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dgmiter@ujk.edu.pl (D.G.); wkaca@ujk.edu.pl (W.K.)

* Correspondence: gczerwonka@ujk.edu.pl

Abstract: The increasing number of patients with chronic wounds requires the development of
quick and accurate diagnostics methods. One of the key and challenging aspects of treating ulcers
is to control wound infection. Early detection of infection is essential for the application of suitable
treatment methods, such as systemic antibiotics or other antimicrobial agents. Clinically, the most
frequently used method for detecting microorganisms in wounds is through a swab and culture on
appropriate media. This test has major limitations, such as the long bacterial growth time and the
selectivity of bacterial growth. This article presents an overview of molecular methods for detecting
bacteria in wounds, including real-time polymerase chain reaction (rtPCR), quantitative polymerase
chain reaction (qPCR), genotyping, next-generation sequencing (NGS), and loop-mediated isothermal
amplification (LAMP). We focus on the LAMP method, which has not yet been widely used to
detect bacteria in wounds, but it is an interesting alternative to conventional detection methods.
LAMP does not require additional complicated equipment and provides the fastest detection time
for microorganisms (approx. 30 min reaction). It also allows the use of many pairs of primers in
one reaction and determination of up to 15 organisms in one sample. Isothermal amplification of
DNA is currently the easiest and most economical method for microbial detection in wound infection.
Direct visualization of the reaction with dyes, along with omitting DNA isolation, has increased the
potential use of this method.

Keywords: chronic wound; bacterial infection; rapid detection; genotyping; qPCR; LAMP

1. Introduction

The treatment of chronic wounds, even with the rapid progression of medical tech-
niques, remains demanding. Chronic wounds have become epidemic. Every day, many
clinicians struggle with the selection of appropriate methods for the diagnosis and treat-
ment of chronic wounds [1]. A sedentary lifestyle, low physical activity, and poor eating
habits are the cause of civilization-related diseases such as obesity, cardiovascular disease,
atherosclerosis, diabetes mellitus, and chronic venous insufficiency, which disturb the nor-
mal healing process and promote the formation of nonhealing wounds [2]. The increasing
number of patients with chronic wounds requires the development of quick and effective
diagnostics and treatment methods. One of the key and challenging aspects of the treatment
of chronic ulcers is controlling the infection. Bacteria can exist in two different states: the
planktonic state, in which the cells are free-floating, and the sessile state, in which the cells
are adhered to a surface, also called biofilm [3–7]. Biofilms are an organized network of
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many different species of bacteria and yeasts and other substances such as extracellular
DNA or proteins. These microorganisms and substances are attached to the wound bed.
This form of colonization increases bacterial survival in the wound environment by devel-
oping a network of mutual dependencies and increasing virulence [8–11]. The coexistence
of two or more bacterial species makes them more resistant to antibiotics, a phenomenon
known as antimicrobial synergism [12]. The phenomenon is best described for Staphylococ-
cus aureus and Pseudomonas aeruginosa, which are the most common pathogens in chronic
wounds [13,14]. Biofilm formation is an important mechanism underlying the observed
delayed healing and is a major problem in chronic wound management [15]. Extensive
data exist that substantiate the interference of microbes with wound healing. The reduction
of microbial bioburden is essential for the ongoing process of tissue repair. Both systemic
and topical antimicrobials play a crucial role in decreasing bioburden and promoting
wound repair [16,17]. Early detection of infection is essential for the application of suitable
treatment methods. The diagnosis of wound bed infection is made by the presence of
symptoms, including odour, pain, purulent exudate, warmth, tenderness, or erythema and
abnormalities in laboratory test results, such as elevated CRP, ESR, or procalcitonin [18–20].
In acute wounds these signs are usually obvious, but in the case of chronic wounds, which
are colonized by many strains of bacteria, it is sometimes difficult to clearly determine when
the infection has progressed. This is usually based on the development of acute symptoms
or other signs, such as deterioration of the wound, an increase in wound size, bridging
of the epithelium or soft tissue, formation of pockets at the base of the wound, purulent
exudate, the appearance of friable granulation tissue which bleeds easily, abnormal smell,
unexpected pain or tenderness, failure to make satisfactory progress toward healing despite
optimal care [21,22]. Infection, not treated quickly enough, may result in further spread
of infection and development of cellulitis, fasciitis, and myositis, and may finally lead to
bacteremia and septic shock. Therefore, rapid assessment of the pathogens causing the
infection is key to implementing targeted antibiotic therapy [21]. The problem is more
complex due to limitations of the commonly used method of identifying bacterial strains
colonizing the wound. In general practice, the most used, and sometimes the only available,
method to diagnose wound infections is through a bacterial swab from the wound, followed
by culture on appropriate bacterial media [23]. The biggest limitation of this technique
is the long detection time. Culture is performed by inoculating an appropriate medium
with the bacterial swab and incubating it for a period of time. Most clinical pathogens
grow from 24 to 48 h, but certain isolates sometimes require longer incubation periods,
i.e., 2 or 3 weeks for Bartonella spp. or Nocardia spp. infections [23]. Then, the plates are
examined and then reincubated for additional time if no growth is observed. The overall
process takes 1 to 7 days, depending on the type of bacteria, the medium, and the growth
conditions [23–25]. This delay in detection has a negative impact on the implementation
of treatment for patients with chronic wounds. In the case of hospitalization of patients
with acute or severe chronic wounds, the usage of a quick detection method as an indicator
of the microbiological condition of the wound would shorten the hospitalization time
through early administration of targeted antibiotic therapy. This would reduce the overall
treatment costs.

Moreover, the results depend on the method of collecting the wound swab. When the
procedure is done incorrectly, or too superficially, it may result in false outcomes [26–28].
While there are a few collection methods used in general practice, there is no consensus
on which is the most accurate [23,25,27]. The viability of organisms also depends on
several factors, such as the transport time, storage period, and temperature, as well as the
specific storage systems [18]. Prompt delivery of the specimen to the laboratory is also
important, particularly if anaerobic bacteria are being investigated [25]. In several published
studies comparing culture to molecular methods for the detection of bacteria, molecular
methods were more sensitive. Most bacteria identified with culture were also identified
via molecular testing, but the vast majority of bacteria identified via molecular methods
were not identified with culture methods [28–32]. Even if all culture steps are performed
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correctly, many anaerobic bacteria, which constitute up to 30% of the bacteria infecting
wounds [33], detected by molecular methods cannot be cultured [23]. These results translate
into clinical practice; targeted personalized therapy, implemented through molecular
diagnostics methods, can increase healing rates and shorten healing time compared to
conventional methods [34,35].

All of the issues associated with the use of conventional diagnostic methods have
generated interest in the use of other methods to diagnose infections. In this article, we
present selected molecular methods that can be used for the rapid detection of pathogens
causing wound infections. We focus on the LAMP method, which has not yet been widely
used to detect bacteria in chronic wounds but is an interesting alternative to conventional
detection methods. The most common and available methods are the real-time polymerase
chain reaction (rtPCR) and quantitative polymerase chain reaction (qPCR), which allow
rapid assessments of the presence of microorganisms in a sample. PCR is sensitive and
does not require a large amount of material to amplify nucleotide sequences. Genotyping
using random primers with template DNA is another diagnostic method that allows us
to distinguish between microorganisms that cause infections. Loop-mediated isothermal
amplification (LAMP) is an alternative detection method that does not require additional
equipment and provides the fastest detection time for microorganisms. In LAMP, many
pairs of primers can be used in one reaction, and 15 organisms can be detected in a
single sample.

2. Real-Time Polymerase Chain Reaction (Real-Time PCR, qPCR)

The polymerase chain reaction (PCR) was developed in 1983 by Mullis [36]. This
method quickly contributed to significant progress in many fields of science and in diagnos-
tics. The method is based on the amplification of DNA by a thermostable DNA polymerase
by repeated heating and cooling of the sample under controlled conditions. The initiation
of amplification of a fragment of genetic material requires the presence of primers, i.e.,
short fragments of single-stranded DNA, that bind to the complementary sequence. This
allows a specific selection of the duplicated fragment [37].

Numerous modifications to the method have been developed over the years, including
real-time PCR (quantitative PCR, qPCR), which allows qualification of the abundance of
amplified fragments in real time. This is due to the use of fluorescent dyes or fluorochrome-
labelled molecular probes. The level of fluorescence emitted by molecular probes or
intercalating dyes is monitored and is directly proportional to the concentration of the
amplified DNA. Changes in fluorescence are presented in the form of a curve of fluorescence
intensity. In the initial phase, DNA amplification is slow, which is due to the low level
of fluorescence emissions, recorded as background. The cycle in which the fluorescence
exceeds the background level is called the cycle threshold (Ct). The time required to achieve
the Ct is inversely proportional to the initial concentration of the DNA template in the
sample. Determination of the cycle threshold in many samples allows a comparison of the
number of copies of the DNA fragment amplified by the primers [38,39].

Real-time PCR has been widely used for the detection and differentiation of microor-
ganisms from various samples, both environmental and clinical, since the method allows
amplification of a specific fragment of DNA [36]. For example, based on qPCR, Trung
and colleagues developed a method for direct detection and quantification of Burkholderia
pseudomallei. Bacterial identification is based on the targeting of a type-three secretion
system 1 single-copy gene [40]. Moreover, a method has also been developed for detecting
Campylobacter bacteria in environmental samples, which is important from a clinical point
of view. For this method, strain-specific fluorescent-labelled PCR oligonucleotide probes
were designed based on the short variable region of the flaA gene [41]. This method might
be adopted for the detection of Campylobacter in clinically relevant samples.

In terms of methods designed for the detection of bacteria in clinical samples, Chiba
and colleagues reported an identification system using real-time PCR with pathogen-specific
molecular beacon (MB) probes and primers designed for eight meningitis pathogens [42]. In
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another study conducted by Anbazhagan and colleagues, a protocol for the identification
of important nosocomial pathogens (e.g., Escherichia coli, Staphylococcus aureus, Streptococcus
pneumoniae, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter spp.) was
developed. The specificity of this multiplex PCR assay was determined with 300 clinical
samples [43]. Curran and colleagues developed and evaluated real-time PCR assays for
simultaneous, direct detection and quantification of a range of respiratory bacteria in
individuals with chronic obstructive pulmonary disease. They revealed that the prevalence
of bacteria detected by real-time PCR compared to that detected by culture was substantially
higher for Streptococcus pneumoniae, S. aureus, Haemophilus spp., and Moraxella catarrhalis [44].
Zemanick and colleagues described a qPCR-based protocol for the detection of P. aeruginosa,
S. aureus, and Haemophilus influenzae, common pathogens in cystic fibrosis (CF) patients.
These authors found that qPCR is a reproducible method for the detection of bacteria,
including anaerobic bacteria, from CF airway samples [45]. Gosiewski and colleagues
proposed qPCR-based methods for bacteria and fungi detection in blood collected from
patients with clinical symptoms of sepsis. They focused on E. coli, S. aureus, Candida albicans,
and Aspergillus fumigatus. Their results indicated that the methods (1) allow the detection
of bacteria in whole blood samples, (2) are more sensitive than culture-based methods, and
(3) allow the differentiation of the main groups of microorganisms within a few hours [46].
Gaibani and colleagues also helped develop methods for bacteria detection in blood and
plasma. They described a broad-range real-time PCR protocol targeting the 23S rDNA gene
in DNA extracted from plasma and whole blood samples [47].

Considering the methods of detection of bacteria in chronic wounds, studies have
revealed that molecular methods have high potential for the diagnosis of bacterial infec-
tions [31,48]. Such methods have shown similar or even higher accuracy and sensitivity
than traditional culture-based techniques and are faster and simpler. However, there are
limited reports on the use of qPCR for the identification of bacteria isolated from wound
infections. Melendez and colleagues developed a suite of real-time PCR assays for the rapid
identification of bacteria directly from tissue samples. They proposed methods of identifi-
cation based on a panel of 14 clinically relevant aerobic pathogens in chronic wounds. The
methods were based on primers and molecular probes that target and amplify a fragment
of the 16S rRNA gene sequence. They demonstrated that a targeted real-time PCR approach
can be used for the rapid detection of aerobic organisms isolated from chronic wounds [49].
In the study by Gentili and colleagues, a panbacterial quantitative real-time PCR method
was tested to evaluate its potential in the diagnosis of wounds treated with a novel thera-
peutic approach based on the hydrophobic binding of bacteria to a membrane [50]. Finally,
Yan and colleagues presented a slightly different approach that allows the detection of
Mycobacterium leprae DNA in paraffin-embedded skin biopsy specimens using real-time
PCR [51]. qPCR could also be used for the detection of antibiotic resistance genes in numer-
ous samples [52–54]. In the era of increasing drug resistance among bacteria, developing
rapid methods for the detection of bacteria containing resistance genes is important, as it
will facilitate the introduction of appropriate treatment regimens.

3. Genotyping of Strains from Wound Infections

Molecular typing has evolved into a pivotal approach for unravelling the genetic
diversity among bacterial isolates and understanding the mechanisms underlying bacterial
infections in hospital settings, including those from ulcerative wounds. It plays a crucial
role in investigating the spread, clonal relationships, and geographic dissemination of
bacterial strains, which is crucial for managing cross-infections and patient-to-patient trans-
mission in healthcare environments. By enabling precise identification of pathogens and
their resistance profiles, molecular typing facilitates the formulation of targeted antibiotic
regimens, crucial for treating chronic, non-healing ulcers, often complicated by biofilm
and polymicrobial flora. In the realm of infection control, molecular typing methods stand
out as essential tools for measuring and pinpointing the source of original infections dur-
ing hospital outbreaks. Furthermore, they enable the mapping of infection transmission
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dynamics, offering a deeper insight into the epidemiology of antibiotic-resistant strains.
This approach not only informs the debridement techniques and wound dressing choices,
optimizing the wound microenvironment for healing, but also underpins the development
of prophylactic measures against recurrent ulcer infections. Understanding the genetic
evolution of pathogens through molecular typing also helps predict emerging resistance
trends, guiding future antimicrobial development, and contributing to a comprehensive
strategy in managing and preventing ulcerative wound infections. Thus, molecular typing
is not merely a diagnostic tool but a cornerstone in the strategic management of infec-
tions, especially in ulcerative wounds, enhancing patient care and advancing the field of
clinical microbiology.

Genetic typing techniques are characterized by a wide variety of technical solutions.
Among the most commonly used molecular typing methods are techniques such as PCR-
based fingerprinting methods, multilocus sequence typing (MLST) [55], and pulsed field
gel electrophoresis (PFGE), the gold standard in genotyping [56]. MLST allows for the dif-
ferentiation of bacterial strains based on the sequence of selected housekeeping genes [55].
In this method, 7 to 10 genes, each 450–500 bp, are amplified in a PCR reaction. Due to their
conservatism, these genes have been recognized as reference genes in genetic studies [57].
They are responsible for the proper course of the most essential life processes of organisms,
and their elimination always leads to cell death. The proteins encoded by these genes are
involved, among other things, in processes such as replication or translation [58]. In the
next step, the PCR products are sequenced, and the obtained sequences are compared to
alleles for each locus of the gene using software available in the MLST database. Then, for
each isolate, an allelic profile is generated by determining the sequence type. The frequent
use of this technique in genetic studies is evidenced by the existence of publicly available
reference databases of MLST profiles for many different bacterial species [59]. The greatest
advantage of the past years is the culture-independent application of multilocus sequence
typing (MLST) for strains like Pseudomonas aeruginosa and Burhholderia cepacia. This pro-
cess was performed on DNA extracted directly from patient clinical material [59,60]. In
contrast, PCR-based fingerprinting methods, such as repetitive extragenic palindromic
(REP) sequences, the enterobacterial repetitive intergenic consensus (ERIC) sequence, and
BOX elements, random amplified polymorphic DNA (RAPD), and arbitrarily primed PCR
(AP-PCR) offer a more cost-effective and user-friendly alternative [61]. One of the most
popular is the RAPD PCR technique developed by Williams and colleagues [62]. The
basis of the method relies on the random amplification in a simple PCR reaction using
primers with any, often random, sequence of 10 to 20 bp, containing a large number of
guanine (G) and cytosine (C) bases. In the initial cycles, the reaction is conducted at a lower
temperature (approximately 35–40 ◦C), allowing the primers to randomly attach to more or
less homologous sequences of bacterial DNA, leading to the amplification of DNA between
primer binding sites. Subsequent cycles are performed at a higher temperature, suitable for
the selected primer. As a result of amplification, several to several dozen amplicons are
obtained in the range of approximately 100–2000 bp. The outcome of the PCR reaction is a
specific genotypic profile. The obtained band profile reflects differences in the nucleotide
sequence of primer binding sites, variations in the length of amplified fragments, and the
DNA conformation affecting efficient primer binding and amplification. The smaller the
relatedness between the examined strains, the greater the differences in the number and
length of amplicons [63,64].

RAPD patterns are commonly used for strain typing, allowing for the analysis and
comparison of isolates. Due to its simplicity, high discrimination power, relative speed,
and ease of execution, the RAPD technique has found wide application in epidemiological
studies. However, RAPD PCR has limitations, as band patterns are not always repeatable
when the method is not optimized and standardized. Differences in the type and quantity
of DNA polymerase, buffer composition for PCR, purity and quantity of DNA template,
PCR reaction parameters, and the nonspecific binding of primers can lead to changes in
RAPD patterns, resulting in low reproducibility of results obtained in different laboratories.
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Additionally, this technique does not always allow for the differentiation of closely related
strains. Currently, the RAPD method is used for the preliminary diagnosis of bacterial
infections or as an auxiliary method confirming results obtained by other bacterial strain
typing methods [65,66]. PCR-based approaches are fast and effective methods for quanti-
fying the number of genes and/or transcripts in the samples examined. They have high
specificity and sensitivity towards target sequences. However, to maximize the value of the
result based on RT-PCR, it is worth using it in combination with other methods [67].

A method of identifying microorganisms using next-generation sequencing of the
entire bacterial genome is currently attracting much interest. It is an extension of the Sanger
sequencing method and is becoming faster, more accurate and cheaper, which will allow it
to be used routinely in clinical microbiology in the future [68]. Next-generation sequencing
consists of four main steps:

- Preparing the sample and isolating the genetic material;
- Creation of libraries that will be compatible with the selected sequencer;
- Amplification and the sequencing process;
- Computer processing of the obtained data and its analysis [69].

There are two main sequencing technologies: “second-generation”, or short reads
(Illumina and Ion Torrent) and “third-generation”, or long reads (Pacific Biosciences and
Oxford Nanopore) [70]. For bacterial identification, 16S rDNA sequencing is particularly
important for bacteria with unusual phenotypic profiles, rare bacteria, slow-growing
bacteria, uncultivable bacteria, and culture-negative infections [71]. The next-generation
sequencing used in this study is beginning to provide valuable information about the
composition, diversity, and dynamics of the wound’s bioburden, but also indicates the
existence of a link between it and impaired healing, and the possibility of infectious
complications [72]. The current sequencing of the skin microbiome is crucial for the future
development and application of diagnostic tools linking the microbiome to chronic wounds
and focusing on the dynamic metatranscriptome and metaproteome [73]. The biggest
advantages of using sequencing in diagnostics are its accuracy, comprehensiveness, and the
large amount of information on the genome under study, while the main disadvantages are
the possibility of missing species due to primer mismatches, the necessity of performing
bioinformatics analyses (often complex and sophisticated) requiring access to databases, the
length of the entire process, and the availability of specialized equipment (sequencer) [74].

Despite the continuous development of molecular methods, especially whole-genome
sequencing, genotyping methods are still used in the identification of bacteria in wounds.
Particularly, in screening or epidemiological studies, when dealing with a large number
of strains, the cost of whole-genome sequencing (WGS) may be too high. Additionally, in
studies of clonal sources of infection, the ST number remains an international unit [75–80].

4. Loop-Mediated Isothermal Amplification of DNA (LAMP)

Loop-mediated isothermal amplification of DNA, developed by Notomi and col-
leagues in 2000 [81], allows for rapid and accurate diagnoses in 30 min. it employs a
set of four to six primers that reproduce the high selectivity of target sequence detection.
LAMP requires a polymerase with strand displacement activity (Bst DNA polymerase,
derived from Geobacillus stearothermophilus), and amplification relies on auto-cycling strand
displacement DNA synthesis in isothermal conditions. Primer design is a crucial step in
the optimization of the LAMP reaction; two pairs of primers recognizing six independent
sequences of a target gene and additional forward loop primers that accelerate the LAMP
reaction must be designed [82]. Visualization of the results can include a visual assessment
of turbidity, discrimination of dye colour change, or measurement of the fluorescence of
reagents, such as ethidium bromide or SYBR Green I [81,83,84].

4.1. Strand Displacement Synthesis

The strand displacement activity of polymerases occurs during the removal and re-
placement of RNA primer moieties of Okazaki. The strand displacement activity is present
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in Klenow fragments [85]—a polymerase derived from digestion of polymerase I (PolI)
by subtilisin; the 5′-nuclease activity is not necessary for strand displacement synthe-
sis [86]. Strand displacement DNA synthesis is performed based on usage of a forward
primer and a DNA polymerase with strand displacement activity. With primer extension,
the new synthetic DNA strand can displace and release the downstream complementary
strand [87]. Moreover, intact double-strand DNA molecules cannot be used as a template
for polymerase in strand displacement synthesis, but when ssDNA breaks occur (a nick)
with an extensible 3′-hydroxyl termini on the DNA strand, synthesis occurs. In strand
displacement synthesis, DNA polymerase I starts to displace the 5′ end of the nick, which
is annealed to the template strand (Figure 1). However, strand displacement synthesis
under isothermal conditions often leads to nonspecific amplification products, which can
be obtained even in the absence of a target and primers [88]. Experimental results indicate
that non-specific isothermal polymerization may be generated by a stronger interaction
between polymerase and purine-rich regions of a single stranded DNA template than in
double-stranded primer-tagged regions [89].
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4.2. Mechanism of LAMP Reaction

Isothermal amplification of DNA using LAMP requires four or six primers that rec-
ognize 6–8 DNA regions. These primers include external primers (forward primer—F3,
backward primer—B3), long internal primers (forward internal primer—FIP, backward
internal primer—BIP), and loop primers (FL, BL) [91]. The long internal primer sequences,
which are approximately 45–49 base pairs (bp), are complementary to two distant sites
of the area in which DNA synthesis is initiated. External primers are complementary to
external modules, trigger strand replacement, and are shorter than the internal primers (ca.
21–24 bp) [92]. Proper design of primers is a crucial step, especially for internal primers,
where modification of the linker, which is expected to provide physical flexibility, can result
in sequence interactions that can alter reaction efficiency [93]. Synthesis of the comple-
mentary strand in the LAMP reaction is initiated by attachment to the F2 complementary
region in the template strand of the internal FIP primer in the DNA template [94]. Subse-
quently, DNA strand displacement and release occur with the attachment of the external
primer F3 to the target DNA region. The released single strand combined with FIB forms
a stem-and-loop structure at one end, which initiates BIP-mediated DNA synthesis [95].
The reaction uses polymerase Bst, which localizes external primers and is responsible for
elongating strands and forming single-stranded DNA, which is a dumbbell-shaped artifi-
cial template [92] (Figure 2). Internal primers are then bound to the stem-loop region, and
sequentially repeated strand elongation reactions occur via polymerase [96]. By annealing
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between alternatively inverted repeats of the target in the same strand, cauliflower- or
dumbbell-like structures are formed, which, together with stem-loop DNA structures of
different lengths, constitute the mixture of end products of the LAMP reaction [97].
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polymerase with strand displacement activity elongate the DNA strand, where two types of amplicons
are synthesized, according to FIP and F3 primer sequences. In the II step, an amplicon synthesized
with FIP primers stands as a DNA template for next reaction with BIP and B3 primers. The second
modified amplicon is synthesized in this step, where sites homologs to F1 and B1, denoted as F1c
and B1c, are added to both reactions. These added sites which proceed to the self-hybridization step
(III step), resulting in a dumbbell structure formation. Exponential amplification of such a structure
results in the amplification of DNA in concatamers. The figure was prepared based on the data and
figures presented in [98].

4.3. Diagnostic Use of LAMP

When there is a need to design and develop on-site molecular diagnostics, so-called
‘Point-of-Care tests’ [99], LAMP is of interest to the scientific community because of its
advantages over PCR/qPCR in applications such as lab-on-chip device development
or point-of-care testing. Isothermal amplification techniques do not rely on expensive
equipment and in many cases can be combined with various strategies for interpreting
results with the naked eye, making this step user-friendly [93]. The advantages of LAMP
include (i) equipment simplicity: the reaction requires only a heating block or water
bath [100], (ii) short time from sample collection to results: the use of dyes shortens
diagnostics to 70–120 min [84], specificity, and high amplification efficiency [101].

Untreated wound infections can rapidly evolve into sepsis and fast and simple detec-
tion of the microorganism that caused the infection is crucial for diagnosis and treatment.
Simple and rapid LAMP, where visualization is based on a colour change, was engaged
to detect 15 species of common microbial pathogens in studies by Etchebarne and col-
leagues [84]. LAMP amplification is especially advantageous because of its short detection
time, without prior DNA isolation. Amplification was performed, for the first time, on DNA
templates obtained from vegetative cells without nucleic acid extraction by Dugan and
colleagues [102] in Bacillus anthracis vegetative cells and spores. The researchers assessed
the sensitivity of this procedure to 30 colony-forming units (CFUs) per reaction. This im-
provement minimised sample processing and the use of the Eriochrome Black T (EBT) dye
allowed Etchebarne and colleagues to prepare an infection diagnosis panel (In-Dx) based
on the LAMP method [84]. Pre-treatment of collected samples from skin infections includes
heat lysis at 95 ◦C for 15 min and mixing with isothermal reaction reagents. Isothermal
amplification, visualized via the presence of the EBT colour, only takes 35 min, resulting
in a 1 h detection of 15 microbial pathogens, e.g., Escherichia coli, Staphylococcus aureus,
Enterococcus faecalis, Klebsiella pneumoniae, Staphylococcus epidermidis, Streptococcus pyogenes,
Proteus mirabilis, Pseudomonas aeruginosa, Candida albicans, or Enterococcus casseliflavus. This
multiplex detection was previously presented by Oh and colleagues [103], who evaluated a
method for the detection of food-borne bacteria. Those data suggest that multiple organ-
isms can be detected in one isothermal reaction with the use of a cocktail of isothermal
reagents, primers, and DNA templates.

Loop-mediated isothermal amplification of DNA could be easily developed to diag-
nose cutaneous melioidosis, an important medical issue. It can present as an ulcer, pustule,
or as crusted erythematous lesions caused by infection with Burkholderia pseudomallei [104].
Case reports suggest that this type of infection requires a differential diagnosis of nodular or
ulcerative cutaneous lesions because typical skin lesion antibiotics do not provide adequate
coverage for melioidosis [104]. Chantratita and colleagues used LAMP to detect B. pseudo-
mallei, targeting the TTS1 gene cluster [83]. A positive LAMP reaction was visualized by
the presence of turbidity, which can be determined by the naked eye. The LAMP method is
moderately sensitive (66.7%) compared to real-time PCR (33.3%) for swab sampling; both
methods exhibit high specificity (100%). For the rapid diagnosis of melioidosis, it was con-
cluded that the diagnostic overall sensitivity of both assays was low in this evaluation, but
the timing of sampling likely proved critical [83]. Very good sensitivity and specificity were
achieved in studies by Lim and colleagues on the detection of Staphylococcus aureus with
LAMP [105]. Furthermore, high sensitivity of isothermal amplification of microbial DNA
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was shown in a rapid detection system for Listeria monocytogenes, where Tang and colleagues
compared it to PCR [106]; LAMP exhibited a 100-fold higher sensitivity. Other studies
have shown that loop-mediated isothermal amplification of DNA can be used for detection
of Gram-positive microorganisms, including Streptococcus agalactiae [107], Streptococcus
dysgalactiae, Streptococcus uberis [82], and Gram-negative Actinobacillus actinomycetemcomi-
tans [101], Escherichia coli [108], Klebsiella pneumoniae [109], or Coxiella burnetii [100]. Other
studies showed the usefulness of rapid detection of a new class of beta-lactams with the
LAMP method [110]. The authors suggested that a newly identified metallo-β-lactamase
gene discovered by their group and isolated from an Alcaligenes faecalis plasmid was a gene
of interest for trail sensitivity. Their results indicate that the LAMP method was proven to
be fast, sensitive, and specific for detection of the blaAFM-1 gene.

The LAMP technique is a rapid and sensitive method for microbial detection, and
further evaluation of this technique can facilitate the diagnosis of chronic wound infections.
The key step in LAMP is proper primer design to obtain good sensitivity, specificity, and
efficiency of the reaction. To date, many sets of primers have been designed for microbial
detection and evaluated for rapid detection. Here, we present a list of previously described
sets of primers that have been shown to be useful in microbial detection (Table 1).

Table 1. Sets of genus-specific LAMP primers developed for rapid microorganism detection. Isother-
mal amplification of target product may be preceded by incubation at 65 ◦C for 30 min, followed by
heat inactivation at 80 ◦C for 20 min, depending on the enzyme used in procedure.

Species Primers Sequence (5′-3′) References

Pseudomonas
aeruginosa

F3 CAAGCGCAAGATAGTCGCC

[111]
B3 TCCGCTTGAACAGGCTGGTG
FIP GAAGATATCCGGCTGGTTGCTTTTCAAGAGGGAATGCCGCAGT
BIP AACGGATCATCGGCATCCTGGTTTTCATCGCCGTCCACAGGTAGA

Acinetobacter
baumannii

F3 CACAACAAGTTGTTCTTCATAGAT

[112]
B3 CGAACTCCTGACCTCCTA
FIP AGACTTGAACTTGTGACCCCACTGAGGGTCTGTAGCTCAG
BIP ACCATGACTTTGACTGGTTRAAGTTCGCTCTACCAACTAAGCTAAG

Staphylococcus
aureus

F3 TCGCTTGCTATGATTGTGG

[113,114]

B3 ACATACGCCAATGTTCTACC
FIP GTACAGTTTCATGATTCGTCCCGCCATCATTATTGTAGGTGT
BIP TGTTCAAAGAGTTGTGGATGGTGTACAGGCGTATTCGGTT
FLP TTGAAAGGACCCGTATGATTCA
BLP GATACGCCAGAAACGGTGA

Proteus
mirabilis

F3 AAAAAACGCGGWTCTGCA

[115]
B3 AAGACAGATAGAGCCAACG
FIP CTGTCGAGCTATGGGTATTAATCACTTTTATTGCGTAATTGGTTAAAARTC
BIP GTTAGTTGCGCTATCTTGTGCTTCTTTTGAACGTGATACATCGGTAGA
LF CCGCCATAGTACGTACTCGCCA

E. coli

F3 GCC ATC TCC TGA TGACG

[116]

B3 ATT TAC CGC AGC CAG ACG
FIP CTG GGG CGA GGT CGT GGT ATT CCG ACA AAC ACC ACG AATT
BIP CAT TTT GCA GCT GTA CGC TCG CAG CCC ATC ATG AAT GT
LF CTT TGT AAC AAC CTG TCA TCG ACA
LB ATC AAT CTC GAT ATC CAT GAA GGT G
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Table 1. Cont.

Species Primers Sequence (5′-3′) References

K. pneumoniae

F3 GGA TAT CTG ACC AGT CGG

[117]

B3 GGG TTT TGC GTA ATG ATC TG

FIP CGA CGT ACA GTG TTT CTG CAG TTT TAA AAA ACA GGA AAT CGT
TGAGG

BIP CGG CGG TGG TGT TTC TGA ATT TTG CGA ATA ATG CCA TTA CTT TC
LB GAA GAC TGT TTC GTG CAT GATGA

E. faecalis

F3 GCC GGA AAT CGA TGA AGA

[118]

B3 TCC AGC AAC GTT GAT TGT
FIP CAC TTT TTG TTG TTG GTT TTC GCT TTA TTA TCT GCT TGG GGT GC

BIP ATC TGC AGA CAA AGT AGT AAT TGC TCC AAG CTT TTA AGC GTG
TC

LF AAA TGC TGC GCC AGC TCG
LB TCC AAT GTG GAA CTT AAA CGT ACC

In summary, the presented techniques facilitate the diagnosis of pathogens in chronic
wounds. The typing of bacteria causing chronic wound infection allows for assessments
of the relationships between bacterial strains involved in different patients and times of
infection. The use of qPCR provides the ability to track changes in the expression of
selected bacterial and human genes during infection, allowing for treatment modification.
Isothermal amplification of DNA is currently the easiest and most economical method for
microbial detection in chronic wound infection. Direct visualization of the reaction with
dyes and omitting DNA isolation have increased the potential use of this method. The most
promising advantages of the LAMP method are its simplicity of implementation compared
to cultivation methods and genotyping based on PCR or sequencing, and the fact that it
does not require expensive equipment, while offering sensitivity and specificity similar to
qPCR. LAMP, compared to cultivation methods, does not require waiting time for the result,
often counted in days. Compared to qPCR, LAMP offers comparable or higher sensitivity
and specificity while reducing the number of steps, equipment, reagents, and costs. The
most important disadvantages of LAMP are the difficulty in designing appropriate primers
that recognize the target gene and its high sensitivity to false positive results.
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2. Krzystek-Korpacka, M.; Kȩdzior, K.; Masłowski, L.; Mierzchała, M.; Bednarz-Misa, I.; Bronowicka-Szydełko, A.; Kubiak, J.;
Gacka, M.; Płaczkowska, S.; Gamian, A. Impact of Chronic Wounds of Various Etiology on Systemic Profiles of Key Inflammatory
Cytokines, Chemokines and Growth Factors, and Their Interplay. Adv. Clin. Exp. Med. 2019, 28, 1301–1309. [CrossRef] [PubMed]

3. Oates, A.; Bowling, F.L.; Boulton, A.J.M.; Bowler, P.G.; Metcalf, D.G.; McBain, A.J. The Visualization of Biofilms in Chronic
Diabetic Foot Wounds Using Routine Diagnostic Microscopy Methods. J. Diabetes Res. 2014, 2014, 153586. [CrossRef] [PubMed]

4. James, G.A.; Swogger, E.; Wolcott, R.; Pulcini, E.D.; Secor, P.; Sestrich, J.; Costerton, J.W.; Stewart, P.S. Biofilms in Chronic Wounds.
Wound Repair Regen. 2008, 16, 37–44. [CrossRef]

5. Omar, A.; Wright, J.B.; Schultz, G.; Burrell, R.; Nadworny, P. Microbial Biofilms and Chronic Wounds. Microorganisms 2017, 5, 9.
[CrossRef]

6. Berlanga, M.; Guerrero, R. Living Together in Biofilms: The Microbial Cell Factory and Its Biotechnological Implications. Microb.
Cell Factories 2016, 15, 165. [CrossRef]

https://doi.org/10.5999/aps.2016.02019
https://www.ncbi.nlm.nih.gov/pubmed/29506339
https://doi.org/10.17219/acem/103845
https://www.ncbi.nlm.nih.gov/pubmed/31430066
https://doi.org/10.1155/2014/153586
https://www.ncbi.nlm.nih.gov/pubmed/24839608
https://doi.org/10.1111/j.1524-475X.2007.00321.x
https://doi.org/10.3390/microorganisms5010009
https://doi.org/10.1186/s12934-016-0569-5


Int. J. Mol. Sci. 2024, 25, 411 12 of 16

7. Davis, S.C.; Ricotti, C.; Cazzaniga, A.; Welsh, E.; Eaglstein, W.H.; Mertz, P.M. Microscopic and Physiologic Evidence for
Biofilm-Associated Wound Colonization in Vivo. Wound Repair Regen. 2008, 16, 23–29. [CrossRef]

8. Dalton, T.; Dowd, S.E.; Wolcott, R.D.; Sun, Y.; Watters, C.; Griswold, J.A.; Rumbaugh, K.P. An in Vivo Polymicrobial Biofilm
Wound Infection Model to Study Interspecies Interactions. PLoS ONE 2011, 6, e27317. [CrossRef]

9. Schierle, C.F.; De La Garza, M.; Mustoe, T.A.; Galiano, R.D. Staphylococcal Biofilms Impair Wound Healing by Delaying
Reepithelialization in a Murine Cutaneous Wound Model. Wound Repair Regen. 2009, 17, 354–359. [CrossRef]

10. Phillips, P.L.; Schultz, G.S. Molecular Mechanisms of Biofilm Infection: Biofilm Virulence Factors. Adv. Wound Care 2012, 1,
109–114. [CrossRef]

11. Stewart, P.S. Mechanisms of Antibiotic Resistance in Bacterial Biofilms. Int. J. Med. Microbiol. 2002, 292, 107–113. [CrossRef]
[PubMed]

12. Burmølle, M.; Webb, J.S.; Rao, D.; Hansen, L.H.; Sørensen, S.J.; Kjelleberg, S. Enhanced Biofilm Formation and Increased Resistance
to Antimicrobial Agents and Bacterial Invasion Are Caused by Synergistic Interactions in Multispecies Biofilms. Appl. Environ.
Microbiol. 2006, 72, 3916–3923. [CrossRef]

13. DeLeon, S.; Clinton, A.; Fowler, H.; Everett, J.; Horswill, A.R.; Rumbaugh, K.P. Synergistic Interactions of Pseudomonas
Aeruginosa and Staphylococcus Aureus in an In Vitro Wound Model. Infect. Immun. 2014, 82, 4718–4728. [CrossRef] [PubMed]

14. Alves, P.M.; Al-Badi, E.; Withycombe, C.; Jones, P.M.; Purdy, K.J.; Maddocks, S.E. Interaction between Staphylococcus Aureus
and Pseudomonas Aeruginosa Is Beneficial for Colonisation and Pathogenicity in a Mixed Biofilm. Pathog. Dis. 2018, 76, fty003.
[CrossRef] [PubMed]

15. Percival, S.L.; Hill, K.E.; Williams, D.W.; Hooper, S.J.; Thomas, D.W.; Costerton, J.W. A Review of the Scientific Evidence for
Biofilms in Wounds. Wound Repair Regen. 2012, 20, 647–657. [CrossRef] [PubMed]

16. Caldwell, M.D. Bacteria and Antibiotics in Wound Healing. Surg. Clin. N. Am. 2020, 100, 757–776. [CrossRef] [PubMed]
17. Leaper, D.J.; Schultz, G.; Carville, K.; Fletcher, J.; Swanson, T.; Drake Leaper, R.D. Extending the TIME Concept: What Have We

Learned in the Past 10 Years?*. Int. Wound J. 2012, 9, 1–19. [CrossRef] [PubMed]
18. Gardner, S.E.; Frantz, R.A.; Park, H.; Scherubel, M. The Inter-Rater Reliability of the Clinical Signs and Symptoms Checklist in

Diabetic Foot Ulcers. Ostomy Wound Manag. 2007, 53, 46–51.
19. Gardner, S.E.; Hillis, S.L.; Frantz, R.A. Clinical Signs of Infection in Diabetic Foot Ulcers with High Microbial Load. Biol. Res.

Nurs. 2009, 11, 119–128. [CrossRef]
20. Cutting, K.F.; White, R.J. Criteria for Identifying Wound Infection--Revisited. Ostomy Wound Manag. 2005, 51, 28–34.
21. Falcone, M.; De Angelis, B.; Pea, F.; Scalise, A.; Stefani, S.; Tasinato, R.; Zanetti, O.; Dalla Paola, L. Challenges in the Management

of Chronic Wound Infections. J. Glob. Antimicrob. Resist. 2021, 26, 140–147. [CrossRef] [PubMed]
22. Gardner, S.E.; Frantz, R.A.; Doebbeling, B.N. The Validity of the Clinical Signs and Symptoms Used to Identify Localized Chronic

Wound Infection. Wound Repair Regen. 2001, 9, 178–186. [CrossRef] [PubMed]
23. Lagier, J.C.; Edouard, S.; Pagnier, I.; Mediannikov, O.; Drancourt, M.; Raoult, D. Current and Past Strategies for Bacterial Culture

in Clinical Microbiology. Clin. Microbiol. Rev. 2015, 28, 208–236. [CrossRef] [PubMed]
24. Kalan, L.; Loesche, M.; Hodkinson, B.P.; Heilmann, K.; Ruthel, G.; Gardner, S.E.; Grice, E.A. Redefining the Chronic-Wound

Microbiome: Fungal Communities Are Prevalent, Dynamic, and Associated with Delayed Healing. mBio 2016, 7, e01058-16.
[CrossRef] [PubMed]

25. Bowler, P.G.; Duerden, B.I.; Armstrong, D.G. Wound microbiology and associated approaches to wound management. Clin.
Microbiol. Rev. 2001, 14, 244–269. [CrossRef]

26. Brook, I.; Frazier, E.H. Aerobic and Anaerobic Microbiology of Chronic Venous Ulcers. Int. J. Dermatol. 1998, 37, 426–428.
[CrossRef]

27. Choi, Y.; Banerjee, A.; McNish, S.; Couch, K.S.; Torralba, M.G.; Lucas, S.; Tovchigrechko, A.; Madupu, R.; Yooseph, S.; Nelson,
K.E.; et al. Co-Occurrence of Anaerobes in Human Chronic Wounds. Microb. Ecol. 2019, 77, 808–820. [CrossRef]

28. Rhoads, D.D.; Wolcott, R.D.; Sun, Y.; Dowd, S.E. Comparison of Culture and Molecular Identification of Bacteria in Chronic
Wounds. Int. J. Mol. Sci. 2012, 13, 2535–2550. [CrossRef]

29. Rudkjøbing, V.B.; Thomsen, T.R.; Xu, Y.; Melton-Kreft, R.; Ahmed, A.; Eickhardt, S.; Bjarnsholt, T.; Poulsen, S.S.; Nielsen, P.H.;
Earl, J.P.; et al. Comparing Culture and Molecular Methods for the Identification of Microorganisms Involved in Necrotizing Soft
Tissue Infections. BMC Infect. Dis. 2016, 16, 652. [CrossRef]

30. Rhoads, D.D.; Cox, S.B.; Rees, E.J.; Sun, Y.; Wolcott, R.D. Clinical Identification of Bacteria in Human Chronic Wound Infections:
Culturing vs. 16S Ribosomal DNA Sequencing. BMC Infect. Dis. 2012, 12, 321. [CrossRef]

31. Dowd, S.E.; Sun, Y.; Secor, P.R.; Rhoads, D.D.; Wolcott, B.M.; James, G.A.; Wolcott, R.D. Survey of Bacterial Diversity in Chronic
Wounds Using Pyrosequencing, DGGE, and Full Ribosome Shotgun Sequencing. BMC Microbiol. 2008, 8, 43. [CrossRef] [PubMed]

32. Tuttle, M.S.; Mostow, E.; Mukherjee, P.; Hu, F.Z.; Melton-Kreft, R.; Ehrlich, G.D.; Dowd, S.E.; Ghannoum, M.A. Characterization
of Bacterial Communities in Venous Insufficiency Wounds by Use of Conventional Culture and Molecular Diagnostic Methods. J.
Clin. Microbiol. 2011, 49, 3812–3819. [CrossRef] [PubMed]

33. Brook, I.; Frazier, E.H. Aerobic and Anaerobic Bacteriology of Wounds and Cutaneous Abscesses. Arch. Surg. 1990, 125, 1445–1451.
[CrossRef] [PubMed]

34. Dowd, S.E.; Wolcott, R.R.D.; Kennedy, J.; Jones, C.; Cox, S.B. Molecular Diagnostics and Personalised Medicine in Wound Care:
Assessment of Outcomes. J. Wound Care 2011, 20, 232–239. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1524-475X.2007.00303.x
https://doi.org/10.1371/journal.pone.0027317
https://doi.org/10.1111/j.1524-475X.2009.00489.x
https://doi.org/10.1089/wound.2011.0301
https://doi.org/10.1078/1438-4221-00196
https://www.ncbi.nlm.nih.gov/pubmed/12195733
https://doi.org/10.1128/AEM.03022-05
https://doi.org/10.1128/IAI.02198-14
https://www.ncbi.nlm.nih.gov/pubmed/25156721
https://doi.org/10.1093/femspd/fty003
https://www.ncbi.nlm.nih.gov/pubmed/29342260
https://doi.org/10.1111/j.1524-475X.2012.00836.x
https://www.ncbi.nlm.nih.gov/pubmed/22985037
https://doi.org/10.1016/j.suc.2020.05.007
https://www.ncbi.nlm.nih.gov/pubmed/32681875
https://doi.org/10.1111/j.1742-481X.2012.01097.x
https://www.ncbi.nlm.nih.gov/pubmed/23145905
https://doi.org/10.1177/1099800408326169
https://doi.org/10.1016/j.jgar.2021.05.010
https://www.ncbi.nlm.nih.gov/pubmed/34144200
https://doi.org/10.1046/j.1524-475x.2001.00178.x
https://www.ncbi.nlm.nih.gov/pubmed/11472613
https://doi.org/10.1128/CMR.00110-14
https://www.ncbi.nlm.nih.gov/pubmed/25567228
https://doi.org/10.1128/mBio.01058-16
https://www.ncbi.nlm.nih.gov/pubmed/27601572
https://doi.org/10.1128/CMR.14.2.244-269.2001
https://doi.org/10.1046/j.1365-4362.1998.00445.x
https://doi.org/10.1007/s00248-018-1231-z
https://doi.org/10.3390/ijms13032535
https://doi.org/10.1186/s12879-016-1976-2
https://doi.org/10.1186/1471-2334-12-321
https://doi.org/10.1186/1471-2180-8-43
https://www.ncbi.nlm.nih.gov/pubmed/18325110
https://doi.org/10.1128/JCM.00847-11
https://www.ncbi.nlm.nih.gov/pubmed/21880958
https://doi.org/10.1001/archsurg.1990.01410230039007
https://www.ncbi.nlm.nih.gov/pubmed/2241555
https://doi.org/10.12968/jowc.2011.20.5.232
https://www.ncbi.nlm.nih.gov/pubmed/21647068


Int. J. Mol. Sci. 2024, 25, 411 13 of 16

35. Wolcott, R.D.; Cox, S.B.; Dowd, S.E. Healing and Healing Rates of Chronic Wounds in the Age of Molecular Pathogen Diagnostics.
J. Wound Care 2010, 19, 276–284. [CrossRef]
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