et al. after a 24-h enrichment in a selective broth, and detec-
tion by recombinase polymerase amplification (RPA) com-
bined with lateral flow (Azinheiro et al. 2020). This isother-
mal technique was described by Piepenburg et al. in 2006 
and has attracted the interest of the scientific community due 
to its performance and simple primer design; typical PCR 
primers may even be used (Piepenburg et al. 2006). In this 
regard, to address this limitation of LAMP, more primer 
design options are being developed in addition to Eiken’s 
PrimerExplorer used in the current study, NEB has launched 
their own platform (https://​lamp.​neb.​com/#!/) and other spe-
cific software have been reported in the literature like LAVA 
and MorphoCatcher (Torres et al. 2011; Shirshikov et al. 
2019; Shirshikov and Bespyatykh 2022). It is worth to note 
that by using LAMP, no additional consumables, such as 
lateral flow strips, are needed and naked-eye detection may 
be directly performed.

The rest of the parameters evaluated, SE, SP and AC, 
obtained values higher than 90%, except for the colorimet-
ric assay after 7 h of enrichment whose values were higher 
than 80%, demonstrating the reliability of the novel method 
regardless the detection strategy followed. This was con-
firmed by the fact that the Cohen’s k values were all above 
0.8 what is translated into “almost complete concordance.” 
In the comparison against qPCR, the results obtained were in 
agreement with previous studies which reported a higher ana-
lytical sensitivity of qPCR over LAMP (Zhang et al. 2011; 
Garrido-Maestu et al. 2018b, 2018a). Likewise, the fact that 
after 24 h of pre-enrichment there were no significant dif-
ferences in the percentage of positive samples detected with 
these techniques relies on the fact that the pre-enrichment 
allowed to effectively increase the bacterial concentration 

and so, overcoming the differences in analytical sensitivity 
as previously commented by D’Agostino et al. and others 
(D’Agostino et al. 2015; Garrido-Maestu et al. 2017).

It is important to note that, even though an enrichment 
step is needed, this present method outperforms others cur-
rently available in the market which need 24–48 h to provide 
a presumptive result, which is based on color change, and 
lack specificity for L. monocytogenes making critical the 
confirmation on selective media thus further extending the 
duration of the method (Schirmer et al. 2012).

Attending to the results presented, the concluding 
remarks would be that a novel LAMP method for the rapid 
detection of L. monocytogenes on surfaces was developed 
and allowed to reliably identify the presence of this patho-
gen in roughly 25 h including enrichment, DNA extraction, 
and detection either with real-time fluorescence detection 
or end-point naked-eye colorimetric assessment. The best 
results, in terms of LOD and concordance with the refer-
ence culture-based method, were obtained after an initial 
pre-enrichment of 24 h highlighting the importance of this 
step. In addition to the turnaround time, the method demon-
strated to be simple to perform and easily implementable in 
laboratories with low resources due to the implementation 
of regular, non-selective culture media, a simple thermal 
lysis protocol, and an easy to interpret colorimetric result 
assessment.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00253-​024-​13318-9.

Acknowledgements  The authors would like to thank the Fundação para 
a Ciência e a Tecnologia and the Portuguese Resilience and Recovery 
Plan, through the NextGenerationEU Fund for the funding received.

Author contribution  MA: investigation and revision, AL: investigation 
and revision, CT: investigation and revision, MP: funding acquisition, 
revision, AG-M: conceptualization, methodology, supervision, valida-
tion, writing the original draft, review, and editing.

Funding  Open access funding provided by FCT|FCCN (b-on). Dr. Ale-
jandro Garrido-Maestu received funding from Fundação para a Ciência 
e a Tecnologia through the Scientific Employment Stimulus Program 
(2021.02810.CEECIND). Financial support was also received from 
the project “Agenda SMARTgNOSTICS – Global Testing & Diag-
nostics Solutions for antimicrobial resistances,” with the reference n.º 
C644915155-00000024, co-funded by Component C5—Capitalization 
and Business Innovation under the Portuguese Resilience and Recovery 
Plan, through the NextGenerationEU Fund.

Data availability  Data sets generated during the current study are avail-
able from the corresponding author on reasonable request.

Declarations 

Ethics approval  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Conflict of interest  The authors declare no conflict of interest.

https://lamp.neb.com/
https://doi.org/10.1007/s00253-024-13318-9


	 Applied Microbiology and Biotechnology (2024) 108:510510  Page 12 of 14

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abril AG, Carrera M, Böhme K, Barros-Velázquez J, Calo-Mata P, 
Sánchez-Pérez A, Villa TG (2021) Proteomic characterization of 
antibiotic resistance in Listeria and production of antimicrobial 
and virulence factors. Int J Mol Sci 22(15):8141. https://​doi.​org/​
10.​3390/​ijms2​21581​41

Allerberger F, Wagner M (2010) Listeriosis: a resurgent foodborne 
infection. Clin Microbiol Infect 16:16–23. https://​doi.​org/​10.​
1111/j.​1469-​0691.​2009.​03109.x

Azinheiro S, Carvalho J, Fuciños P, Pastrana L, Prado M, Garrido-
Maestu A (2022) Short pre-enrichment and modified matrix lysis. 
a comparative study towards same-day detection of Listeria mono-
cytogenes. LWT-Food Sci Technol 154:112900. https://​doi.​org/​10.​
1016/j.​lwt.​2021.​112900

Azinheiro S, Carvalho J, Prado M, Garrido-Maestu A (2020) Applica-
tion of recombinase polymerase amplification with lateral flow for 
a naked-eye detection of Listeria monocytogenes on food process-
ing surfaces. Foods 9. https://​doi.​org/​10.​3390/​foo

Azinheiro S, Rodríguez-López P, Lozano-León A, Guedes H, Regal P, 
Franco CM, Cepeda A, Teixeira P, Melo LDRR, Silva D, Fernán-
dez A, Faria M, Roumani F, Herrera J, Prado M, López-Cabo M, 
Garrido-Maestu A, Fern A, Garrido-Maestu A (2023) Interlabora-
tory validation of a multiplex qPCR method for the detection of 
Listeria monocytogenes in a ready-to-eat seafood product. Food 
Control 150. https://​doi.​org/​10.​1016/j.​foodc​ont.​2023.​109769

Azinheiro S, Roumani F, Carvalho J, Prado M, Garrido-Maestu A 
(2021) Suitability of the MinION long read sequencer for semi-
targeted detection of foodborne pathogens. Anal Chim Acta 1184. 
https://​doi.​org/​10.​1016/j.​aca.​2021.​339051

Azinheiro S, Roumani F, Costa-Ribeiro A, Prado M, Garrido-Maestu 
A (2022b) Application of MinION sequencing as a tool for the 
rapid detection and characterization of Listeria monocytogenes 
in smoked. Front Microbiol. https://​doi.​org/​10.​3389/​fmicb.​2022.​
931810

Azinheiro S, Roumani F, Prado M, Garrido-Maestu A (2022c) Rapid 
same-day detection of Listeria monocytogenes, Salmonella spp., 
and Escherichia coli O157 by Colorimetric LAMP in Dairy Prod-
ucts. Food Anal Methods 15:2959–2971. https://​doi.​org/​10.​1007/​
s12161-​022-​02345-9

Broten CJ, Wydallis JB, Reilly TH III, Bisha B (2022) Development 
and evaluation of a paper-based microfluidic device for detection 
of Listeria monocytogenes on food contact and non-food contact 
surfaces. Foods 11:947. https://​doi.​org/​10.​3390/​foods​11070​947

Busch A, Becker A, Schotte U, Plötz M, Abdulmawjood A (2022) 
Mpl-gene-based Loop-mediated isothermal amplification assay for 
specific and rapid detection of Listeria monocytogenes in various 
food samples. Foodborne Pathog Dis 19:463–472. https://​doi.​org/​
10.​1089/​fpd.​2021.​0080

Capo A, Auria SD, Lacroix M (2020) A fluorescence immuno-
assay for a rapid detection of Listeria monocytogenes on 
working surfaces. Sci Rep 1–12. https://​doi.​org/​10.​1038/​
s41598-​020-​77747-y

Commichaux S, Javkar K, Ramachandran P, Nagarajan N, Bertrand 
D, Chen Y, Reed E, Gonzalez-Escalona N, Strain E, Rand H, Pop 
M, Ottesen A (2021) Evaluating the accuracy of Listeria mono-
cytogenes assemblies from quasimetagenomic samples using long 
and short reads. BMC Genomics 22:1–18. https://​doi.​org/​10.​1186/​
s12864-​021-​07702-2

D’Agostino M, Diez-Valcarce M, Robles S, Losilla-Garcia B, Cook 
N, D’Agostino M, Diez-Valcarce M, Robles S, Losilla-Garcia B, 
Cook N (2015) A Loop-mediated isothermal amplification-based 
method for analysing animal feed for the presence of Salmo-
nella. Food Anal Methods 8:2409–2416. https://​doi.​org/​10.​1007/​
s12161-​015-​0148-0

Diaz L, Li Y, Kubota R, Jenkins DM (2019) Characterization of a port-
able, non-instrumented incubator for enrichment of Escherichia 
coli O157: H7 and Salmonella Serovar Typhimurium and detec-
tion by Loop-mediated isothermal amplification (LAMP). Food 
Prot Trends 39:40–50

Domesle KJ, Yang Q, Hammack TS, Ge B (2018) International Journal 
of Food Microbiology Validation of a Salmonella Loop-mediated 
isothermal amplification assay in animal food. Int J Food Micro-
biol 264:63–76. https://​doi.​org/​10.​1016/j.​ijfoo​dmicro.​2017.​10.​020

Domesle KJ, Young SR, McDonald RC, Ge B (2022) Versatility of a Sal-
monella loop-mediated isothermal amplification assay using mul-
tiple platforms and master mixes in animal food matrices. J AOAC 
Int 105:1503–1515. https://​doi.​org/​10.​1093/​jaoac​int/​qsac0​59

Drais MI, Maheshwari Y, Selvaraj V, Varvaro L, Yokomi R, Djel-
ouah K (2019) Development and validation of a Loop-mediated 
isothermal amplification technique (LAMP) for the detection 
of Spiroplasma citri,  the causal agent of citrus stubborn dis-
ease. Eur J Plant Pathol 155:125–134. https://​doi.​org/​10.​1007/​
s10658-​019-​01755-6

Duodu S, Mehmeti I, Holst-Jensen A, Loncarevic S (2009) Improved 
sample preparation for real-time PCR detection of Listeria mono-
cytogenes in hot-smoked salmon using filtering and immunomag-
netic separation techniques. Food Anal Methods 2:23–29. https://​
doi.​org/​10.​1007/​s12161-​008-​9043-2

EFSA and ECDC (2022) The European Union One Health 2021 Zoon-
oses Report. EFSA J 20. https://​doi.​org/​10.​2903/j.​efsa.​2022.​7666

Elumalai M, Ipatov A, Carvalho J, Guerreiro J, Prado M (2022) Dual 
colorimetric strategy for specific DNA detection by nicking 
endonuclease-assisted gold nanoparticle signal amplifica-
tion. Anal Bioanal Chem 414:5239–5253. https://​doi.​org/​10.​1007/​
s00216-​021-​03564-5

Fagerlund A, Langsrud S, Møretrø T (2021) Microbial diversity and 
ecology of biofilms in food industry environments associated with 
Listeria monocytogenes persistence. Curr Opin Food Sci 37:171–
178. https://​doi.​org/​10.​1016/j.​cofs.​2020.​10.​015

Garrido-Maestu A, Azinheiro S, Carvalho J, Fuciños P, Prado M 
(2018a) Development and evaluation of Loop-mediated isother-
mal amplification, and recombinase polymerase amplification 
methodologies, for the detection of Listeria monocytogenes in 
ready-to-eat food samples. Food Control 86:27–34. https://​doi.​
org/​10.​1016/j.​foodc​ont.​2017.​11.​006

Garrido-Maestu A, Azinheiro S, Fuciños P, Carvalho J, Prado M 
(2018b) Highly sensitive detection of gluten-containing cereals in 
food samples by real-time Loop-mediated isothermal AMPlifica-
tion (qLAMP) and real-time polymerase chain reaction ({qPCR}). 
Food Chem 246:156–163. https://​doi.​org/​10.​1016/j.​foodc​hem.​
2017.​11.​005

Garrido-Maestu A, Fuciños P, Azinheiro S, Carvalho J, Prado M 
(2017) Systematic Loop-mediated isothermal amplification 
assays for rapid detection and characterization of Salmonella spp., 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22158141
https://doi.org/10.3390/ijms22158141
https://doi.org/10.1111/j.1469-0691.2009.03109.x
https://doi.org/10.1111/j.1469-0691.2009.03109.x
https://doi.org/10.1016/j.lwt.2021.112900
https://doi.org/10.1016/j.lwt.2021.112900
https://doi.org/10.3390/foo
https://doi.org/10.1016/j.foodcont.2023.109769
https://doi.org/10.1016/j.aca.2021.339051
https://doi.org/10.3389/fmicb.2022.931810
https://doi.org/10.3389/fmicb.2022.931810
https://doi.org/10.1007/s12161-022-02345-9
https://doi.org/10.1007/s12161-022-02345-9
https://doi.org/10.3390/foods11070947
https://doi.org/10.1089/fpd.2021.0080
https://doi.org/10.1089/fpd.2021.0080
https://doi.org/10.1038/s41598-020-77747-y
https://doi.org/10.1038/s41598-020-77747-y
https://doi.org/10.1186/s12864-021-07702-2
https://doi.org/10.1186/s12864-021-07702-2
https://doi.org/10.1007/s12161-015-0148-0
https://doi.org/10.1007/s12161-015-0148-0
https://doi.org/10.1016/j.ijfoodmicro.2017.10.020
https://doi.org/10.1093/jaoacint/qsac059
https://doi.org/10.1007/s10658-019-01755-6
https://doi.org/10.1007/s10658-019-01755-6
https://doi.org/10.1007/s12161-008-9043-2
https://doi.org/10.1007/s12161-008-9043-2
https://doi.org/10.2903/j.efsa.2022.7666
https://doi.org/10.1007/s00216-021-03564-5
https://doi.org/10.1007/s00216-021-03564-5
https://doi.org/10.1016/j.cofs.2020.10.015
https://doi.org/10.1016/j.foodcont.2017.11.006
https://doi.org/10.1016/j.foodcont.2017.11.006
https://doi.org/10.1016/j.foodchem.2017.11.005
https://doi.org/10.1016/j.foodchem.2017.11.005


Applied Microbiology and Biotechnology (2024) 108:510	 Page 13 of 14  510

Enteritidis and Typhimurium in food samples. Food Control 80. 
https://​doi.​org/​10.​1016/j.​foodc​ont.​2017.​05.​011

Garrido-Maestu A, Prado M, Garrido-Maestu A, Prado M (2022) 
Naked-eye detection strategies coupled with isothermal nucleic 
acid amplification techniques for the detection of human patho-
gens. Compr Rev Food Sci Food Saf 21:1913–1939. https://​doi.​
org/​10.​1111/​1541-​4337.​12902

Gattuso A, Gianfranceschi MV, Sonnessa M, Delibato E, Marchesan M, 
Hernandez M, De Medici D, Rodriguez-Lazaro D (2014) Optimi-
zation of a real time PCR based method for the detection of Lis-
teria monocytogenes in pork meat. Int J Food Microbiol 184:106–
108. https://​doi.​org/​10.​1016/j.​ijfoo​dmicro.​2014.​04.​015

Gómez D, Arino A, Carraminana JJ, Rota C, Yangüela J (2012) Com-
parison of sampling procedures for recovery of Listeria mono-
cytogenes from stainless steel food contact surfaces. J Food Prot 
75:1077–1082. https://​doi.​org/​10.​4315/​0362-​028X.​JFP-​11-​421

Harmsen M, Lappann M, Knøchel S, Molin S (2010) Role of extracel-
lular DNA during biofilm formation by Listeria monocytogenes. 
76:2271–2279. https://​doi.​org/​10.​1128/​AEM.​02361-​09

ISO (2017) Microbiology of food and animal feeding stuffs—horizon-
tal method for the detection and enumeration of Listeria monocy-
togenes — Part 1: Detection method. 11290

ISO (2003) Microbiology of food and animal feeding stuffs—guide-
lines on preparation and production of culture media -- Part 2: 
Practical guidelines on performance testing of culture media. 
Amendment 1. 11133–2/ A:27

ISO (2016) ISO 16140–2:2016 Microbiology of the food chain—
method validation—Part 2: protocol for the validation of alter-
native (proprietary) methods against a reference method. 16140

Kaneko H, Kawana T, Fukushima E, Suzutani T (2007) Tolerance of 
Loop-mediated isothermal amplification to a culture medium and 
biological substances. J Biochem Biophys Methods 70:499–501. 
https://​doi.​org/​10.​1016/j.​jbbm.​2006.​08.​008

Kawasaki S, Kusano K, Arai R, Komeda T, Kamisaki-Horikoshi N, 
Kawamoto S (2012) Multiplex PCR detection of Salmonella spp., 
Listeria monocytogenes, Escherichia coli O157: H7, and Staphy-
lococcus aureus in processed foods using [TA10] simultaneous 
growth broth. J Food Agric Environ 10:261–266

Keeratipibul S, Laovittayanurak T, Pornruangsarp O (2017) Effect of 
swabbing techniques on the efficiency of bacterial recovery from 
food contact surfaces. Food Control 77:139–144. https://​doi.​org/​
10.​1016/j.​foodc​ont.​2017.​02.​013

Lahou E, Uyttendaele M (2014) Evaluation of three swabbing devices 
for detection of Listeria monocytogenes on different types of food 
contact surfaces. Int J Environ Res Public Health 11:804–814. 
https://​doi.​org/​10.​3390/​ijerp​h1101​00804

Lamas A, Azinheiro S, Roumani F, Prado M, Garrido-Maestu A (2023) 
Evaluation of the effect of outer primer structure, and inner primer 
linker sequences, in the performance of Loop-mediated isothermal 
amplification. Talanta 260:124642. https://​doi.​org/​10.​1016/j.​talan​
ta.​2023.​124642

Lane K, Landsborough LAMC, Autio WR (2020) Efficacy of ATP 
monitoring for measuring organic matter on postharvest food con-
tact surfaces. J Food Prot 83:1829–1837. https://​doi.​org/​10.​4315/​
0362-​028X.​JFP-​19-​443

Liu Z, Zhu J, Xia X, Wang L, Yang C, Li X (2015) Development of a 
Loop-mediated isothermal amplification assay based on lmo0460 
sequence for detection of Listeria monocytogenes. J Food Saf 1–8. 
https://​doi.​org/​10.​1111/​jfs.​12183

Mao Y, Huang X, Xiong S, Xu H, Aguilar ZP, Xiong Y (2016) Large-
volume immunomagnetic separation combined with multiplex 
PCR assay for simultaneous detection of Listeria monocytogenes 
and Listeria ivanovii in lettuce. Food Control 59:601–608. https://​
doi.​org/​10.​1016/j.​foodc​ont.​2015.​06.​048

Mckenna JP, Cox C, Fairley DJ, Burke R, Shields MD, Watt A, Coyle 
PV (2017) Loop-mediated isothermal amplification assay for 

rapid detection of Streptococcus agalactiae (group B strepto-
coccus) in vaginal swabs—a proof of concept study. 294–300. 
https://​doi.​org/​10.​1099/​jmm.0.​000437

Miguel A, Romeu M, Quilez J, Solà R (2012) Effectiveness of two 
sanitation procedures for decreasing the microbial contamination 
levels (including Listeria monocytogenes) on food contact and non-
food contact surfaces in a dessert-processing factory. Food Control 
23:26–31. https://​doi.​org/​10.​1016/j.​foodc​ont.​2011.​05.​017

Moore KJM, Cahill J, Aidelberg G, Aronoff R, Bektaş A, Bezdan 
D, Butler DJ, Chittur SV, Codyre M, Federici F, Tanner NA, 
Tighe SW, True R, Ware SB, Wyllie AL, Afshin EE, Bend-
esky A, Chang CB, Dela Rosa R 2nd, Elhaik E, Erickson D, 
Goldsborough AS, Grills G, Hadasch K, Hayden A, Her SY, 
Karl JA, Kim CH, Kriegel AJ, Kunstman T, Landau Z, Land 
K, Langhorst BW, Lindner AB, Mayer BE, McLaughlin LA, 
McLaughlin MT, Molloy J, Mozsary C, Nadler JL, D'Silva M, 
Ng D, O'Connor DH, Ongerth JE, Osuolale O, Pinharanda A, 
Plenker D, Ranjan R, Rosbash M, Rotem A, Segarra J, Schürer 
S, Sherrill-Mix S, Solo-Gabriele H, To S, Vogt MC, Yu AD, 
Mason CE, gLAMP Consortium (2021) Loop-mediated Isother-
mal Amplification Detection of SARS-CoV-2 and Myriad Other 
Applications. J Biomol Tech 32(3):228–275. https://​doi.​org/​10.​
7171/​jbt.​21-​3203-​017

Mori Y, Kitao M, Tomita N, Notomi T (2004) Real-time turbidimetry 
of LAMP reaction for quantifying template DNA. J Biochem Bio-
phys Methods 59:145–157. https://​doi.​org/​10.​1016/j.​jbbm.​2003.​
12.​005

Muhterem-Uyar M, Dalmasso M, Sorin A, Manios SG, Hernandez M, 
Kapetanakou AE, Melero B, Minarovi J, Stessl B, Skandamis PN, 
Jordan K, Rodríguez-l D, Wagner M (2015) Environmental sam-
pling for Listeria monocytogenes control in food processing facili-
ties reveals three contamination scenarios. 51:94–107. https://​doi.​
org/​10.​1016/j.​foodc​ont.​2014.​10.​042

Nagamine K, Hase T, Notomi T (2002) Accelerated reaction by Loop-
mediated isothermal amplification using loop primers. Mol Cell 
Probes 16:223–229. https://​doi.​org/​10.​1006/​mcpr.​2002.​0415

Nixon G, Garson JA, Grant P, Nastouli E, Foy CA, Huggett JF (2014) 
Comparative study of sensitivity, linearity, and resistance to inhi-
bition of digital and nondigital polymerase chain reaction and 
loop mediated isothermal amplification assays for quantification 
of human cytomegalovirus. Anal Chem 86(9):4387–4394. https://​
doi.​org/​10.​1021/​ac500​208w

NordVal (2017) NordVal international protocol for the validation of 
microbiological alternative (proprietary) methods against a refer-
ence method

Piepenburg O, Williams CH, Stemple DL, Armes NA (2006) DNA 
detection using recombination proteins. PLoS Biol 4:1115–1121. 
https://​doi.​org/​10.​1371/​journ​al.​pbio.​00402​04

Ríos-castillo AG, Ripolles-avila C, Rodríguez-Jerez J (2022) Detec-
tion by real-time PCR and conventional culture of Salmonella 
Typhimurium and Listeria monocytogenes adhered to stainless 
steel surfaces under dry conditions. 137. https://​doi.​org/​10.​1016/j.​
foodc​ont.​2022.​108971

Rodriguez-Lazaro D, Gonzalez-García P, Gattuso A, Gianfranceschi 
MV, Hernandez M (2014) Reducing time in the analysis of Lis-
teria monocytogenes in meat, dairy and vegetable products. Int J 
Food Microbiol 184:98–105. https://​doi.​org/​10.​1016/j.​ijfoo​dmi-
cro.​2014.​03.​006

Rodríguez-Lázaro D, Jofre A, Aymerich T, Garriga M, Pla M (2005) Rapid 
quantitative detection of Listeria monocytogenes in salmon products: 
evaluation of pre-real-time PCR strategies. J Food Prot 68:1467–1471

Rodríguez-Lázaro D, Jofre A, Aymerich T, Hugas M, Pla M (2004) 
Rapid quantitative detection of Listeria monocytogenes in 
meat products by real-time PCR. Appl Environ Microbiol 
70:6299–6301

https://doi.org/10.1016/j.foodcont.2017.05.011
https://doi.org/10.1111/1541-4337.12902
https://doi.org/10.1111/1541-4337.12902
https://doi.org/10.1016/j.ijfoodmicro.2014.04.015
https://doi.org/10.4315/0362-028X.JFP-11-421
https://doi.org/10.1128/AEM.02361-09
https://doi.org/10.1016/j.jbbm.2006.08.008
https://doi.org/10.1016/j.foodcont.2017.02.013
https://doi.org/10.1016/j.foodcont.2017.02.013
https://doi.org/10.3390/ijerph110100804
https://doi.org/10.1016/j.talanta.2023.124642
https://doi.org/10.1016/j.talanta.2023.124642
https://doi.org/10.4315/0362-028X.JFP-19-443
https://doi.org/10.4315/0362-028X.JFP-19-443
https://doi.org/10.1111/jfs.12183
https://doi.org/10.1016/j.foodcont.2015.06.048
https://doi.org/10.1016/j.foodcont.2015.06.048
https://doi.org/10.1099/jmm.0.000437
https://doi.org/10.1016/j.foodcont.2011.05.017
https://doi.org/10.7171/jbt.21-3203-017
https://doi.org/10.7171/jbt.21-3203-017
https://doi.org/10.1016/j.jbbm.2003.12.005
https://doi.org/10.1016/j.jbbm.2003.12.005
https://doi.org/10.1016/j.foodcont.2014.10.042
https://doi.org/10.1016/j.foodcont.2014.10.042
https://doi.org/10.1006/mcpr.2002.0415
https://doi.org/10.1021/ac500208w
https://doi.org/10.1021/ac500208w
https://doi.org/10.1371/journal.pbio.0040204
https://doi.org/10.1016/j.foodcont.2022.108971
https://doi.org/10.1016/j.foodcont.2022.108971
https://doi.org/10.1016/j.ijfoodmicro.2014.03.006
https://doi.org/10.1016/j.ijfoodmicro.2014.03.006


	 Applied Microbiology and Biotechnology (2024) 108:510510  Page 14 of 14

Rossmanith P, Krassnig M, Wagner M, Hein I (2006) Detection of 
Listeria monocytogenes in food using a combined enrichment/
real-time PCR method targeting the prfA gene. Res Microbiol 
157:763–771

Rossmanith P, Suss B, Wagner M, Hein I (2007) Development of 
matrix lysis for concentration of Gram-positive bacteria from food 
and blood. J Microbiol Methods 69:504–511

Roumani F, Azinheiro S, Carvalho J, Prado M, Garrido-Maestu A 
(2021) Loop-mediated isothermal amplification combined with 
immunomagnetic separation and propidium monoazide for the 
specific detection of viable Listeria monocytogenes in milk 
products, with an internal amplification control. Food Control 
125:107975. https://​doi.​org/​10.​1016/j.​foodc​ont.​2021.​107975

Schirmer BCT, Langsrud S, Møretrø T, Hagtvedt T, Heir E (2012) 
Performance of two commercial rapid methods for sampling and 
detection of Listeria in small-scale cheese producing and salmon 
processing environments. J Microbiol Methods 91:295–300. 
https://​doi.​org/​10.​1016/j.​mimet.​2012.​08.​013

Shirshikov F V, Bespyatykh JA (2022) Loop-mediated isothermal 
amplification : from theory to practice. 48:1159–1174. https://​
doi.​org/​10.​1134/​S1068​16202​20602​2X

Shirshikov F V, Pekov YA, Miroshnikov KA (2019) MorphoCatcher : a 
multiple-alignment based web tool for target selection and design-
ing taxon-specific primers in the loop-mediated isothermal ampli-
fication method. https://​doi.​org/​10.​7717/​peerj.​6801

Torres C, Vitalis EA, Baker BR, Gardner SN, Torres MW, Dzenitis 
JM (2011) LAVA: an open-source approach to designing LAMP 
(Loop-Mediated Isothermal Amplification) DNA signatures. BMC 
Bioinformatics 12:240. https://​doi.​org/​10.​1186/​1471-​2105-​12-​240

Warriner K, Namvar A (2009) What is the hysteria with Listeria? 
Trends Food Sci Technol 20:245–254

Wilks SA, Michels HT, Keevil CW (2006) Survival of Listeria mono-
cytogenes Scott A on metal surfaces : Implications for cross-con-
tamination. Int J Food Microbiol 111:93–98. https://​doi.​org/​10.​
1016/j.​ijfoo​dmicro.​2006.​04.​037

Wilrich C, Wilrich PT (2009) Estimation of the pod function and the 
LOD of a qualitative microbiological measurement method. J 
AOAC Int 92:1763–1772

Yang M, Cousineau A, Liu X, Luo Y, Sun D, Li S, Gu T, Sun L, Dillow 
H, Lepine J, Xu M, Zhang B (2020) Direct metatranscriptome 
RNA-seq and multiplex RT-PCR amplicon sequencing on nano-
pore MinION – promising strategies for multiplex identification 
of viable pathogens in food. Front Microbiol 11:1–14. https://​doi.​
org/​10.​3389/​fmicb.​2020.​00514

Zhang G, Brown EW, González-Escalona N (2011) Comparison of 
real-time PCR, reverse transcriptase real-time PCR, Loop-medi-
ated isothermal amplification, and the FDA conventional micro-
biological method for the detection of Salmonella spp. in produce. 
Appl Environ Microbiol 77:6495–6501. https://​doi.​org/​10.​1128/​
AEM.​00520-​11

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.foodcont.2021.107975
https://doi.org/10.1016/j.mimet.2012.08.013
https://doi.org/10.1134/S106816202206022X
https://doi.org/10.1134/S106816202206022X
https://doi.org/10.7717/peerj.6801
https://doi.org/10.1186/1471-2105-12-240
https://doi.org/10.1016/j.ijfoodmicro.2006.04.037
https://doi.org/10.1016/j.ijfoodmicro.2006.04.037
https://doi.org/10.3389/fmicb.2020.00514
https://doi.org/10.3389/fmicb.2020.00514
https://doi.org/10.1128/AEM.00520-11
https://doi.org/10.1128/AEM.00520-11

	Surface monitoring of L. monocytogenes by real-time fluorescence and colorimetric LAMP
	Abstract 
	Key points
	Introduction
	Materials and methods
	Media and bacterial strains
	DNA extraction
	Pure cultures
	Surface samples
	Direct thermal lysis
	Chelex™ 100
	PrepSEQ™
	LAMP primer design
	LAMP reaction setup
	qPCR
	LAMP assay evaluation
	Surface sample analysis
	Determination of the limit of detection
	Fit-for-purpose
	Graphical representation and statistical analysis

	Results
	Evaluation of the DNA extraction protocols for surface analysis
	LAMP assay
	LAMP assay evaluation
	Determination of the LOD on spiked surface samples
	Fit-for-purpose

	Discussion
	Acknowledgements 
	References


