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ABSTRACT
Candidemia is a life-threatening bloodstream infection, most commonly caused by Candida albicans (C. albicans), and remains
a signifcant concern in immunocompromised patients. Rapid and accurate species-level detection is essential for efective clinical
management. Loop-mediated isothermal amplifcation (LAMP) is a robust nucleic acid amplifcation method that enables rapid
pathogen detection under isothermal conditions. This study developed and evaluated an ITS2-targeted LAMP assay for the
detection of C. albicans in human blood. Analytical sensitivity and specifcity were assessed using tenfold serial dilutions of DNA
from a standard C. albicans strain (1 ng–1 fg). Specifcity was tested against six other fungal species commonly involved in
bloodstream infections: C. tropicalis, C. krusei, C. neoformans, Fusarium spp., Aspergillus favus, and A. niger. The assay detected
C. albicansDNA at concentrations as low as 10 fg, surpassing conventional PCR, which detected down to 10 pg. No cross-reactivity
was observed with non-albicans species tested. Performance in blood was evaluated using artifcially spiked samples, in which the
assay consistently detected C. albicans at 101 CFU/mL under controlled experimental conditions. These fndings demonstrate that
the ITS2-based LAMP assay provides a rapid and sensitive molecular approach for the detection of C. albicans under the ex-
perimental conditions evaluated and may have potential as a complementary tool for candidemia detection following further
clinical validation.

1 | Introduction

Candida albicans (C. albicans) is a diploid fungus and a prom-
inent human pathogen, commonly residing as a commensal
organism in the gastrointestinal tract, oral cavity, and female
genital tract. Under certain conditions, however, it can act as an

opportunistic pathogen, causing infections that range from mild
mucosal disorders, such as oral thrush and vaginal candidiasis, to
life-threatening systemic diseases, including candidemia. Among
the approximately 150 species within the Candida genus,
C. albicans remains the most clinically signifcant, underscoring
its importance in both healthcare and research contexts [1].
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Candidemia, a serious bloodstream infection predominantly
caused by Candida, particularly C. albicans, is most frequently
observed in immunocompromised individuals, such as patients
undergoing chemotherapy or those with underlying immune
defciencies [2, 3]. Recognized as one of the most common types
of nosocomial bloodstream infections, candidemia contributes
substantially to patient morbidity and mortality, with rates
reaching up to 60% in vulnerable populations [4, 5]. The recent
rise in candidemia cases, coupled with its association with severe
clinical outcomes, highlights the urgent need for timely and
accurate diagnostic and therapeutic strategies. Early diagnosis,
however, is challenging due to nonspecifc clinical manifesta-
tions, including fever, chills, and fatigue, which often mimic
other infectious conditions [6, 7].

Accurate detection and species-level identifcation of Candida
are therefore critical for efective prevention, control, and
management of infections. In routine clinical laboratories, tra-
ditional blood cultures remain the gold standard, complemented
by a variety of conventional diagnostic techniques. These include
CHROMagar Candida for preliminary diferentiation, germ tube
formation for the rapid identifcation of C. albicans, chlamy-
doconidia production for morphological confrmation, and car-
bohydrate assimilation assays for species discrimination [8, 9].
Among these, CHROMagar Candida is one of the most widely
used culture media, providing preliminary identifcation based
on colony coloration. While rapid and cost-efective, this ap-
proach has limited discriminatory power, as similar pigmenta-
tion among species can complicate accurate diferentiation
[10, 11]. Similarly, other conventional methods, though valuable,
may fail to precisely identify uncommon or non-albicans species.
Accurate and timely diferentiation between C. albicans and non-
albicans Candida is especially crucial in patients with recurrent
infections [12]. Moreover, these methods are often time-
consuming, require skilled interpretation, and may yield am-
biguous or false results, emphasizing the need for more reliable
diagnostic strategies to enhance laboratory accuracy and support
efective clinical management of candidiasis.

In this context, loop-mediated isothermal amplifcation (LAMP)
has emerged as a powerful nucleic acid amplifcation technique
for the rapid and specifc identifcation of pathogens under iso-
thermal conditions [13, 14]. One of the key advantages of LAMP is
its operation at a constant temperature, eliminating the need for
a thermal cycler, which is required for conventional PCR. This
allows the assay to be conducted using simple equipment, such as
water baths, making it particularly suitable for resource-limited
settings [13, 14]. LAMP reactions are typically completed within
30–60min, considerably faster than traditional PCR, which re-
quires multiple thermal cycles and subsequent gel electrophoresis
for visualization [13, 14]. The method demonstrates high speci-
fcity and sensitivity by employing four to six primers targeting
multiple regions of the DNA, thereby enhancing amplifcation
efciency [13–15]. Furthermore, LAMP can be performed directly
from infected tissues, reducing both preparation time and pro-
cedural complexity, and providing a rapid and reliable alternative
for pathogen detection [13–15].

Despite the well-recognized advantages of the LAMP technique
for rapid and specifc pathogen detection, its application for
identifying C. albicans in cases of candidemia remains under-
explored. This study therefore aims to thoroughly evaluate the

performance of the LAMP assay for the direct detection of
C. albicans from human blood samples. In particular, it seeks to
assess the sensitivity, specifcity, and overall diagnostic accuracy
of LAMP in comparison with conventional polymerase chain
reaction (PCR), providing essential insights into its potential as
a rapid, reliable tool for timely diagnosis and improved clinical
management of candidemia.

2 | Materials and Methods

2.1 | Fungal Strains and Culture Conditions

Clinical reference strains of Candida albicans (C. albicans) DMST
5815, Candida tropicalis (C. tropicalis)DMST 15495,Candida krusei
(C. krusei) DMST 15317, Cryptococcus neoformans (C. neoformans)
DMST 15319, Fusarium spp., Aspergillus favus (A. favus) DMST
22950, and Aspergillus niger (A. niger) DMST 15538 were kindly
provided by the Division of Clinical Microbiology, Department of
Medical Technology, Faculty of Allied Health Sciences, University
of Phayao. All isolateswere subcultured on Sabouraud dextrose agar
(SDA) plates and incubated for 2–7 days under appropriate con-
ditions to ensure optimal growth and purity. Identifcation of
Candida species was carried out using conventional diagnostic
methods, including CHROMagar™ Candida, germ tube formation,
and chlamydoconidia production. For non-Candida fungal species,
identity and purity were verifed using standard microbiological
approaches, including colony morphology and microscopic exam-
ination (e.g., lactophenol cotton blue staining). In addition, all
isolates were independently verifed by experienced clinical mi-
crobiologists prior to subsequent experiments.

2.2 | Fungal DNA Extraction

Genomic DNA was extracted from fungal isolates using a silica
column–based purifcation method (Fungal DNA Extraction Kit
[Vivantis Technologies, Selangor Darul Ehsan, Malaysia]) fol-
lowing the manufacturer’s protocol. Briefy, 1–3mL of fungal
cultures grown overnight or at logarithmic phase was harvested
by centrifugation at 6000 × g for 5 min at room temperature, and
the supernatant was completely discarded. The cell pellets were
resuspended in 280 μL Bufer FuL and homogenized thoroughly
by vortexing. Subsequently, 20 μL of proteinase K was added, and
the samples were incubated at 65°C for 30min with intermittent
mixing to ensure complete lysis. The lysates were centrifuged at
≥ 14,000 × g for 5min, and the supernatants were transferred
into fresh tubes. Two volumes of Bufer FuB were added, fol-
lowed by incubation at 65°C for 10min. DNAwas precipitated by
the addition of 200 μL absolute ethanol and immediately mixed
to avoid uneven nucleic acid precipitation. The mixtures were
then applied to silica spin columns and centrifuged at 10,000 × g
for 1min. Columns were washed twice with 650 μL of wash
bufer, followed by centrifugation to remove residual ethanol.
Finally, DNA was eluted in 50 μL of preheated elution bufer and
stored at −20°C until use. DNA concentration and purity were
measured using a NanoDrop spectrophotometer (Thermo Fisher
Scientifc, Madison, USA).

2.3 | Optimization of LAMP Reaction

Five oligonucleotide primers recognizing seven conserved re-
gions within the internal transcribed spacer 2 (ITS2) gene of
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C. albicans were employed for the LAMP assay (Table 1), as
previously described by Kasahara et al. These primers con-
sisted of F3 (Forward Outer Primer) and B3 (Backward Outer
Primer), FIP (Forward Inner Primer), and BIP (Backward
Inner Primer), and a loop primer (LB), which together facil-
itate strand displacement amplifcation and enhance reaction
efciency [16]. The LAMP reaction was performed in a fnal
volume of 25 μL containing 1× isothermal bufer (New En-
gland Biolabs Inc., Ipswich, MA, USA), 6 mM MgSO4 (New
England Biolabs Inc.), 1.4 mM dNTPs (Vivantis Technologies,
Malaysia), 1.4 mM dUTP (New England Biolabs Inc.), 1.6 μM
each of FIP and BIP, 0.2 μM each of F3 and B3, 0.4 μM of LB,
0.32 U Bst DNA polymerase (New England Biolabs Inc.), 0.005
U Antarctic Thermolabile Uracil DNA Glycosylase (UDG)
(New England Biolabs Inc.), 0.5 μL of 50X Fluorescent dye
(New England Biolabs Inc., Ipswich, MA, USA), and DNA
template from fungal species. To minimize the risk of carry-
over contamination, all experimental procedures were con-
ducted under strict contamination control conditions.
Preamplifcation (reagent preparation and DNA extraction)
and postamplifcation (product analysis) steps were performed
in physically separated areas with dedicated equipment and
consumables. A unidirectional workfow was strictly main-
tained throughout the process. Aerosol-resistant flter tips
were used for all pipetting steps. In addition, dUTP was in-
corporated into the LAMP reaction mixture in combination
with thermolabile UDG to prevent carryover contamination
from previously amplifed products. Primer sequences
employed in this study are listed in Table 1.

The assay was optimized by testing fve incubation tempera-
tures (55°C, 60°C, 63°C, 65°C, and 70°C) and fve reaction times
(30 min, 40 min, 50 min, 60 min, and 70 min) to determine the
most suitable conditions for amplifcation. Amplicons were frst
inspected by direct visual observation at the completion of each
reaction. To further validate fuorescence-based detection, all
LAMP products were subjected to electrophoresis on 1.5%
agarose gels and visualized under UV illumination. The pres-
ence of a characteristic ladder-like banding pattern confrmed
the successful amplifcation of target DNA by the designed
primers.

2.4 | Conventional PCR

A conventional PCR assay targeting the ITS2 gene was performed
to compare its sensitivity with that of the LAMP method. The F3
and B3 primers were used as forward and reverse primers, re-
spectively. PCR amplifcation was carried out in a 20-μL reaction
mixture containing 2× Phusion Master Mix (Thermo Fisher
Scientifc, Madison, USA), 0.5 μM of each primer, DNA template
ranging from 1 fg to 50 ng, and 0.6 μL dimethyl sulfoxide
(DMSO). The cycling conditions consisted of an initial de-
naturation at 98°C for 30 s, followed by 30 cycles of 98°C for 10 s,
53°C for 30 s, and 72°C for 20 s, with a fnal extension at 72°C for
5 min. PCR products were stained with Novel Juice (Thermo
Fisher Scientifc), separated on 1.5% agarose gels, and visualized
under UV illumination. A DNA ladder was included in each run
to confrm the expected product size. Positive and negative
controls were included to ensure assay validity. The expected size
of the ITS2 amplicon generated using the F3 and B3 primers was
214 bp.
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2.5 | Analytical Sensitivity of the LAMP Assay

The analytical sensitivity of the LAMP assay was evaluated using
tenfold serial dilutions of genomic DNA extracted from C.
albicans, ranging from 1 ng to 1 fg per reaction. This concen-
tration range was selected to cover a broad dynamic range for
sensitivity assessment and was based on the reported copy
number of the ITS2 gene in C. albicans (approximately 55–110
copies per cell), thereby refecting biologically relevant gene copy
numbers. Each dilution was tested in fve independent replicates
to determine the lowest DNA concentration that could be reliably
detected. Serial dilutions were prepared in sterile nuclease-free
water and thoroughly mixed to ensure homogeneity. LAMP
reactions were performed under the optimized conditions de-
scribed above. Amplifcation was assessed by both visual in-
spection and agarose gel electrophoresis. Detection performance
at each concentration was expressed as the proportion of positive
results among the total number of replicates. Ninety-fve percent
confdence intervals (95% CI) were calculated using the binomial
exact (Clopper–Pearson) method. This approach allowed the
determination of the detection limit of the LAMP assay, pro-
viding a benchmark for its analytical sensitivity and compara-
bility with conventional PCR.

2.6 | Analytical Specifcity of the LAMP Assay

The analytical specifcity of the LAMP assay for C. albicans
detection was evaluated using genomic DNA from C. albicans
and six additional fungal species commonly associated with
bloodstream infections, including C. tropicalis, C. krusei, C.
neoformans, Fusarium spp., A. favus, and A. niger. Each DNA
sample was tested in fve independent replicates under the op-
timized LAMP conditions described above. Amplifcation was
assessed by both direct visual inspection and agarose gel elec-
trophoresis (1.5%), allowing verifcation of specifcity through the
presence or absence of the characteristic ladder-like banding
pattern. No amplifcation was observed for non-albicans fungal
species, whereas C. albicans DNA consistently produced a posi-
tive LAMP signal, indicating high analytical specifcity without
cross-reactivity. Detection outcomes were expressed as the
proportion of positive results among total replicates, and 95% CIs
were calculated using the binomial exact (Clopper–Pearson)
method. These results demonstrate that the LAMP assay exhibits
high specifcity and is suitable for the accurate detection of
C. albicans.

2.7 | Validation of the LAMP Assay for the
Detection of C. albicans in Human Blood

Human blood samples were kindly provided by the Blood Bank,
Department of Medical Technology, Phayao Hospital. All pro-
cedures involving human specimens were conducted in accor-
dance with ethical guidelines and were approved by the Human
Research Ethics Committee of the University of Phayao on
Health Sciences and Sciences and Technology (HREC-UP-HSST
1.1/055/68).

To evaluate assay performance,C. albicanswas cultured in 10mL
of Sabouraud dextrose broth (SDB) at 37°C for 24 h. Cell density
was determined using a UV–Vis spectrophotometer at 600 nm
(OD600 = 0.2), corresponding to the logarithmic growth phase.
For sensitivity assessment, C. albicans cells were enumerated
using a hemocytometer, and the cell concentration was adjusted

accordingly. This suspension was subsequently spiked into hu-
man blood to obtain a fnal concentration of 1 × 106 CFU/mL and
used as a stock for serial dilutions. Aliquots (1 mL) of whole
blood from fve independent healthy donors were then spiked
with C. albicans to achieve fnal concentrations ranging from 101

to 106 CFU/mL. Each sample was processed immediately for
downstream analysis.

DNA was extracted from the spiked samples as described above
and subjected to both the LAMP assay and conventional PCR.
Amplifcation was initially assessed by direct visual inspection
and subsequently confrmed by agarose gel electrophoresis
(1.5%). The presence of a characteristic ladder-like banding
pattern was considered indicative of successful amplifcation.
Detection outcomes were expressed as the proportion of positive
results among the total number of donors, and 95% CI were
calculated using the binomial exact (Clopper–Pearson) method.

Analytical specifcity in blood samples was evaluated using
C. albicans (106 CFU/mL) and six additional fungal species
commonly associated with bloodstream infections (106 CFU/
mL), including C. tropicalis, C. krusei, C. neoformans, Fusarium
spp.,A. favus, andA. niger. DNA extracted from each sample was
tested under the optimized LAMP conditions described above.
Amplifcation results were assessed by visual inspection and
confrmed by agarose gel electrophoresis. Detection outcomes
were expressed as the proportion of positive results among total
donors, and 95% CI were calculated using the binomial exact
(Clopper–Pearson) method.

3 | Results

3.1 | Optimization of LAMP Reaction

Five oligonucleotide primers designed to recognize seven con-
served regions of the ITS2 gene in C. albicans were employed in
the LAMP assay [16]. The outcome of the LAMP reaction could
be readily distinguished by the addition of LAMPfuorescent dye,
whereby negative reactions retained a colorless or pale green,
whereas positive reactions exhibited a distinct green fuores-
cence. To identify the optimal reaction temperature, LAMP as-
says were conducted for 1 h at fve temperature conditions (55°C,
60°C, 63°C, 65°C, and 70°C), employing 50 ng of DNA extracted
from C. albicans as templates. Positive amplifcation was ob-
tained at 60°C, 63°C, and 65°C, whereas no detectable fuores-
cence signal was observed at 55°C and 70°C (Figure 1A). In
addition, the positive LAMP reactions generated a characteristic
ladder-like pattern, consisting of multiple DNA fragments of
varying sizes extending up to the loading well, when analyzed on
a 1.5% agarose gel (Figure 1B). Among the efective temperatures,
60°C was selected for subsequent experiments as it consistently
produced clear amplifcation signals and was considered optimal
for stable and efcient reaction performance. Accordingly, 60°C
was chosen as the reaction temperature for subsequent
optimization.

Analysis of LAMP products obtained from varying incubation
periods revealed the absence of green fuorescence and DNA
laddering at 30 min, 40 min, and 50min (Figure 1C). Conversely,
clear positive signals accompanied by characteristic ladder-like
banding of comparable intensity were evident at 60 min and
70min (Figure 1D). These results indicate that an incubation
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period of 60 min is sufcient to ensure completion of the LAMP
reaction.

3.2 | LAMP Reaction Specifcity

To evaluate the specifcity of the LAMP assay, genomic DNA
extracted from C. albicans and six additional fungal species
commonly associated with bloodstream infections, including
C. tropicalis, C. krusei, C. neoformans, Fusarium spp., A. favus,
and A. niger, was subjected to analysis.

The assay produced a positive reaction exclusively for C. albicans
(5/5 replicates (100%, 95% CI: 47.8%–100%) (Figure 2A), indicating
high analytical specifcity under the conditions tested. To further

validate the fuorescence-based detection, all LAMPproducts were
analyzed using electrophoresis on a 1.5% agarose gel (Figure 2B).
This analysis revealed the characteristic ladder-like pattern in
samples containing C. albicans. In contrast, no amplifcation or
ladder-like banding was observed in DNA samples derived from
any of the other fungal species tested. The results indicated that
the LAMP assay is highly selective for C. albicans, showing no
cross-reactivity with the other fungal species tested. The observed
specifcity and characteristic amplifcation pattern support the
potential utility of the assay as a rapidmolecular detectionmethod
for C. albicans, although further evaluation using a broader range
of clinically relevant pathogens and clinical specimens will be
necessary to confrm its diagnostic applicability.

55°C
50 ng Neg

60°C
50 ng Neg

63°C
50 ng Neg

65°C
50 ng Neg

70°C
50 ng Neg

55°C
50 ng Neg

60°C
50 ng Neg

63°C
50 ng Neg

65°C
50 ng Neg

70°C
50 ng NegM

500 bp

250 bp

750 bp
1000 bp

10,000 bp

(A)

30 min
50 ng Neg 50 ng Neg 50 ng Neg 50 ng Neg 50 ng Neg

40 min 50 min 60 min 70 min

(B)

500 bp

250 bp

750 bp
1000 bp

10,000 bp

M

(C)

(D)

30 min
50 ng Neg 50 ng Neg 50 ng Neg 50 ng Neg 50 ng Neg

40 min 50 min 60 min 70 min

FIGURE 1 | The optimum temperature and incubation time of the LAMP reaction. Five diferent temperatures, including 55°C, 60°C, 63°C, 65°C,
and 70°C, at 1 h of incubation time (A, B). Five diferent reaction times, including 30min, 40min, 50min, 60min, and 70min, at 60°C (C,D). Sample
amount: 50 ng. M: 1 kb marker. Neg: sterile distilled water (negative control). LAMP, loop-mediated isothermal amplifcation.
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3.3 | Evaluation of the Sensitivity of the LAMP
Assay in Comparison With Conventional PCR

The analytical sensitivity of the LAMP assay was systematically
evaluated using tenfold serial dilutions of DNA extracted from
C. albicans, ranging from 50 ng to 1 fg, and was compared with
a conventional PCR assay targeting the same ITS2 region as
a baseline analytical reference. Remarkably, the assay was able
to detect DNA at concentrations as low as 10 fg, with positive
amplifcation observed in 5/5 replicates (100%, 95% CI: 47.8%–
100%) (Figure 3A), indicating the approximate analytical limit
of detection. In contrast, conventional PCR yielded positive
signals only down to 10 pg, also in 5/5 replicates (100%, 95% CI:
47.8%–100%) (Figure 3C). These fndings indicate that the
LAMP assay demonstrated greater analytical sensitivity than
conventional PCR in this experimental setting. To validate the

positive fuorescence observed in the reaction tubes, all LAMP
products were subjected to electrophoresis on a 1.5% agarose gel
(Figure 3B). The analysis revealed the characteristic ladder-like
pattern consistent with the fuorescence-based detection re-
sults. These observations collectively confrm that the de-
veloped LAMP assay not only provides superior sensitivity
compared with standard PCR but also ensures reliable ampli-
fcation across a wide range of DNA concentrations. Collec-
tively, these results demonstrated that the developed LAMP
assay was capable of detecting low concentrations of C. albicans
DNA, supporting the potential utility of the assay as a rapid
molecular detection approach for C. albicans. However, the
conventional PCR assay used in this study served primarily as
a baseline analytical comparator and should not be interpreted
as representing current standardized molecular diagnostic
methods for candidemia.
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FIGURE 2 | The specifcity of the LAMP reaction. 50 ng of DNA from diferent fungal strains, including C. albicans, C. tropicalis, C. krusei,
C. neoformans, Fusarium spp., A. favus, and A. niger. M: 1 kb marker. Neg: sterile distilled water (negative control). LAMP, loop-mediated isothermal
amplifcation.
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3.4 | Evaluation of the Efciency of the LAMP
Assay for Detecting C. albicans in Blood Samples

The performance of the LAMP assay for detecting C. albicans in
blood samples was evaluated using blood from fve healthy
donors spiked with defned concentrations of the organism,
ranging from 101 to 106 CFU/mL. This experimental design
allowed for a systematic evaluation of the assay detection ca-
pacity under conditions that closely mimic clinically relevant
scenarios. The performance of the LAMP assay was subsequently
compared with that of a conventional PCR assay used as
a baseline analytical comparator targeting the same ITS2 region.

Notably, the LAMP assay consistently detected pathogen DNA at
concentrations as low as 101 CFU/mL across all fve donor
samples (5/5 donors, 100%, 95% CI: 47.8%–100%). In contrast,
conventional PCR generated positive signals only at concen-
trations of 102 CFU/mL, also across all fve donor samples (5/5
donors, 100%, 95% CI: 47.8%–100%) (Figure 4A, C)). Under these
test conditions, the LAMP assay was approximately one order of
magnitude more sensitive than the comparison method. To
further confrm the fuorescence-based detection results, LAMP
amplifcation products were analyzed by agarose gel electro-
phoresis. The characteristic ladder-like banding pattern observed
was consistent with successful LAMP amplifcation (Figure 4B).

50 ng 25 ng 1 ng 100 pg 10 pg 1 pg 100 fg 10 fg 1 fg Neg

500 bp

250 bp

750 bp

1000 bp

10,000 bp

50 ngM 25 ng 1 ng 100 pg 10 pg 1 pg 100 fg 10 fg 1 fg Neg

60°C , 60 min

500 bp

250 bp

750 bp
1000 bp

10,000 bp

50 ng 25 ng 1 ng 100 pg 10 pg 1 pg 100 fg 10 fg 1 fg NegM

(A)

(B)

(C)

FIGURE 3 | The sensitivity of the LAMP reaction. C. albicans DNAs were amplifed by LAMP reaction at 60°C for 60min (A) compared with the
standard PCR (C). The gel electrophoresis images of LAMP-amplifedC. albicansDNA samples (B). M: 1 kbmarker. Neg: sterile distilled water (negative
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Collectively, these fndings demonstrate that this assay was ca-
pable of detecting low concentrations of C. albicans in artifcially
spiked blood samples under controlled experimental conditions

and support its potential utility as a rapid molecular detection
approach. However, because the conventional PCR assay served
primarily as a baseline analytical comparator rather than
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a clinically standardized molecular diagnostic method, and be-
cause evaluation was performed using spiked rather than clinical
specimens, further validation using clinical samples and stan-
dardized molecular assays will be necessary to establish di-
agnostic applicability in bloodstream infections.

3.5 | Evaluation of the Specifcity of the LAMP
Assay for Detecting C. albicans in Blood Samples

The specifcity of the LAMP assay for detecting C. albicans in
blood samples was evaluated by spiking human blood with
a panel of fungi commonly associated with bloodstream in-
fections, including C. tropicalis, C. krusei, C. neoformans,
Fusarium spp., A. favus, and A. niger, at a concentration of
106 CFU/mL. The assay generated positive amplifcation exclu-
sively in samples containing C. albicans across all fve donor
samples (5/5 donors, 100%, 95% CI: 47.8%–100%), while no
amplifcation was observed for any of the other fungal species
tested (Figure 5A). To further confrm the fuorescence-based
detection results, all LAMP products were analyzed by electro-
phoresis on a 1.5% agarose gel. The characteristic ladder-like
banding pattern, consisting of multiple DNA fragments of
varying sizes, was observed only in samples containing
C. albicans (Figure 5B). These fndings indicated high analytical
specifcity of the LAMP assay for detecting C. albicans in blood
samples under the experimental conditions evaluated. Never-
theless, further evaluation using a broader range of clinically
relevant pathogens and clinical specimens will be necessary to
more comprehensively assess its diagnostic applicability.

4 | Discussion

The ITS2 region of C. albicans, a clinically important pathogenic
yeast, plays a pivotal role in ribosomal RNA (rRNA) maturation
and is widely recognized as a reliable genetic marker in mo-
lecular and phylogenetic studies. As part of the ribosomal DNA
(rDNA) repeat unit, ITS2 exhibits an intriguing balance between
structural conservation and sequence variability. This duality not
only refects its essential function in ribosome biogenesis but also
provides a valuable molecular signature that distinguishes
C. albicans from closely related Candida species. Consequently,
ITS2 has emerged as a robust tool for species identifcation,
taxonomic classifcation, and the elucidation of evolutionary
relationships within the genus [16, 17].

In clinical microbiology, the ITS2 sequence has been extensively
employed to achieve rapid and accurate species-level identif-
cation, which is critical for guiding appropriate antifungal
therapy. Given the rising incidence of invasive candidiasis and
the intrinsic diferences in antifungal susceptibility among
Candida species, the discriminatory power of ITS2 provides
a signifcant advantage over conventional phenotypic methods.
Furthermore, its sequence variability enables precise diferen-
tiation between closely related taxa, thereby reducing mis-
identifcation that often complicates clinical outcomes [16, 18].

A set of LAMP primers (F3, B3, FIP, BIP, and LB) was specifcally
designed to target seven conserved regions within the ITS2 gene
of C. albicans [16, 18]. In this study, the optimal conditions for
the LAMP assay were identifed as 60°C for 60min, which
successfully facilitated the amplifcation of DNA from the
standard C. albicans strain. These parameters fall within the

temperature range commonly reported for LAMP reactions,
generally between 60°C and 65°C, where Bst DNA polymerase
exhibits maximal activity and stability [13, 14]. Comparable
fndings have been documented in previous studies. Notomi et al.
[19] frst demonstrated efcient amplifcation at 63°C, while
subsequent investigations on fungal pathogens, including
C. albicans, typically reported optimal performance within the
60°C–65°C range with incubation times of approximately 1 h
[18]. Likewise, Tomita et al. [20] suggested that a 60-min in-
cubation period is sufcient to achieve high sensitivity while
minimizing nonspecifc amplifcation. Taken together, the
present fndings are consistent with earlier reports, further
supporting the robustness and reproducibility of the LAMP
method under these conditions.

Fungal pathogens are increasingly recognized as signifcant
causative agents of sepsis, particularly among critically ill or
immunocompromised patients. Among these, Candida species
represent the most frequent cause, with C. albicans being pre-
dominant, although non-albicans species such as C. glabrata,
C. parapsilosis, and C. tropicalis are rising in prevalence in
healthcare settings [21, 22]. Other fungi, including Aspergillus
spp., Cryptococcus spp., and Fusarium spp., can also cause sys-
temic infections and sepsis, especially in patients with severe
immunodefciency [23, 24]. Risk factors for fungal sepsis include
prolonged intensive care unit stays, central venous catheteri-
zation, broad-spectrum antibiotic use, total parenteral nutrition,
neutropenia, and recent surgery [21, 25]. Rapid and accurate
detection of C. albicans and other fungal pathogens is therefore
crucial for guiding antifungal therapy and improving patient
outcomes. The ITS2-targeted LAMP assay optimized in the
present study provides a rapid and specifc molecular detection
approach under experimental conditions and may be useful for
future diagnostic applications following further clinical
validation.

LAMP is widely recognized for its high sensitivity in detecting
fungal genes, surpassing traditional methods such as multiplex
polymerase chain reaction (M-PCR). Previous studies have re-
ported that LAMP can achieve a sensitivity of 88%, compared to
56% for M-PCR, highlighting its superior capability to detect low-
abundance targets within fungal DNA samples [26, 27]. Fur-
thermore, LAMP has consistently outperformed conventional
PCR techniques, successfully amplifying DNA at concentrations
often too low for detection by PCR [27]. The quantitative per-
formance of LAMP can be evaluated by performing serial di-
lutions of target DNA, thereby determining the minimal
detectable amounts [28]. Collectively, these characteristics po-
sition LAMP as a robust and versatile tool, not only for the rapid
and sensitive diagnosis of fungal infections but also for functional
studies on fungal genetics, pathogenicity, and resistance
mechanisms [28]. In the present study, the assay demonstrated
remarkable sensitivity, detecting DNA at concentrations as low
as 10 fg, whereas conventional PCR yielded positive signals only
down to 10 pg, thereby confrming the signifcantly enhanced
sensitivity of the LAMP method.

In the present study, the performance of the LAMP assay for
detecting C. albicans in blood samples was systematically eval-
uated using spiked human blood with defned concentrations of
the organism ranging from 101 to 106 CFU/mL. This experi-
mental design enabled a controlled assessment of assay
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performance under conditions intended to approximate clini-
cally relevant scenarios. Conventional PCR was included pri-
marily as a baseline analytical comparator to facilitate relative
assessment of amplifcation sensitivity using the same ITS2 target
region, rather than as a representation of current clinical mo-
lecular diagnostic standards. In contemporary clinical practice,
standardized qPCR and other validated molecular assays are
generally preferred for candidemia detection because of their
superior sensitivity, reproducibility, and quantitative capability.
The LAMP assay consistently detected C. albicans at concen-
trations as low as 101 CFU/mL, whereas conventional PCR
yielded positive results only at 102 CFU/mL, suggesting an ap-
proximately one-log improvement in analytical sensitivity under
the tested conditions. These fndings are consistent with the

known advantages of LAMP, including high amplifcation ef-
ciency and tolerance to inhibitory substances commonly present
in complex biological samples.

However, quantitative PCR (qPCR) is widely recognized as
a reference molecular method for the detection of C. albicans,
ofering high analytical sensitivity—often reported to detect as
low as 5–10 CFU/mL in blood samples—along with the ad-
vantage of quantitative output through cycle threshold (Ct)
values [29, 30]. A limitation of this study is the absence of a direct
comparison with qPCR. While conventional PCR was selected as
a baseline method due to its accessibility and widespread use in
many laboratory settings, future studies incorporating stan-
dardized qPCR assays will be necessary to provide a more
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comprehensive evaluation of diagnostic performance. However,
the result of this study showed the same range of detection limit
as shown in previous study [29].

Another important limitation is that assay performance in blood
was evaluated primarily using artifcially spiked samples rather
than clinical specimens from patients with confrmed candide-
mia. Although spiked blood models are commonly used in early-
stage assay development to enable controlled evaluation of an-
alytical sensitivity, they do not fully replicate the complexity of
clinical samples. In real-world settings, factors such as low fungal
burden, intermittent fungemia, the presence of host-derived
inhibitors, and variability in sample processing can signif-
cantly impact diagnostic performance [30, 31]. Previous studies
have shown that fungal loads in candidemia are often low,
frequently below 1–10 CFU/mL, and that whole blood may
contain substances that inhibit nucleic acid amplifcation
[29, 30]. Additionally, this major limitation was unable to be
performed because there was no confrmed candidemia positive
case in our area during this study. Therefore, the current fndings
primarily refect analytical performance in a controlled experi-
mental model rather than confrmed clinical diagnostic
performance.

The benchmarking strategy in this study utilized a conventional
PCR assay based on the LAMP outer primers (F3/B3), allowing
both methods to target the same ITS2 region. This approach
minimizes variability related to target selection and facilitates
a controlled comparison of amplifcation performance. The use
of LAMP outer primers in conventional PCR has been reported in
previous studies as a baseline strategy for assay evaluation
[19, 32]. Nevertheless, this confguration does not represent
a standardized diagnostic method for candidemia. In clinical
practice, validated molecular assays, including species-specifc
PCR and qPCR, are generally preferred due to their higher re-
producibility, sensitivity, and level of standardization [30, 31].
Accordingly, the comparative fndings presented here should be
interpreted within the context of this methodological limitation.

In addition, the evaluation of analytical specifcity was per-
formed using a limited panel of non-albicans fungal species.
Although no cross-reactivity was observed, the panel does not
fully represent the diversity of clinically relevant pathogens as-
sociated with bloodstream infections. Notably, important species
such as C. glabrata [33, 34], members of the C. parapsilosis
complex [33, 34], and the emerging multi–drug-resistant path-
ogen C. auris [35] were not included. These organisms are fre-
quently implicated in candidemia and are critical targets for
diferential diagnosis in clinical settings. Therefore, the speci-
fcity results should be interpreted with caution, as they may not
fully refect assay performance against all clinically relevant
species. Future studies incorporating a broader range of fungal
pathogens will be essential to more comprehensively evaluate
assay specifcity and support its clinical applicability.

Although the assay is described as a rapid detection method, it
should be noted that the current workfow requires a DNA ex-
traction step prior to amplifcation. Therefore, the approach
represents an extraction-based molecular assay rather than true
direct amplifcation from whole blood. The total time-to-result,
including DNA extraction and amplifcation, remains relatively
short compared to conventional diagnostic workfows. However,
the requirement for sample preprocessing may limit immediate

point-of-care implementation. Future studies will focus on
simplifying the workfow, including the potential development of
extraction-free or minimal-processing protocols, to further en-
hance the applicability of the assay in clinical and resource-
limited settings.

Overall, the fndings of this study indicate that the LAMP assay is
a promising, rapid, and sensitive molecular approach for the
detection of C. albicans. However, further validation using
clinical specimens, expanded pathogen panels, and comparison
with standardized molecular diagnostics will be necessary to
establish its role in routine clinical practice.

5 | Conclusion

In conclusion, the ITS2-targeted LAMP assay represents a rapid
and sensitive molecular approach for the detection of C. albicans
under the experimental conditions evaluated in this study. By
combining the species-discriminatory capability of the ITS2 re-
gion with the efciency of isothermal amplifcation, the assay
demonstrated the ability to detect low concentrations of fungal
DNA and showed improved analytical sensitivity compared with
conventional PCR. The assay also demonstrated consistent
performance in artifcially spiked blood samples, with a detection
limit of 101 CFU/mL across donor samples under controlled
experimental conditions. In addition, the relatively simple
workfow, short turnaround time, and minimal equipment re-
quirements suggest potential applicability in laboratory settings
with limited resources. However, the fndings should be inter-
preted with caution due to several limitations, including the use
of spiked samples rather than clinical specimens, the limited
specifcity panel, and the absence of comparison with stan-
dardized molecular methods such as qPCR. Therefore, further
validation using clinical samples and expanded pathogen panels
will be necessary to more comprehensively evaluate diagnostic
performance and determine the potential applicability of the
assay in clinical settings. Overall, the ITS2-based LAMP assay
shows promise as a complementary molecular method for the
detection of C. albicans and warrants further investigation in
future clinical studies.
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