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Candida biofilms pose a significant complication in clinical settings due to
antifungal drug tolerance and the presence of persister cells. Biofilm-mediated
resistance is influenced by several associated factors, including the high density
and extracellular matrix characteristics of the biofilm, metabolic downregulation,
efflux pump activity, and stress-response signaling pathways, which ultimately
diminish drug permeability and effectiveness. Within biofilms, persister cells form
a small subpopulation of cells with unique phenotypic traits that enable them to
survive lethal antifungal exposure and promote the recurrence of infection.
Failure of antifungal treatments in eliminating biofilm and their resilient
communities suggests a need for new, adjunct treatment options Recent
findings have highlighted the therapeutic potential of probiotic-derived
metabolites for inhibiting certain aspects of biofilm behavior and survival. These
postbiotic compounds could offer a multi-faceted, low-toxicity treatment
approach that may be used as an adjunct with existing antifungal therapies.
Future investigations incorporating mechanistic studies, biofilm models, and drug
product development for metabolite formulations could lead to a new treatment
strategy for persistent Candida infections.

KEYWORDS
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1 Introduction

Candida species are ubiquitous fungal commensals of the human mucosa that can become
opportunistic pathogens, leading to a wide range of infections from superficial mucocutaneous
overgrowth to life-threatening disseminated candidiasis (Kojic and Darouiche, 2004; Nett and
Andes, 2020). A virulence trait contributing to many of the difficult-to-treat clinical infections
caused by Candida is its ability to form biofilms, i.e., structured microbial communities that
are attached to biotic or abiotic surfaces and embedded in an extracellular polymeric matrix
(Ramage et al., 2005; Gulati and Nobile, 2016). Biofilm formation is particularly clinically
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relevant as it often forms on indwelling medical devices (e.g., vascular
catheters, urinary catheters, prosthetic valves, endotracheal tubes) as
well as on mucosal surfaces and surgical sites. Device-associated
candidemia is associated with significant morbidity and mortality
(Kojic and Darouiche, 2004; Nobile and Johnson, 2015). Biofilm cells
exhibit collective phenotypes that differ from planktonic cells
including altered metabolism, increased stress response, altered cell
surface properties, and the secretion of a protective extracellular
matrix (ECM) creating a niche environment, together all these factors
contribute to their enhanced tolerance to antifungal therapy and
immune clearance (Fanning and Mitchell, 2012; Cavalheiro and
Teixeira, 2018; Nett and Andes, 2020; Atriwal et al., 2021).

The multifactorial antifungal tolerance of Candida biofilms is
attributable to several contributions. The biofilm ECM contains
polysaccharides, such as mannan-glucan complexes, extracellular
DNA, proteins, and extracellular vesicle cargo, that together impede
fungal penetration and may sequester antifungals, leading to
reduced effective concentration at the cell surface (Roy and Gow,
2023; Nett and Andes, 2020). In addition, cells in mature biofilms
exhibit altered gene expression patterns, with up-regulation of drug
efflux pumps and stress-response pathways (heat-shock proteins,
calcineurin signaling), metabolic shifts resulting in micro-niches
(areas with hypoxia or nutrient limitation) that diminish activity
from fungicidal drugs (Ramage et al., 2005; Robbins et al., 2011;
Fanning and Mitchell, 2012). Adaptation at the community level,
rather than individual resistance mutations, continues to explain
why biofilm-associated infections do not respond to standard
therapies, often requiring device removal or a combination of
therapies for cure (Nobile and Johnson, 2015; Cavalheiro and
Teixeira, 2018).

An additional clinically relevant phenomenon that occurs in
biofilms, in some conditions, is the presence of persister cells.
Persisters are phenotypic variants of an isogenic population that
can tolerate, for a limited period, exposures to very high
concentrations of antimicrobial agents, including antifungals,
without developing inheritable resistance mutations. The earliest
definitive experimental evidence of antifungal persisters in
C. albicans biofilms was presented by LaFleur and colleagues, who
demonstrated biphasic killing kinetics in biofilms exposed to
amphotericin B or chlorhexidine. They reported on a small
subpopulation that survived lethal exposures and then reseeded
growth in exposed biofilms (LaFleur et al., 2006). The concept of
lower viability subsequently continued to expand and become more
nuanced. In many bacterial biofilms, persisters are considered a
potential reservoir for relapse and the eventual emergence of
genetic resistance. The same holds for fungal infections, particularly
in relation to the potential for repopulation in biofilms depleted of an
antifungal agent (Lewis, 2010). Persister cell biology in Candida is
complex and is not universal. Some studies suggest that C. albicans
biofilms rarely contain cells that resist the above products, indicating
the formation of persistors is complex, strain-specific, and reliant on
experimental conditions (Denega et al., 2019). Together, these data
indicate that while persister cells likely contribute to treatment failure
in some settings, they are one of several interacting mechanisms,
alongside matrix sequestration, efflux activity, and metabolic
heterogeneity, that produce the high tolerance of Candida biofilms.
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Considering the limited antifungal classes available (azoles,
polyenes, echinocandins) and the clinical challenges of eliminating
biofilm-associated candidiasis, alternative or complementary
treatment strategies are becoming of interest. Probiotic-derived
metabolites (often termed “postbiotics” or “cell-free supernatants
from probiotics”) are a class of interest. Bacterial probiotics
(Lactobacillus/Lactiplantibacillus spp.) and probiotic yeasts
(Saccharomyces boulardii) are capable of secreting organic acids
(lactic acid, acetic acid, a variety of short-chain fatty acids), fatty
acids (medium-chain fatty acids, like capric acid), and bacteriocin-
like peptides and other small molecules that can suppress adhesion,
hyphal transition, biofilm formation, and planktonic growth of
Candida in vitro (Murzyn et al., 2010; Garcia-Gamboa et al., 2024;
Noverr and Huffnagle, 2004). Mechanistic studies indicate that some
metabolites from probiotics downregulate hypha- and adhesion-
associated genes (HWP1), disrupt membrane integrity, acidify the
microenvironment, and interfere with quorum sensing and matrix
production (Jiang et al., 2016; Ribeiro et al., 2017). Systematic reviews
of postbiotics and other mechanistic studies extend the notion of
characterized microbial metabolites as adjuncts that are stable and
safe, avoiding some of the potential risks of live-microbe therapy,
especially in immunocompromised patients (Malagon-Rojas et al.,
2020; Zdybel et al., 2025; Prajapati et al., 2023; Aguilar-Toala
et al., 2021).

Recent epidemiological studies demonstrate substantial species-
specific and geographic variability in antifungal resistance across
different forms of candidiasis, as summarized in Table 1. Data from
national surveillance programs and multicenter studies indicate
that non-albicans Candida species, particularly Candida glabrata,
C. tropicalis, C. parapsilosis, and C. auris, exhibit higher and more
variable resistance rates compared with C. albicans, especially in cases
of candidemia and other invasive infections. Resistance patterns also
differ markedly by antifungal class and region; for example,
echinocandin resistance in C. glabrata bloodstream isolates remains
relatively low in the United States but shows an increasing trend,
underscoring emerging therapeutic challenges. Collectively, these
findings highlight the dynamic and region-dependent nature of
antifungal resistance in Candida species and emphasize the need
for continuous surveillance and alternative or adjunctive treatment
strategies to manage resistant infections (Arendrup & Patterson,
2017; Pfaller et al,, 2019; Nguyen, and Ren, 2025; Kaur et al., 2016).
In parallel with these resistance trends, the global population of
immunocompromised individuals, including patients with
malignancies, transplant recipients, individuals with HIV infection,
and those receiving immunosuppressive therapies, is steadily
increasing, further amplifying the clinical burden and therapeutic
complexity of resistant candidiasis (Sahu et al., 2026a; Sahu et al.,
2025; Mallick et al., 2025; Das et al, 2026; Sahu et al., 2026b).
Consequently, resistance rates are disproportionately higher among
non-albicans Candida species in these vulnerable patient populations.

Importantly, treatment efficacy against Candida biofilms is
highly strain- and species-dependent (Gulati and Nobile, 2016;
Nett and Andes, 2020). Clinical and laboratory studies have
demonstrated substantial variability among C. albicans isolates, as
well as between C. albicans and non-albicans Candida species, in
terms of biofilm architecture, extracellular matrix composition,
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TABLE 1 Species-specific antifungal resistance patterns in different forms of candidiasis across geographic regions.

Reference Region  Clinical context

Species

Resistance findings

Fl 1 ist ~92.5%, i le ~49%,
Achilonu et al.,, 2025 Global MDR C. auris C. auris uconazo. e' resistance *> voriconazole ’
amphotericin B ~51%
Baniodeh et al,, 2024 Palestine Various candidiasis C. albican‘s, C glabrata, C. tropicalis, High frequencyt of NAC species which were often more
C. parapsilosis resistant to antifungal agents
Bilal et al,, 2022 Ma'inland Candidemia C. albican's, C glabrata, C. tropicalis, Fluc?nézole susceptibility: C. glabrata ~79.4%, C.
China C. parapsilosis tropicalis ~77.95%
Relatively high azole & micafungin resistance in non-
Kajihara et al., 2022 Japan Candidemia C. glabrata, C. tropicalis, C. krusei anvely g &
albicans species
Verma et al., 2021 India Candidiasis C. albican‘s, C glabrata, C. tropicalis, NAC resistance high; C. glabrata (~20.69%), C. albicans
C. parapsilosis (~10.34%)
S tri ith 80-100% resist i ifi
Odoj et al., 2024 Europe Candidemia C. glabrata, C. parapsilosis om'e countries wi 0 resistance in specihic
species
Yamin et al,, 2022 Global Candidemia C. parapsilosis Fluconazole resistance ~15.2%
CDC, 2024 USA Candidemia C. glabrata Echinocandin resistance ~2% but rising
Osaigbovo et al., 2024 Africa C. auris infections C. auris ~91.3% fluconazole resistance; amphotericin B ~20.5%

efflux pump expression, stress-response activation, and persister
cell formation (Gulati and Nobile, 2016; Denega et al., 2019; Nett
and Andes, 2020). These differences directly influence susceptibility
to conventional antifungals and adjunctive strategies, including
probiotic-derived metabolites (Kaur and Nobile, 2023). As a
result, therapeutic responses observed in one strain or species
cannot be universally extrapolated, underscoring the need for
strain-inclusive evaluation when assessing anti-biofilm and anti-
persister interventions (Denega et al., 2019; Kaur and Nobile, 2023).

The aim of this review is to summarize recent mechanistic and
clinical evidence about how the combination of Candida biofilms
and persister cells leads to antifungal tolerance, and the emerging
literature on probiotic-derived metabolites as anti-biofilm and anti-
persister therapy, emphasizing the mechanistic data, advantages
and limitations of existing in vitro and in vivo studies, and potential
future “postbiotic” therapies for adjunctive treatment.

2 Modulation of Candida biofilm
resistance and virulence mechanism

Candida biofilms are characterized by the presence of an ECM,
a dynamic, self-formed structure of macromolecules that encases
sessile cells and alters the microenvironmental parameters of the
biofilm community. Biochemical and compositional analyses of
multiple Candida species indicate that the ECM has a high
composition of polysaccharides, notably o-mannans and
branched o-1,6/ct-1,2 mannan and some B-glucan species,
notably B-1,6 glucan, extracellular DNA (eDNA), and a diverse
protein repertoire (enzymes and structural proteins) as well as some
lipids and extracellular vesicle cargo (Pierce et al., 2017; Nett and
Andes, 2020). The components of the ECM will vary in
stoichiometry during different stages of biofilm development and
differ among species; however, their relative presence creates a
hydrated, viscoelastic gel that serves to stabilize intercellular
connections, promote adhesion to surfaces, and sequester factors
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from both the host and/or other microbes. Recent reviews and
experimental studies suggest that the ECM is not simply a passive
scaffold: polysaccharides of the matrix and matrix-associated
proteins actively bind small molecules and drugs, and matrix-
derived extracellular vesicles provide additional enzymatic and
structural factors that stabilize the integrity of the matrix (Roy
and Gow, 2023; Pierce et al., 2017). Because of these properties, the
matrix both physically slows the diffusion of antifungal agents and
chemically interacts with them (for example, binding azoles or
polyenes), thereby reducing the effective antifungal exposure to cells
embedded deep in the biofilm (Nett and Andes, 2020; Roy and
Gow, 2023).

Efflux pumps create an additional, complementary layer of
tolerance associated with the existence of biofilms. Gene profiling
and activity studies indicate that members of two major families of
transporters, ATP-binding cassette (ABC) transporters (CDRI,
CDR2) and the major facilitator superfamily (MFS, e.g. MDR1),
are upregulated in the early biofilm community. However,
persistence can occur in the mature biofilm (Atriwal et al., 2021).
Upregulation may occur prior to any antifungal exposure,
emphasizing that the activation of efflux is an inherent biological
feature of the biofilm lifestyle, rather than a strictly downstream
response to drugs. Inhibition of efflux, an experimental paradigm,
has demonstrated reduced biofilm tolerance in in vitro models.
Recent reviews suggest that efflux-mediated drug export is an
actionable target to sensitize biofilms to conventional agents (Ren
et al., 2024; Kaur and Nobile, 2023). It is essential to acknowledge
that efflux contributes differently to tolerance, depending on both
the drug class (efflux being particularly informative for azoles) and
the fungal species, based on their transporter repertoire and
expression time course.

Cellular stress-response pathways represent another key
mechanism of survival for biofilm cells challenged with antifungal
drugs. Biofilm growth is linked to the activation of highly conserved
stress-response signaling cascades, primarily the heat shock protein
(Hsp) network (Hsp90/Hsp70 and their co-chaperones), the
calcineurin signaling pathway, and downstream gene expression
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responses, all of which help maintain protein folding, cell wall
integrity, and ionic homeostasis under drug- and host-imposed
stressors (Gong et al., 2017; Cowen, 2009; Roy and Tamuli, 2022;
Ren et al., 2024). Hsp90, in particular, serves to stabilize client
proteins, including calcineurin, important for tolerating azole,
echinocandin, and polyene fungicidal activity; either
pharmacologic or genetically induced destabilization of Hsp90-
calcineurin signaling enhances fungicidal activity against biofilms
(Cowen and Lindquist, 2005; LaFayette et al., 2010; Singh et al.,
2009; Gong et al., 2017; LeBlanc et al., 2020). Recent mechanistic
work also demonstrates that stress-response activation is
mechanistically linked to biofilm-specific signaling phenotypes,
including matrix biogenesis, metabolic reprogramming, and
oxidative-stress resistance and persistence formation, which
shows that stress pathways protect both individual cells and
function to support community-level responses (Ren et al., 2024;
Wang et al.,, 2025; Robbins et al., 2011; Uppuluri et al., 2018).
Together, these signaling systems represent central regulators of
drug tolerance in Candida biofilms and are key targets for
antifungal-sensitizing strategies.

Modified membrane and cell physiology, specifically
modulation of sterol biosynthesis and membrane composition,
further reduces susceptibility to drugs in biofilms. Upregulation
or modulation of genes involved in the ergosterol biosynthetic
pathway (ERG family), as well as modifications to sterol content,
may alter the binding or activity of polyenes, and in the case of
azoles, change the abundance of the target enzyme (lanosterol 140.-
demethylase), which affects its activity. Biofilm cells also remodel

TABLE 2 Detailed mechanisms of antifungal resistance in Candida biofilms.

Molecular/cellular
components

Mechanism

Effect on antifungal susceptibility

10.3389/frabi.2026.1767028

the components of their plasma membrane lipid composition and
cell wall architecture, which contribute to physical and biochemical
changes that reduce drug uptake or increase tolerance to
membrane-directed stress (Atriwal et al., 2021; Kaur and Nobile,
2023). These changes to membranes are often integrated alongside
efflux and stress-response pathways, producing layered
irregularities that contribute to tolerance.

Metabolic variation in biofilms, including areas of nutrient
limitation, oxygen gradients, and slow-growing or metabolically
quiescent subpopulations, plays a crucial role in determining the
efficacy of drugs. Many antifungals exert activity during the specific
metabolic state of active growth and/or divided cells; therefore, the
cells in micro-niches with low metabolic activity or hypoxia can
tolerate exposures to the agent, while planktonic cells proliferating
in their exponential phase can be killed (Pierce et al., 2017; Wall
et al,, 2019). This metabolic downregulation is also important when
generating and/or maintaining persister cells, which are transiently
dormant, drug-tolerant phenotypes that can reseed biofilms when
they are no longer under drug pressure. Together, the interactions
in time and space of matrix-mediated sequestration, efflux, stress-
response buffering, membrane remodeling, and metabolic
quiescence produce the antifungal tolerance seen in clinical
biofilms. This complexity explains why single-target therapies
often fail and why a multi-modal or adjunctive approach is
indicated to eradicate device-associated and mucosal biofilm
infections. Table 2 summarizes the central cellular, biochemical,
and structural mechanisms contributing to antifungal tolerance in
Candida biofilms.

Drug classes References

affected

Extracellular B-1,3/1,6-glucans, mannan-glucan

Matrix complexes, eDNA, matrix proteins,
extracellular vesicles

Efflux Pumps CDR1, CDR2 (ABC family); MDR1 (MFS

ECM binds/sequesters drugs, slows diffusion
into deeper layers, and protects embedded cells

Active export of azoles; increased pump

Pierce et al., 2017; Nett
and Andes, 2020; Roy and
Gow, 2023

Azoles, polyenes,
echinocandins

Mainly azoles Atriwal et al., 2021; Ren

family) expression in biofilms increases drug efflux et al., 2024; Kaur and
Nobile, 2023
Stress-Response Hsp90 chaperone, calcineurin, Crzl Stabilization of stress proteins; cell-wall repair; Azoles, Cowen, 2009; Gong et al.,
Pathways transcription factor, heat-shock proteins survival under antifungal stress echinocandins, 2017; O’Meara et al., 2017
polyenes
Membrane & ERG genes, altered ergosterol content, Reduced binding of azoles/polynes; altered Azoles, polyenes Kaur and Nobile, 2023;
Ergosterol and membrane fluidity regulators permeability; increased membrane rigidity Atriwal et al., 2021
Remodeling
Metabolic Hypoxic zones, nutrient-deprived layers, Fungicidal drugs are ineffective against slow- Mostly fungicidal ‘Wall et al., 2019; Pierce
Heterogeneity & slow-growers, dormant cells growing cells; survival of metabolically inactive drugs (polyenes, et al, 2017
Quiescence phenotypes echinocandins)

Matrix-associated EV cargo: polysaccharides, enzymes, f3-

Reinforce matrix structure; deliver materials for

All antifungal classes Zarnowski et al., 2014;

Extracellular glucan modifying factors ECM synthesis Matheé, and Van Dijck,
Vesicles 2013

Cell-wall PKC-MAPK pathways, chitin synthase Thickened cell wall reduces drug penetration; Mainly LeBlanc et al., 2020;
Remodeling upregulation compensatory chitin increases echinocandin echinocandins Robbins et al., 2011
Pathways tolerance

Oxidative Stress SODs, catalases, glutathione pathways

Defense survival

Detoxify ROS generated by antifungals; enhance

da Silva et al., 2021;
Wauyts et al,, 2018

Polyenes, some
azoles

ECM, Extracellular Matrix; eDNA, Extracellular DNA; EVs, Extracellular Vesicles; ABC, ATP-Binding Cassette; MFS, Major Facilitator Superfamily; CDR, Candida Drug Resistance; MDR1,
Multidrug Resistance 1; Hsp90, Heat Shock Protein 90; Crzl, Calcineurin-Responsive Zinc-finger 1; ERG genes, Ergosterol Biosynthesis Genes; PKC, Protein Kinase C; MAPK, Mitogen-

Activated Protein Kinase; SODs, Superoxide Dismutases; ROS, Reactive Oxygen Species.
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3 Persister cells in Candida biofilms

Candida biofilms are composed of a unique population of
phenotypic variants that survive the use of fungicidal agents but
do not pass on their traits through hereditary means. They are
considered a non-heritable group of persister cells because they do
not contain stable mutations, unlike the resistant mutant forms of
fungi, which result in an increased minimal inhibitory
concentration (MIC). The persisters survive drug exposure by
being transiently tolerant, metabolically altered, or dormant until
removed from the drug treatment. Only in this state can persister
cells maintain their population density during the course of
treatment and rebuild their population numbers once treatment
ceases (Lewis, 2010; LaFleur et al., 2006). The persistent state occurs
in fungal biofilms and has been defined in terms of its clinical
significance and application (Denega et al., 2019; Uppuluri et al.,
2018; Delarze and Sanglard, 2015).

Experimentally, the presence of persister cells in Candida
biofilms is most often inferred from biphasic killing curves: when
mature biofilms are challenged with high concentrations of a
fungicidal agent, a rapid initial kill reduces the majority of the
population but is followed by a plateau or much slower kill rate in
which a small surviving fraction persists despite prolonged exposure
(Lewis, 2010; LaFleur et al., 2006). LaFleur et al’s classic study
demonstrated this biphasic response in C. albicans biofilms exposed
to amphotericin B and chlorhexidine and identified surviving cells
that could reseed biofilm growth after drug removal, the operational
signature of persisters (LaFleur et al., 2006). Subsequent studies
across Candida species and clinical isolates have reproduced
biphasic kinetics in many, but not all, settings, and the size of the
persister fraction is highly variable, depending on the strain,
substrate, and growth conditions (Denega et al., 2019).

Instead of single-gene resistance mechanisms, molecular
investigations of persister cells indicate coordinated transcriptional
and metabolic reprogramming (Lewis, 2012). Differential regulation
of genes involved in sterol biosynthesis (ERG1, ERG25) and cell-wall/
matrix polysaccharide pathways (including B-1,6-glucan-associated
genes like SKN1 and KRE1) has been reported in comparative
expression studies and targeted analyses of biofilm subpopulations.
These findings are consistent with altered membrane and cell-wall
physiology in persister-enriched cells (Attavar, 2010). Additionally,
persisters exhibit gluconeogenic flow and energy storage pathways
(trehalose and glycogen buildup), which are metabolic indicators of a
transition to a quiescent, stress-protected state (Kuczynska-Wisnik
et al,, 2015 Wuyts et al.,, 2018). These changes plausibly reduce the
efficacy of drugs that rely on active metabolism or target ergosterol
biosynthesis, while simultaneously helping persisters tolerate
membrane- or ROS-mediated damage.

Persister survival is mainly dependent on stress-response
mechanisms. Persisters are frequently shielded from drug-induced
oxidative stress and apoptosis-like pathways by molecular
chaperones (most notably Hsp90 and small heat-shock proteins),
the calcineurin signaling pathway, and enhanced antioxidant
defenses (superoxide dismutases and other ROS-detoxifying
enzymes) (O’Meara et al,, 2017; Gong et al., 2017; Li et al., 2021).
In particular, Hsp90 stabilizes important signaling clients, such as
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calcineurin, allowing cells to mount efficient cell-wall and
membrane stress responses; in several models, disruption of
Hsp90 or calcineurin makes biofilm cells more susceptible to
antifungal agents (O’Meara et al, 2017; Gong et al,, 2017; Li
et al.,, 2021). Furthermore, persisters frequently display
upregulation of the ROS-detoxification machinery and stress-
protective storage molecules (trehalose, glycogen), which together
blunt the lethal effects of fungicide-induced oxidative damage and
support recovery once the drug pressure subsides (da Silva et al.,
2021; Kuczynska-Wisnik et al., 2015; Wuyts et al., 2018).

Despite strong evidence for persisters in numerous experimental
systems, significant debates and methodological limitations persist in
the field. Some of the earlier findings may represent heterogeneous
drug penetration, transient microenvironmental drug gradients, or
assay artifacts rather than actual phenotypic persistence because
several meticulously controlled reports have failed to find a
stable persister subpopulation in some C. albicans strains or under
particular experimental protocols (Denega et al., 2019). Whether
biphasic killing is observed depends on several factors, including
inoculum, substrate (plastic vs. mucosal tissue), biofilm age, drug
exposure schedules, and detection sensitivity. As a result, apparent
disagreements in the literature frequently reflect experimental context
rather than a single biological phenomenon (Wuyts et al., 2018).
Consensus reviews emphasize that persister formation in Candida is
highly context- and strain-dependent, and that rigorous assay
standardization and single-cell analyses are needed to resolve
outstanding discrepancies.

Clinically, persister cells are invoked as a possible explanation
for relapsing device-associated infections, when removal of the
biofilm source is often necessary for treatment, and recurring
mucosal infections (such as recurrent vulvovaginal candidiasis).
Although direct in-patient persister identification is still technically
challenging, in vivo and ex vivo biofilm models (rodent catheter
and denture models, tissue explants) replicate biofilm architecture
and have been used to show treatment failure and regrowth
consistent with persister-mediated relapse (Li et al., 2015; LaFleur
et al., 2006). To prevent relapse, strategies targeting metabolic
dormancy, stress-response buffering (Hsp90/calcineurin), ROS
detoxification, or matrix-associated protection are being actively
investigated as supplements to standard antifungal regimens
(Wuyts et al., 2018; Robbins et al., 2011). The major physiological
and molecular features of Candida persister cells are summarized
in Table 3.

4 Therapeutic challenges and current
strategies

4.1 Limitations of conventional antifungals
and the need for biofilm-specific adjuncts

Examples of the current antifungal drug classes used in clinical
practice include the azoles, such as fluconazole; the polyenes,
including amphotericin B; the echinocandins, including
caspofungin and flucytosine. These antifungal agents are active
against many Candida species in their planktonic (free-floating)

frontiersin.org


https://www.frontiersin.org/journals/antibiotics
https://www.frontiersin.org

Debta et al.

TABLE 3 Detailed characteristics of Candida persister cells.

Feature

Molecular/physiological basis

Effect on antifungal
susceptibility

10.3389/frabi.2026.1767028

Associated pathways/
biomarkers

References

Non-heritable
Drug Tolerance

Persisters arise from transient metabolic/
physiological states rather than stable ERG or
drug-target mutations

Survive concentrations >100x
MIC; can regrow after
treatment stops

Phenotypic heterogeneity;
transient downregulation of
growth pathways

Lewis, 2010; Delarze
and Sanglard, 2015

Biphasic Killing

Majority population rapidly killed, small

Leads to treatment failure

Classic persister phenotype

LaFleur et al., 2006;

Kinetics persistent subpopulation remains,plateau in despite high-dose fungicidal indicator Wouyts et al,, 2018
killing curve drugs

Metabolic decrease Glycolysis, increase gluconeogenesis; Fungicidal drugs are ineffective | Trehalose synthase, glycogen Kuczynska-Wisnik

Dormancy/Slow accumulation of energy-storage molecules on non-growing cells synthase upregulation et al,, 2015; Wuyts

Growth (trehalose, glycogen) et al, 2018

Activation of
Stress Response
Pathways

Hsp90 protects key signaling proteins; calcineurin
stabilizes cell-wall repair; antioxidants reduce
ROS toxicity

Enhances survival under azoles,
echinocandins, polyenes

Hsp90-calcineurin axis; SODs,
catalases

Li et al., 2021; O’Meara
et al,, 2017; Gong et al.,
2017

Oxidative Stress

Increased ROS-detoxification enzymes and redox

Polyenes and some azoles

SOD2, catalase (CAT1),

da Silva et al., 2021

Resistance buffering generate ROS; persisters glutathione pathways
survive
Cell-Wall & Increased chitin synthesis, altered lipid Reduces drug entry; Chitin synthase, ERG gene Robbins et al., 2011
Membrane composition compensates for echinocandin modifications
Remodeling damage
Strain- and Persisters appear only in some C. albicans strains | Not all isolates form persisters Depends on substrate, nutrient Denega et al,, 2019
Condition- and specific biofilm models experimental variability conditions, and drug regimen
Dependence

Matrix-Associated

Protection

Persisters are often found deep inside biofilm
matrix niches

ECM limits drug penetration,
facilitates persister survival

B-glucan-rich ECM
microenvironments

Pierce et al., 2017; Nett
and Andes, 2020

MIC, Minimum Inhibitory Concentration; Hsp90, Heat Shock Protein 90; ROS, Reactive Oxygen Species; SODs, Superoxide Dismutases; CAT1, Catalase 1; ECM, Extracellular Matrix.

forms. However, there is a significant challenge associated with
these antifungal agents in treating biofilms formed by Candida,
particularly those that are associated with medical devices and
mucosal surfaces. The nature of biofilms results in substantial
alterations in how antifungal agents access the cells of the biofilm
and how the biofilm cells respond to these agents. For example, the
structure of the ECM sequesters antifungal agents and slows down
the diffusion of the antifungal agent to the cells of the biofilm, the
efflux pumps and stress response systems in the biofilm cells are
markedly upregulated. Thus, the concentration of the antifungal
agent that is exposed to the cells of the biofilm is considerably lower
than the concentration of the same antifungal agent that would be
active against the planktonic cells (Nett and Andes, 2020; Kaur and
Nobile, 2023). These various community-level phenotypes that
develop due to the biofilm lifestyle result in lower effective drug
concentrations at the target site and lower efficacy of fungicidal
mechanisms that require the biofilm cells to actively metabolize
(e.g., azole antifungals targeting ergosterol biosynthesis). In the
clinical arena, this translates into a much higher minimum biofilm
eradication concentration (MBEC) than would be expected based
on the planktonic MIC, a frequent occurrence of treatment failure
or relapse when the device is still in place, and the need for removal
of the device or extended length of time receiving combination
therapy (Roy and Gow, 2023). Because the mechanisms that confer
tolerance to antifungal agents are multifactorial and partly
redundant, the use of single-agent therapy alone is often
insufficient, thus motivating research to develop adjunctive,
biofilm-targeted therapeutic strategies rather than relying on
increasing the doses of existing antifungal agents (Kaur and
Nobile, 2023; Roy and Gow, 2023).
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4.2 Experimental approaches targeting
persisters and biofilm tolerance

Because both the persisters and other biofilm defenses are
phenotypic, the means by which biofilms become resistant are
methods that have been effective in vitro and in animal models to
enhance the sensitivity of pathways that provide resilience against
fungal stress, or to disrupt the structure of the biofilm matrix
physically. An important approach to this area is the inhibition of
the chaperone proteins involved in the fungal stress response, and
their clients (the molecules they pick up and help keep stable).
pharmacological inhibition of HSP90 (such as geldanamycin) and/
or genetic perturbation of HSP90-calcineurin signaling increase the
efficacy of azoles and echinocandins against biofilms and reduce the
survival of persisters in experimental studies (Cowen, 2009; Robbins
et al.,, 2011). Calcineurin inhibitors (such as tacrolimus and
cyclosporin A) have also been shown to act in synergy with azoles
to reduce resistance levels in specific biofilm assays; however, their
immunosuppressive properties make their systemic use problematic
and favour the use of calcineurin inhibitors in topical or device
coating applications (Kaur and Nobile, 2023; Kiraz et al., 2025). These
inhibitors of the stress pathways are also viewed as adjuvants because
they most likely will not eradicate biofilm when used as a single agent.
However, they can provide the breakdown of the stress buffer that
allows persisters to be present at lower levels of antifungal activity,
thereby maximizing the activity of azoles against biofilm (Figure 1).

In addition to inhibiting pathways, membrane- and peptide-
based strategies are being considered that would allow for the
direct permeabilization or destabilization of biofilm cells.
Membranotropic Peptides (gH625 analogues) have been
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Regulatory network governing C. albicans biofilm development and dispersal. Enhanced Filamentous Growth protein 1 (EFG1), TEA/ATTS domain-
containing transcription factor 1 (TEC1), Biofilm and Cell Wall Regulator 1 (BCR1), Agglutinin-Like Sequence protein 1 (ALS1), Agglutinin-Like
Sequence protein 3 (ALS3), Agglutinin-Like Sequence protein 5 (ALS5), Agglutinin-Like Sequence protein 6 (ALS6), Agglutinin-Like Sequence protein
7 (ALS7), Agglutinin-Like Sequence protein 8 (ALS8), Enhanced Adherence to Polystyrene protein 1 (EAP1), Extent of Cell Elongation protein 1 (ECE1),
Hyphal Wall Protein 1 (HWP1), Chitinase 2 (CHT2), Regulator of Biofilms 1 (ROB1), Repressed by TUP1 protein 1 (RBT1), Flocculation protein 8 (FLO8),
Biofilm Regulator 1 (BRG1), Non-Dityrosine 80-like transcription factor (NDT80), Galactose Metabolism Regulator 4 (GAL4), Regulatory Factor X 2

(RFX2), Negative Regulator of Growth 1 (NRG1), Pescadillo homolog 1 (PES1), Heat Shock Protein 90 (HSP90).

demonstrated to breach the ECM, allowing for improved antifungal
penetration of compounds when combined with conventional
treatments to kill persister-derived biofilms in vitro. These
compounds are appealing due to their ability to work across
multiple mechanisms (increased membrane disruption +
increased antifungal uptake) and their potential to work in
conjunction with standard antifungal medications; however,
further optimization is required to ensure their stability/
effectiveness in vivo and safety for use in the human body
(Galdiero et al., 2020).

4.3 Matrix-disrupting adjuvants and
enzymatic dispersal strategies

Enzymatic or chemical disruption of the ECM is a potential
option for addressing drug sequestration limitations resulting from
poor tissue penetration, and it has been extensively studied in the
literature. Examples of matrix-degrading enzymes include glycoside
hydrolases (including B-1,3/1,6-glucanases and mannanases),
DNases (targeting extracellular DNA), and proteases. These
enzymes can be used to metabolize ECM structural components
(Wang et al., 2023) and reduce biofilm differentials by converting
sessile cells into planktonic cells that are more susceptible to
antimicrobial therapy. In addition, to date, studies with various
bacterial and fungal systems have demonstrated that both enzyme-
modified coatings and targeted enzyme on devices enhance the
penetration of antifungals into biofilm structures and increase the
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killing power of antifungals against biofilms. For Candida infection
in vitro, both B-glucanases and matrix-targeting agents reduced
MBEC and enhanced the effects of echinocandins and polyenes
(Tanetal., 2018; Wang et al., 2023). A similar pathway for achieving
this goal is through the use of anti-biofilm enzyme coatings or
adjuvant slow-release devices to prevent the formation of mature
and poorly treatable biofilms. Limitations of this technology include
enzyme stability, the immunogenic potential of enzymes, and the
necessity of creating enzyme mixtures tailored to the specific matrix
chemistry of each organism.

4.4 Gaps and future directions

4.4.1 Need for better in vivo and clinically
relevant models

Translational research is lacking in confirming the in vitro
biofilm data (obtained using microtiter plates and flow devices) in
the context of a human infection. Animal in vivo device studies
(such as those on catheters and implants in rodents) were used to
investigate the same types of host inflammatory responses (immune
responses) and consider other factors that can significantly impact
biofilm structures, matrix content, and antimicrobial susceptibility
of biofilms (Nett et al., 2010). Many of these anti-biofilm agents that
demonstrated efficacy in vitro will ultimately fail to work in vivo
when tested against the immune system and/or other factors
affecting the pharmacodynamics of the drug (such as drug

frontiersin.org


https://www.frontiersin.org/journals/antibiotics
https://www.frontiersin.org

Debta et al.

clearance from the bloodstream and kinetics). Standardized,
reproducible animal and ex vivo models that reflect polymicrobial
niches, immune interactions, and clinically relevant exposure to
anti-biofilm agents will enable the testing of adjunctive strategies
against biofilm development prior to transitioning to clinical
practice (Nett et al., 2010; Malinovska et al., 2023).

4.4.2 Biomarkers and diagnostics for persister
detection

Clinical biomarkers that accurately identify persister cells in
human samples are not currently available. When attempting to
diagnose either candidemia or biofilm infections and determine the
severity of the infection, physicians primarily rely on laboratory
cultures, molecular assays, and serum tests (e.g., B-D-glucan or
mannan/anti-mannan), which indicate the total fungal burden but
do not necessarily correlate with the existence of persistence-related
reservoirs. There are many promising new technologies (e.g., single-
cell transcriptomics, metabolic reporters, or molecular signatures)
that could be utilized as candidate biomarkers for persistence-
enriched states; however, these technologies still require controlled
clinical studies for further validation and optimization (Chen, 2025;
Wang et al., 2025). If implemented, the use of these biomarkers will
lead to better utilization of adjunctive agents targeting persistence, as
well as improved ability to monitor the risk of relapse.

4.4.3 Strategies to prevent persister formation
and enable eradication

Emergence of persistent fungi can be prevented through
methods that support early, proactive intervention rather than
waiting until established resistance has developed. There are
several potential prevention strategies: (1) combining standard
antifungals with other agents that affect stress response pathways,
such as Hsp90/calcineurin inhibitors and membrane-active
peptides, within a single treatment regimen. This approach aims
to eliminate any chance of survival for persisting fungal cells by
providing an environment that does not favour their survival and
proliferation; (2) introducing prophylactic coatings on medical
devices that inhibit adherence and the development of biofilms
on implanted devices; (3) employing metabolic stimulants (also
called metabolic potentiators) to move dormant cells past their non-
drug-susceptible state to a drug-susceptible state immediately
following exposure to an antifungal drug; and (4) employing
rationally designed postbiotics, defined as products derived from
probiotic work (e.g., probiotics) and created specifically to target
both the inhibition of adhesion or the transition of yeast to
filamentous hyphal forms, as well as sensitizing biofilm-forming
cells to the effects of antifungal drugs. Multiple studies have
provided proof of principle for the effectiveness of combination
therapies (e.g., Hsp90 inhibition plus azole antifungals, peptides
plus amphotericin B), as well as in vitro/future animal models
demonstrating that these therapies can effectively eradicate
persistent biofilms. However, further work is necessary to
determine the optimal dosing, delivery route, and safety for these
treatments before they can be used clinically (Galdiero et al., 2020;
Robbins et al., 2011; Kaur and Nobile, 2023).
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5 Probiotic-derived metabolites:
therapeutic potential

In in vitro studies and increasingly in preclinical studies,
numerous types of metabolites (secretory or chemically diverse)
secreted by yeasts and probiotics include short- and medium-chain
fatty acids, organic acids (e.g., lactic acid and acetic acid),
biosurfactants, and small-sized aromatic compounds. Demonstrate
antifungal and anti-biofilm effectiveness against the increasing
prevalence of Candida spp. In early research and well-referenced
studies, Saccharomyces boulardii culture filtrate (containing
medium-chain fatty acids, with capric acid (C10:0) as the main
fatty acid) has demonstrated the following: inhibiting hyphae
formation, promoting hyphal transition, decreasing C. albicans’
adherence, and lowering biofilm formation by inhibiting virulence-
related genes (HWP1 and CSH1) (Suchodolski et al., 2021). Multiple,
later studies from all five genera of probiotic bacteria have confirmed
and expanded on these findings, including culture filtration (“post-
biotic”) of Lactobacillus spp. (including L. rhamnosus, L. casei, L.
acidophilus, and L. plantarum) demonstrated that these products
were capable of inhibiting the initial phases of C. albicans biofilm
formation and to impart a reduction in adhesion to non-living
surfaces and to inhibit the yeast-to-hypha formation of Candida, a
critical morphologic switch for the development of a well-structured
biofilm Architecture. These inhibitory effects are observed both
when probiotics are present as live cells and when only their
secreted metabolites (postbiotics) are applied, indicating that
soluble molecules alone can mediate a significant portion of the
anti-Candida activity (Matsubara et al., 2016; Garcia-Gamboa
et al., 2024).

The degree to which probiotics affect various pathogens will
depend on the type of probiotic strain, the developmental stage of
the pathogens, and whether the strains have been previously
exposed to their target pathogens. Laboratory-made products
using L. rhamnosus and L. casei supernatants were effective in
decreasing the amount of biofilm formed during the initial stages of
Candida infection and preventing the growth of filamentous fungi
(Matsubara et al., 2016; Song and Lee, 2017). For Candida
infections caused by non-albicans species, both L. gasseri and L.
rhamnosus disrupted the established biofilms (after 24 hours of
growth) by decreasing the number of viable cells present in those
biofilms (Tan et al., 2018). Certain types of probiotic products (e.g.,
defined L. plantarum postbiotic products) also show a similar level
of efficacy against candidiasis infection in laboratory-developed
(artificially created) mycotic (fungus) populations, and to some
degree in mixed populations of Candida spp., suggesting that their
effectiveness might be enhanced within larger mixed populations of
varying microorganisms (Garcia-Gamboa et al., 2024).
Pediococcus-derived strains (e.g., Pediococcus acidilactici HWO01)
have also been shown to exhibit similar anti-Candida activities by
disrupting biofilm growth and formation. However, the factors
responsible for this inhibition are primarily due to the production
of organic acids, rather than traditional peptide-type bacteriocins
(Kim and Kang, 2019). Together, these studies indicate that the
potential of commercially available probiotic secretomes to inhibit
biofilms formed by multiple species of microorganisms is quite wide
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(there are likely many different strains in the family of probiotic
bacteria that have inherent properties to inhibit the formation of
biofilms within the same family). A detailed summary of key
probiotic-derived metabolites, their mechanisms, and anti-
Candida effects is presented in Table 4.

Lactobacilli produce organic acids (lactic, acetic and short-chain
fatty acids) that help lower the local environment’s pH, thus making
it difficult for filamentation and biofilm formation to occur. In
addition, these organic acids may help “uncouple” the cellular
metabolic activities of certain types of fungi from their ability to
respire normally, resulting in a hypersensitivity to other stress
agents (Paniagua et al., 2021; Garcia-Gamboa et al., 2024).
Medium-length chain fatty acids (for example, capric acid) can
intercalate into fungal cell membranes, disrupting their
normal hydrophobic properties and interfering with their
ability to adhere to one another through their biophysical
attachment sites. Furthermore, certain biosurfactant-producing
probiotic microorganisms can lower the surface tension of liquid
food products, thereby inhibiting the formation of stable
membranes upon contact with non-biological surfaces (Murzyn
et al.,, 2010). These observations have been confirmed by numerous
studies, which have demonstrated that exposure to probiotics leads
to the downregulation of genes associated with virulence and
biofilm development in the fungi being exposed (Murzyn et al.,
2010; Poon and Hui, 2023).

Additionally, multiple studies have demonstrated that the
metabolites produced by probiotics can interact with those
produced by other naturally occurring products or traditional

TABLE 4 Probiotic-derived metabolites and their anti-Candida activities.

10.3389/frabi.2026.1767028

antifungal medications. Several reported instances have
demonstrated that combining honey and probiotic filtrates or
low-dose antifungals with probiotic postbiotics leads to decreased
biofilm biomass and reduced viability, as measured in vitro. The
synergistic effect of probiotic postbiotics weakening certain defenses
(adhesion, matrix, morphology) of multi-species biofilms would
ultimately restore access to antifungals as well as potency against the
pathogens (Garcia-Gamboa et al.,, 2022). Mixed species biofilms,
which typically contain both Candida and bacteria on either a
mucosal surface or a device surface, are particularly effective in
responding to the actions of probiotic filtrates. Data has shown that
treatment with Lactobacilli supernatants or combinations of other
probiotics results in lower polymicrobial biofilm thickness and
lower matrix density than does treatment with a non-probiotic
agent (Song and Lee, 2017; Garcia-Gamboa et al., 2024).

Despite promising in vitro and ex vivo findings, significant
limitations and gaps persist between research and clinical practice.
The effectiveness of postbiotics is variable based on strain and method
of preparation: Only some Lactobacillus strains or methods of
preparing postbiotics produce antifungal activity that is comparable
to that produced by other strains or methods of preparing postbiotics;
and the concentrations that are effective in vitro are often greater than
those that can be achieved in vivo without delivering the product
directly to the desired site of action (via a targeted delivery system).
The stability, standardization, and safety of concentrated postbiotics
require assessment, particularly for individuals who are
immunocompromised. The use of concentrated postbiotics in
immunocompromised patients may be contraindicated, particularly

Postbiotic/
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Mechanism of action
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Notes/additional
insights
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when using probiotic forms of Lactobacillus. Coatings for devices or
topical formulations that contain defined postbiotics are two methods
of providing high concentrations at the desired site of action while
also minimizing the risk of exposure to postbiotics in other locations
(Garcia-Gamboa et al, 2024; Murzyn et al, 2010). Most of the
evidence regarding the ability of postbiotics to prevent or treat
biofilm-associated candidiasis remains preclinical. Very few
randomized clinical trials have evaluated the effect of postbiotics on
the prevention/treatment of biofilm-associated candidiasis; however,
the available data from both mechanistic and animal-model studies
provide strong justification for developing these products for
clinical use.

Available evidence indicates that probiotic-derived metabolites
display both concentration-dependent and time-dependent
antifungal activity against Candida species. Several studies
demonstrate that increasing metabolite concentration enhances
immediate inhibition of fungal growth, filamentation, and biofilm
formation, whereas prolonged exposure, particularly at sub-
inhibitory levels, progressively disrupts biofilm maturation,
extracellular matrix integrity, and fungal viability. These
pharmacodynamic patterns have been consistently observed
across organic acids, fatty acids, and complex postbiotic
preparations, highlighting that exposure duration is a critical
determinant of anti-biofilm efficacy in addition to dose. These
findings support the need for sustained delivery strategies when
translating probiotic-derived metabolites into clinical or device-
associated applications (Murzyn et al., 2010; Matsubara et al., 2016;
Paniagua et al., 2021; Garcia-Gamboa et al., 2024).

6 Challenges and limitations of
probiotic approaches

6.1 Variability across strains and products

A significant barrier to developing effective treatments for
Candida with postbiotics or probiotics is the high level of
heterogeneity among different strains within the same species
(Dube et al., 2020). For instance, isolates of L. rhamnosus or L.
plantarum that have been classified as belonging to the same species
exhibit a wide range of metabolite profiles, surface characteristics,
and stress tolerance, depending on the conditions under which they
were grown. In vitro, these differences manifest as differences in
antifungal and anti-biofilm activity (Ansari et al., 2019; Spaggiari
et al., 2024). Metabolomic investigations have demonstrated that
even related species of lactic acid bacteria produce different levels of
some small molecules (e.g., inosine and indole-3-lactic acid) that
likely contribute to strain-specific antifungal activity against
virulence factors (Spaggiari et al., 2024). Commercial probiotic
products vary in terms of strain and often lack strain identifiers
on their labels, making it challenging to replicate results and relate
outcomes observed in clinical trials to their mechanistic basis
(Ansari et al, 2019). Because the antifungal and anti-biofilm
activities of probiotics and postbiotics depend on strain and
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growth conditions, recommendations based solely on the species
of the organism are not appropriate for translating postbiotics into
clinical products. Selecting the correct strain, controlling the growth
and harvest conditions, and quantifying the chemical composition
of the active fraction will be necessary for the successful translation
of postbiotics into clinical products.

Similarly, variability among Candida strains further contributes
to differences in treatment outcomes (Kaur and Nobile, 2023). Non-
albicans Candida species often exhibit reduced susceptibility to
azoles and distinct biofilm-associated tolerance mechanisms
compared with C. albicans (Gulati and Nobile, 2016; Nett and
Andes, 2020). Even within C. albicans, clinical isolates display
heterogeneous responses to antifungals and postbiotic compounds
due to strain-specific differences in matrix density, efflux transporter
expression, metabolic state, and capacity to generate persister cells
(Denega et al., 2019; Nett and Andes, 2020). Consequently,
probiotic-derived metabolites and other adjunctive therapies may
show differential efficacy across strains, reinforcing the importance
of incorporating multiple clinical isolates and species in future
translational and clinical studies (Kaur and Nobile, 2023).

6.2 Stability, formulation, and delivery
challenges

While cell-free supernatants and probiotic metabolites
(postbiotics) exhibit strong anti-Candida properties in vitro,
maintaining effective concentrations of these compounds at their
target sites in vivo presents many challenges. In addition to
demonstrating safety and efficacy through large-scale clinical trials
for postbiotics, other issues related to producing large quantities of
postbiotics (including yield and stability during storage and subsequent
processing) must also be considered. Production of short-chain fatty
acids, medium-chain fatty acids, and small peptides, followed by
formulation, requires stability and safety testing specific to the
formulation method. Delivery systems, such as controlled-release gel
formulations, impregnated coatings for medical devices, and
mucoadhesive gels, have been developed to provide a means of
delivering high levels of postbiotics to target sites while limiting
systemic exposure; however, each delivery system must undergo
individualized testing for stability and safety prior to being utilized in
humans. Additionally, the development of processes for reproducibly
producing specific postbiotics in industrial-scale quantities poses an
ongoing regulatory and technical challenge for postbiotic research.

7 Emerging horizons and strategic
research priorities

To accelerate the identification of postbiotics that can effectively
target biofilm tolerance, a high-throughput discovery of metabolites
and secretomes that act as anti-persisters will be necessary. There is
growing evidence that a persister-based screen is possible,
considering the development of a persister-based assay that can
scale, as demonstrated by Petersen et al (Petersen et al., 2024). This
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really underscored the possibility of developing a drug-
susceptibility assay that screens explicitly for compounds that are
active against persister cells. They demonstrated this in the context
of bacterial persisters, while addressing experimental parameters
(i.e., starvation, exposure regimen) that enriched for persistent
states, based on the design of their screen, which enabled the
testing of large libraries of chemical compounds. In principle,
similar persister-aware high-throughput screens could be adapted
to investigate probiotic secretomes (i.e., cell-free supernatants and
fractionated metabolomes) to systematically identify molecular
motifs capable of killing or sensitizing fungal persisters, rather
than solely inhibiting growth. Such screening would follow or
combine automated fractionation (LC-MS guided), reliable
miniaturized persister assays, and orthogonal readouts (viability,
metabolic reporters, single cell imaging) to limit false positives that
inhibit or kill only growing cells (Petersen et al., 2024).

Research in probiotic synthetic biology and metabolic
engineering opens another promising avenue: it is possible to
rationally engineer probiotics to overproduce specific antifungal
metabolites, biosurfactants, or even secrete modified enzymes
capable of degrading elements found within fungal matrices.
Recent reviews and empirical studies have demonstrated that
CRISPR/Cas, recombineering, and heterologous-expression
toolkits enable the precise engineering of lactic acid bacteria and
other probiotic chassis (Mugwanda et al., 2023; Ma et al., 2022).
Engineered strains could establish localized factories (e.g., a vaginal
gel or denture coating containing an engineered Lactobacillus
capable of excreting the stable anti-biofilm peptide), or the
secretome of the engineered strain could be purified and
developed as a ready-defined postbiotic while mitigating the
outset risks of using live microbes with the highest-risk patients
(Yang et al., 2025; Ling et al., 2023).

Ultimately, screening and mechanistic investigations must
occur in physiologically relevant models. Although simple
microtiter-plate biofilm assays are ideal for initial triaging, they
do not recapitulate the host factors (flow, shear, and adsorbed host
proteins), polymicrobial interactions, immune effectors, or device
materials. Achieving the translational goal will require the careful
standardized use of ex vivo and in vivo models (catheter and
denture rodent models, organoids and mucosal explants, and
microfluidic “organ-on-chip” systems) that will permit controlled
gradients and polymicrobial communities to be evaluated for both
efficacy and host interactions with Candidate functional postbiotics
and engineered probiotics (Nett et al., 2010; Carvalho et al., 2020;
Andes et al., 2004; Ricicova et al., 2010). These models will further
test whether Candidate metabolites penetrate the matrix, reach
persister niches, or remain active in complex biological fluids.

7.1 Therapeutic development

Translating discovery into therapy will require defining product
concepts and combination strategies. Two complementary paths are
promising: (1) established postbiotic formulations - purified,
chemically characterized metabolites, or metabolite mixtures that
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are formulated for topical or local use (gels, mouth rinses, vaginal
suppositories, device coatings); and (2) adjunctive combination
therapy where postbiotics are administered with existing
antifungals to weaken biofilm defenses (inhibit hyphal transition,
reduce matrix, suppress stress responses) and enable the use of
lower antifungal doses to achieve eradication. Preclinical studies
suggest a synergistic effect between membrane-active agents, stress-
pathway inhibitors, and conventional antifungals (Galdiero et al.,
2020; Iyer et al., 2022).

Designing the delivery system should focus on achieving high
local concentrations with low systemic exposure factors, such as
slow-release catheter coatings or mucoadhesive gels, to fully
leverage activity against embedded persisters and minimize toxic
effects on the host (Gao et al, 2024). Proof-of-concept clinical
translation is being initiated, with registered clinical trials underway
to assess postbiotic intravaginal preparations as adjunct therapy for
vulvovaginal candidiasis (ClinicalTrials.gov NCT06474247). These
trials demonstrate the regulatory and logistical pathways for the
development of topical postbiotics. These pioneering clinical efforts
will need to be scaled and coordinated with comprehensive
pharmacokinetic/pharmacodynamic (PK/PD) studies that
measure local metabolite concentrations, activity against biofilm
samples ex vivo, and microbiome impacts to ensure efficacy and
prevent dysbiosis (Pedro et al., 2023).

7.2 Regulatory and translational
considerations

Safety, standardization, and manufacturability will determine
whether valuable laboratory discoveries become viable medicines.
At this moment, although regulatory clarity on postbiotics is
developing, because they are chemically defined metabolites rather
than live organisms, they are likely to follow a pathway similar to that
of small molecule active pharmaceutical ingredients, which involves
rigorous impurity profiling, stability, dose-range toxicology, and local
tolerability studies, among other considerations. However, this also
differs by jurisdiction and indication. Standardized assays for
characterization (both untargeted and targeted metabolomics,
activity-guided fractionation, identity/potency assays) are distinctly
needed so that batches are reproducible, and mechanisms are
traceable (Prajapati et al., 2023; Mishra et al., 2024).

Safety testing should match its intended route and population.
Topical formulations for denture stomatitis or intravaginal gels will
likely require local mucosal toxicity and microbiome-impact studies.
For indwelling-device coatings, the focus needs to be on
biocompatibility, durability, and leaching, all of which are assessed
in a manner that mimics realistic flow conditions. For more at-risk
patients (e.g., immunocompromised, catheterized), non-viable
postbiotic formulations should be preferred over live probiotic
formulations to lower the risk of sepsis and translocation. As a
parallel to safety, ecological impact, i.e., whether postbiotics disrupt
commensal bacterial communities or select for resistant opportunistic
taxa, is also prime for agency consideration in approval and clinical
application (Doron and Snydman, 2015; Prajapati et al., 2023).
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The translational pathway would benefit from early thoughts
from materials science, clinical, and regulatory experts to “co-
design” delivery formats (e.g., special nanocomposite
antimicrobial coatings that rapidly kill persisters on catheters)
and to co-plan staged clinical trials with microbiological markers
of success (i.e., MBEC reduction and no relapse) and not just
surrogates of colonization. Integrated preclinical — to first-in-
human — to indication-specific randomized clinical trials (RCTs)
would be ideal candidates to combine mechanistic readouts (local
drug/metabolite concentration, biofilm imaging, single-cell
viability) with clinical readouts and, in advanced preclinical
studies, local drug/metabolite concentrations.

8 Conclusion

Candida biofilms continue to pose a considerable therapeutic
challenge due to their complex combination of biofilm-mediated
resistance mechanisms and surviving persister cells that cause
antifungal resistance and infection relapse. Recently, metabolites
derived from probiotics have emerged as novel adjunctive agents
that can inhibit adherence, reduce hyphal development, disrupt
biofilm structure, decrease virulence, and potentially impact
persister-like subpopulations. Although results are encouraging in
vitro, challenges related to metabolite stability, barriers to delivery,
as well as strain variability and safety issues, need to be addressed
before considering clinical use. Continued mechanistic studies,
improved biofilm and persister models, refined metabolite
formulations, and carefully controlled clinical trials are necessary
to fully realize the benefits of postbiotics in combination with
integrated approaches for treating persistent Candida infections.

Author contributions

PD: Conceptualization, Writing — original draft, Writing - review
& editing. BS: Writing — original draft. SP (*** Author): Writing —
original draft, Writing — review & editing. FD: Writing - original
draft, Writing — review & editing. EM: Conceptualization, Writing —
original draft, Writing - review & editing. SP (*" Author):
Conceptualization, Writing - original draft, Writing - review
& editing.

References

Achilonu, C. C,, Barwatt, W. ], Kottom, T. J., Oladele, R. O., Ramatla, T., and Limper,
A. H. (2025). Global prevalence of multidrug-resistant Candida auris in humans
between 2015 and 2024: A systematic review and meta-analysis. Med. mycol. 63,
myaf107. doi: 10.1093/mmy/myaf107

Aguilar-Toala, J. E., Arioli, S., Behare, P., Belzer, C., Berni Canani, R., Chatel, J. M., et al.
(2021). Postbiotics—When simplification fails to clarify. Nat. Rev. Gastroenterol.
Hepatol. 18, 825-826. doi: 10.1038/s41575-021-00521-6

Andes, D., Nett, J., Oschel, P., Albrecht, R., Marchillo, K., and Pitula, A. (2004).
Development and characterization of an in vivo central venous catheter Candida
albicans biofilm model. Infection Immun. 72, 6023-6031. doi: 10.1128/IAL.72.10.6023-
6031.2004

Frontiers in Antibiotics

12

10.3389/frabi.2026.1767028

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

Acknowledgments

The authors express their sincere gratitude to the authorities of
IDS, SUM hospital, SOA University and KIMS, Bhubaneswar, for
their continued support and for providing the necessary facilities
that enabled the successful completion of this review.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Ansari, J. M., Colasacco, C., Emmanouil, E., Kohlhepp, S., and Harriott, O. (2019).
Strain-level diversity of commercial probiotic isolates of Bacillus, Lactobacillus, and
Saccharomyces species illustrated by molecular identification and phenotypic profiling.
PloS One 14, €0213841. doi: 10.1371/journal.pone.0213841

Arendrup, M. C., and Patterson, T. F. (2017). Multidrug-resistant Candida:
epidemiology, molecular mechanisms, and treatment. The Journal of Infectious
Diseases 216 (suppl_3), S445-5451.

Atriwal, T., Azeem, K., Husain, F. M., Hussain, A., Khan, M. N., Alajmi, M. F,, et al.
(2021). Mechanistic understanding of Candida albicans biofilm formation and
approaches for its inhibition. Front. Microbiol. 12, 638609. doi: 10.3389/
fmicb.2021.638609

frontiersin.org


https://doi.org/10.1093/mmy/myaf107
https://doi.org/10.1038/s41575-021-00521-6
https://doi.org/10.1128/IAI.72.10.6023-6031.2004
https://doi.org/10.1128/IAI.72.10.6023-6031.2004
https://doi.org/10.1371/journal.pone.0213841
https://doi.org/10.3389/fmicb.2021.638609
https://doi.org/10.3389/fmicb.2021.638609
https://www.frontiersin.org/journals/antibiotics
https://www.frontiersin.org

Debta et al.

Attavar, S. (2010). Investigation of antifungal resistance exhibited by Candida albicans
(The University of Utah ProQuest Dissertations & Theses: The University of Utah).

Baniodeh, H., Abu-Helu, R., Abulihya, M., Awwad, M. Y., Dawoud, A., Tebbji, F., et al.
(2024). The first prevalence and antifungal susceptibility profile of Candida infections
in Palestin. BMC Infect. Dis. 24, 1142. doi: 10.1186/s12879-024-10062-3

Bilal, H., Shafig, M., Hou, B., Islam, R,, Khan, M. N,, Khan, R. U,, et al. (2022).
Distribution and antifungal susceptibility pattern of Candida species from mainland
China: a systematic analysis. Virulence 13, 1573-1589. doi: 10.1080/
21505594.2022.2123325

Carvalho, F. M., Teixeira-Santos, R., Mergulhao, F. J., and Gomes, L. C. (2020). The use
of probiotics to fight biofilms in medical devices: A systematic review and meta-
analysis. Microorganisms 9, 27. doi: 10.3390/microorganisms9010027

Cavalheiro, M., and Teixeira, M. C. (2018). Candida biofilms: threats, challenges, and
promising strategies. Front. Med. 5, 28. doi: 10.3389/fmed.2018.00028

Centers for Disease Control and Prevention (2024). Data and statistics on candidemia
(U.S. Department of Health and Human Services). Available online at: https://www.
cdc.gov/candidiasis/data-research/facts-stats/ (Accessed April 24, 2024).

Chen, L. (2025). mSphere of Influence: Diagnosis of antifungal tolerance and
persistence. mSphere 10 (8), €00029-25.

Cowen, L. E. (2009). Hsp90 orchestrates stress response signaling governing fungal
drug resistance. PloS Pathog. 5, €1000471. doi: 10.1371/journal.ppat.1000471

Cowen, L. E., and Lindquist, S. (2005). Hsp90 potentiates the rapid evolution of new
traits: drug resistance in diverse fungi. Science 309, 2185-2189. doi: 10.1126/
science.1118370

Das, S., Mallick, U., Sahu, B., Turuk, J., Sahu, M., and Panda, S. (2026). Clinical
mycology: Understanding pathogenesis, diagnosis, and antifungal strategies for
invasive fungal infections: A review. Microbes Infect Dis 7 (1), 713-734.

da Silva, M. A., Baronetti, J. L., Paez, P. L., and Paraje, M. G. (2021). Oxidative
imbalance in candida tropicalis biofilms and its relation to persister cells. Front.
Microbiol. 11, 598834. doi: 10.3389/fmicb.2020.598834

Delarze, E., and Sanglard, D. (2015). Defining the frontiers between antifungal
resistance, tolerance, and the concept of persistence. Drug Resistance Updates 23, 12—
19. doi: 10.1016/j.drup.2015.10.001

Denega, I, d’Enfert, C., and Bachellier-Bassi, S. (2019). Candida albicans biofilms are
generally devoid of persister cells. Antimicrobial. Agents Chemother. 63, 10-1128.
doi: 10.1128/AAC.01979-18

Doron, S., and Snydman, D. R. (2015). Risk and safety of probiotics. Clin. Infect. Dis. 60,
$129-S134. doi: 10.1093/cid/civ085

Dube, Y., Khan, A., Marimani, M., and Ahmad, A. (2020). Lactobacillus rhamnosus
cell-free extract targets virulence and antifungal drug resistance in Candida albicans.
Can. J. Microbiol. 66, 733-747. doi: 10.1139/cjm-2019-0491

Fanning, S., and Mitchell, A. P. (2012). Fungal biofilms. PloS Pathog. 8, €1002585.
doi: 10.1371/journal.ppat.1002585

Galdiero, E., de Alteriis, E., De Natale, A., D’Alterio, A., Siciliano, A., Guida, M., et al.
(2020). Eradication of Candida albicans persister cell biofilm by the membranotropic
peptide gH625. Sci. Rep. 10, 5780. doi: 10.1038/541598-020-62746-w

Gao, Y., Cao, Q,, Xiao, Y., Wu, Y., Ding, L., Huang, H., et al. (2024). The progress and
future of treating candida albicans infections using nanotechnology. J. Nanobiotechnol.
22, 568. doi: 10.1186/s12951-024-02841-6

Garcia-Gamboa, R., Dominguez-Simi, M.A., Gradilla-Hernandez, M. S., Bravo-
Madrigal, J., Moya, A., and Gonzalez-Avila, M. (2022). Antimicrobial and
antibiofilm effect of inulin-type fructans, used in synbiotic combination with
Lactobacillus spp. against Candida albicans. Plant Foods Hum. Nutr. 77, 212-219.
doi: 10.1007/s11130-022-00966-3

Garcia-Gamboa, R., Perfecto-Avalos, Y., Gonzalez-Garcia, ., Alvarez-Calderon, M. J.,
Gutierrez-Vilchis, A., and Garcia-Gonzalez, A. (2024). In vitro analysis of postbiotic
antimicrobial activity against Candida Species in a minimal synthetic model simulating
the gut mycobiota in obesity. Sci. Rep. 14, 16760. doi: 10.1038/541598-024-66806-3

Gong, Y., Li, T, Yu, C,, and Sun, S. (2017). Candida albicans heat shock proteins and
Hsps-associated signaling pathways as potential antifungal targets. Front. Cell. infection
Microbiol. 7, 520. doi: 10.3389/fcimb.2017.00520

Gulati, M., and Nobile, C. J. (2016). Candida albicans biofilms: development,
regulation, and molecular mechanisms. Microbes infection 18, 310-321. doi: 10.1016/
j.micinf.2016.01.002

Iyer, K. R, Robbins, N., and Cowen, L. E. (2022). The role of Candida albicans stress
response pathways in antifungal tolerance and resistance. Iscience 25, 103953.
doi: 10.1016/j.i5¢i.2022.103953

Jiang, Q., Stamatova, I, Kainulainen, V., Korpela, R., and Meurman, J. H. (2016).
Interactions between Lactobacillus rhamnosus GG and oral microorganisms in an in
vitro biofilm model. BMC Microbiol. 16, 149. doi: 10.1186/s12866-016-0759-7

Kajihara, T., Yahara, K., Nagi, M., Kitamura, N., Hirabayashi, A., Hosaka, Y., et al.
(2022). Distribution, trends, and antifungal susceptibility of Candida species causing
candidemia in Japan 2010-2019: a retrospective observational study based on national
surveillance data. Med. Mycol. 60, myac071. doi: 10.1093/mmy/myac071

Frontiers in Antibiotics

13

10.3389/frabi.2026.1767028

Kaur, R., Dhakad, M. S., Goyal, R., and Kumar, R. (2016). Emergence of non-albicans
Candida species and antifungal resistance in intensive care unit patients. Asian Pacific
Journal of Tropical Biomedicine 6 (5), 455-460.

Kaur, J., and Nobile, C. J. (2023). Antifungal drug-resistance mechanisms in Candida
biofilms. Curr. Opin. Microbiol. 71, 102237. doi: 10.1016/j.mib.2022.102237

Kim, H., and Kang, S. S. (2019). Antifungal activities against Candida albicans, of cell-
free supernatants obtained from probiotic Pediococcus acidilactici HWO1. Arch. Oral.
Biol. 99, 113-119. doi: 10.1016/j.archoralbio.2019.01.006

Kiraz, N., Kaya, S.$., Baris, A, Turan, D., Oz, Y., and Dag, 1. (2025). Evaluation of the
combined efficacy of inhibitors of heat shock protein 90 and calcineurin with
commonly used antifungals against Aspergillus, Rhizopus, and Fusarium isolates.
Curr. Med. Mycol. 11, 1601. doi: 10.22034/cmm.2025.345248.1601

Kojic, E. M., and Darouiche, R. O. (2004). Candida infections of medical devices. Clin.
Microbiol. Rev. 17, 255-267. doi: 10.1128/CMR.17.2.255-267.2004

Kuczynska-Wisnik, D., Stojowska, K., Matuszewska, E., Leszczynska, D., Algara, M. M.,
Augustynowicz, M., et al. (2015). Lack of intracellular trehalose affects formation of
Escherichia coli persister cells. Microbiology 161, 786-796. doi: 10.1099/mic.0.000012

LaFayette, S. L., Collins, C., Zaas, A. K., Schell, W. A., Betancourt-Quiroz, M.,
Gunatilaka, A. L., et al. (2010). PKC signaling regulates drug resistance of the fungal
pathogen Candida albicans via circuitry comprised of Mkcl, calcineurin, and Hsp90.
PloS Pathog. 6, €1001069. doi: 10.1371/journal.ppat.1001069

LaFleur, M. D., Kumamoto, C. A., and Lewis, K. (2006). Candida albicans biofilms
produce antifungal-tolerant persister cells. Antimicrobial. Agents chemother. 50, 3839
3846. doi: 10.1128/AAC.00684-06

LeBlanc, E. V., Polvi, E. J., Veri, A. O., Privé, G. G., and Cowen, L. E. (2020). Structure-
guided approaches to targeting stress responses in human fungal pathogens. J. Biol.
Chem. 295, 14458-14472. doi: 10.1074/jbc. REV120.013731

Lewis, K. (2010). Persister cells. Annu. Rev. Microbiol. 64, 357-372. doi: 10.1146/
annurev.micro.112408.134306

Lewis, K. (2012). “Persister cells: molecular mechanisms related to antibiotic tolerance,”
in Antibiotic resistance (Springer Berlin Heidelberg, Berlin, Heidelberg), 121-133.

Li, P., Seneviratne, C. J., Alpi, E., Vizcaino, J. A., and Jin, L. (2015). Delicate metabolic
control and coordinated stress response critically determine antifungal tolerance of
Candida albicans biofilm persisters. Antimicrobial. Agents chemother. 59, 6101-6112.
doi: 10.1128/AAC.00543-15

Li, W, Shrivastava, M., Lu, H., and Jiang, Y. (2021). Calcium-calcineurin signaling
pathway in Candida albicans: A potential drug target. Microbiological Res. 249, 126786.
doi: 10.1016/j.micres.2021.126786

Ling, H., Liu, R, Sam, Q. H.,, Shen, H.,, Chai, L. Y. A,, and Chang, M. W. (2023).
Engineering of a probiotic yeast for the production and secretion of medium-chain
fatty acids antagonistic to an opportunistic pathogen Candida albicans. Front.
Bioengineering Biotechnol. 11, 1090501. doi: 10.3389/fbioe.2023.1090501

Ma, ], Lyu, Y., Liu, X,, Jia, X,, Cui, F,, Wu, X,, et al. (2022). Engineered probiotics.
Microbial. Cell factories 21, 72. doi: 10.1186/s12934-022-01799-0

Malagon-Rojas, J. N., Mantziari, A., Salminen, S., and Szajewska, H. (2020). Postbiotics
for preventing and treating common infectious diseases in children: a systematic
review. Nutrients 12, 389. doi: 10.3390/nu12020389

Mallick, U., Sahu, B. K., Hegde, R, Jena, P., Turuk, J., Sahu, M. C, et al. (2025).
Antifungal Resistance in Vaginal Candidiasis Among Reproductive-age Women: A
Review. Curr Pharm Biotechnol. doi: 10.2174/0113892010368329250503175104

Malinovska, Z., Conkova, E., and Vaczi, P. (2023). Biofilm formation in medically
important Candida species. ]. Fungi 9, 955. doi: 10.3390/jof9100955

Mathe, L., and Van Dijck, P. (2013). Recent insights into Candida albicans biofilm
resistance mechanisms. Current Genetics 59, 4, 251-264.

Matsubara, V. H., Wang, Y., Bandara, H. M. H. N, Mayer, M. P. A, and Samaranayake,
L. P. (2016). Probiotic lactobacilli inhibit early stages of Candida albicans biofilm
development by reducing their growth, cell adhesion, and filamentation. Appl.
Microbiol. Biotechnol. 100, 6415-6426. doi: 10.1007/s00253-016-7527-3

Mishra, B., Mishra, A. K., Mohanta, Y. K., Yadavalli, R,, Agrawal, D. C,, Reddy, H. P.,
et al. (2024). Postbiotics: the new horizons of microbial functional bioactive
compounds in food preservation and security. Food Production Process. Nutr. 6, 28.
doi: 10.1186/543014-023-00200-w

Mugwanda, K., Hamese, S., Van Zyl, W. F., Prinsloo, E., Du Plessis, M., Dicks, L. M.,
et al. (2023). Recent advances in genetic tools for engineering probiotic lactic acid
bacteria. Biosci. Rep. 43, BSR20211299. doi: 10.1042/BSR20211299

Murzyn, A., Krasowska, A., Stefanowicz, P., Dziadkowiec, D., and Lukaszewicz, M.
(2010). Capric acid secreted by S. boulardii inhibits C. albicans filamentous growth,
adhesion and biofilm formation. PloS One 5, €12050. doi: 10.1371/
journal.pone.0012050

Nett, J. E., and Andes, D. R. (2020). Contributions of the biofilm matrix to Candida
pathogenesis. J. Fungi 6, 21. doi: 10.3390/jof6010021

Nett, J. E., Marchillo, K., Spiegel, C. A., and Andes, D. R. (2010). Development and
validation of an in vivo Candida albicans biofilm denture model. Infection Immun. 78,
3650-3659. doi: 10.1128/IA1.00480-10

frontiersin.org


https://doi.org/10.1186/s12879-024-10062-3
https://doi.org/10.1080/21505594.2022.2123325
https://doi.org/10.1080/21505594.2022.2123325
https://doi.org/10.3390/microorganisms9010027
https://doi.org/10.3389/fmed.2018.00028
https://www.cdc.gov/candidiasis/data-research/facts-stats/
https://www.cdc.gov/candidiasis/data-research/facts-stats/
https://doi.org/10.1371/journal.ppat.1000471
https://doi.org/10.1126/science.1118370
https://doi.org/10.1126/science.1118370
https://doi.org/10.3389/fmicb.2020.598834
https://doi.org/10.1016/j.drup.2015.10.001
https://doi.org/10.1128/AAC.01979-18
https://doi.org/10.1093/cid/civ085
https://doi.org/10.1139/cjm-2019-0491
https://doi.org/10.1371/journal.ppat.1002585
https://doi.org/10.1038/s41598-020-62746-w
https://doi.org/10.1186/s12951-024-02841-6
https://doi.org/10.1007/s11130-022-00966-3
https://doi.org/10.1038/s41598-024-66806-3
https://doi.org/10.3389/fcimb.2017.00520
https://doi.org/10.1016/j.micinf.2016.01.002
https://doi.org/10.1016/j.micinf.2016.01.002
https://doi.org/10.1016/j.isci.2022.103953
https://doi.org/10.1186/s12866-016-0759-7
https://doi.org/10.1093/mmy/myac071
https://doi.org/10.1016/j.mib.2022.102237
https://doi.org/10.1016/j.archoralbio.2019.01.006
https://doi.org/10.22034/cmm.2025.345248.1601
https://doi.org/10.1128/CMR.17.2.255-267.2004
https://doi.org/10.1099/mic.0.000012
https://doi.org/10.1371/journal.ppat.1001069
https://doi.org/10.1128/AAC.00684-06
https://doi.org/10.1074/jbc.REV120.013731
https://doi.org/10.1146/annurev.micro.112408.134306
https://doi.org/10.1146/annurev.micro.112408.134306
https://doi.org/10.1128/AAC.00543-15
https://doi.org/10.1016/j.micres.2021.126786
https://doi.org/10.3389/fbioe.2023.1090501
https://doi.org/10.1186/s12934-022-01799-0
https://doi.org/10.3390/nu12020389
https://doi.org/10.2174/0113892010368329250503175104
https://doi.org/10.3390/jof9100955
https://doi.org/10.1007/s00253-016-7527-3
https://doi.org/10.1186/s43014-023-00200-w
https://doi.org/10.1042/BSR20211299
https://doi.org/10.1371/journal.pone.0012050
https://doi.org/10.1371/journal.pone.0012050
https://doi.org/10.3390/jof6010021
https://doi.org/10.1128/IAI.00480-10
https://www.frontiersin.org/journals/antibiotics
https://www.frontiersin.org

Debta et al.

Nguyen, M. D., and Ren, P. (2025). Trends in Antifungal Resistance Among Candida
Species: An Eight-Year Retrospective Study in the Galveston-Houston Gulf Coast
Region. Journal of Fungi 11 (3), 232.

Nobile, C. J., and Johnson, A. D. (2015). Candida albicans biofilms and human disease.
Annu. Rev. Microbiol. 69, 71-92. doi: 10.1146/annurev-micro-091014-104330

Noverr, M. C., and Huffnagle, G. B. (2004). Regulation of Candida albicans
morphogenesis by fatty acid metabolites. Infection Immun. 72, 6206-6210.
doi: 10.1128/IAL.72.11.6206-6210.2004

O’Meara, T. R., Robbins, N., and Cowen, L. E. (2017). The Hsp90 chaperone network
modulates Candida virulence traits. Trends Microbiol. 25, 809-819. doi: 10.1016/
j-tim.2017.05.003

Odoj, K., Garlasco, J., Pezzani, M. D., Magnabosco, C., Ortiz, D., Manco, F., et al.
(2024). Tracking candidemia trends and antifungal resistance patterns across Europe:
an in-depth analysis of surveillance systems and surveillance studies. J. Fungi 10, 685.
doi: 10.3390/jof10100685

Osaigbovo, I. I, Ekeng, B. E., Davies, A. A., Ebeigbe, E., Bongomin, F., Kanyua, A., et al.
(2024). “Candida auris: a systematic review of a globally emerging fungal pathogen in
Africa,” in Open forum infectious diseases, vol. 11. (Oxford University Press, US),
ofad681.

Paniagua, A. L., Correia, A. F., Pereira, L. C., de Alencar, B. M, Silva, F. B. A., Almeida,
R. M, et al. (2021). Inhibitory effects of Lactobacillus casei Shirota against both
Candida auris and Candida spp. isolates that cause vulvovaginal candidiasis and are
resistant to antifungals. BMC complementary Med. therapies 21, 237. doi: 10.1186/
§12906-021-03405-z

Pfaller, M. A., Diekema, D. J., Turnidge, J. D., Castanheira, M., and Jones, R. N. (2019).
Twenty years of the SENTRY antifungal surveillance program: results for Candida
species from 1997-2016. Open Forum Infectious Diseases 6 (Supplement_1), $79-594.

Pedro, N. A,, Fontebasso, G., Pinto, S. N., Alves, M., and Mira, N. P. (2023). Acetate
modulates the inhibitory effect of Lactobacillus gasseri against the pathogenic yeasts
Candida albicans and Candida glabrata. Microbial. Cell 10, 88. doi: 10.15698/
mic2023.04.795

Petersen, M. E., Hansen, L. K., Mitkin, A. A, Kelly, N. M., Wood, T. K., Jorgensen, N.
P., et al. (2024). A high-throughput assay identifies molecules with antimicrobial
activity against persister cells. J. Med. Microbiol. 73,001856. doi: 10.1099/jmm.0.001856

Pierce, C. G., Vila, T., Romo, J. A., Montelongo-Jauregui, D., Wall, G,
Ramasubramanian, A., et al. (2017). The Candida albicans biofilm matrix:
composition, structure and function. J. Fungi 3, 14. doi: 10.3390/jof3010014

Poon, Y., and Hui, M. (2023). Inhibitory effect of lactobacilli supernatants on Biofilm
and filamentation of Candida albicans, Candida tropicalis, and Candida parapsilosis.
Front. Microbiol. 14, 1105949. doi: 10.3389/fmicb.2023.1105949

Prajapati, N., Patel, J.,, Singh, S., Yadav, V. K, Joshi, C., Patani, A., et al. (2023).
Postbiotic production: harnessing the power of microbial metabolites for health
applications. Front. Microbiol. 14, 1306192. doi: 10.3389/fmicb.2023.1306192

Ramage, G., Saville, S. P., Thomas, D. P., and Lopez-Ribot, J. L. (2005). Candida
biofilms: an update. Eukaryotic Cell 4, 633-638. doi: 10.1128/EC.4.4.633-638.2005

Ren, J., Wang, M., Zhou, W, and Liu, Z. (2024). Efflux pumps as potential targets for
biofilm inhibition. Front. Microbiol. 15, 1315238. doi: 10.3389/fmicb.2024.1315238

Ribeiro, F. C., De Barros, P. P., Rossoni, R. D., Junqueira, J. C., and Jorge, A. O. C.
(2017). Lactobacillus rhamnosus inhibits Candida albicans virulence factors in vitro
and modulates immune system in Galleria mellonella. J. Appl. Microbiol. 122, 201-211.
doi: 10.1111/jam.13324

Ricicova, M., Kucharikova, S., Tournu, H., Hendrix, J., Bujdakova, H., Van Eldere, J.,
et al. (2010). Candida albicans biofilm formation in a new in vivo rat model.
Microbiology 156, 909-919. doi: 10.1099/mic.0.033530-0

Robbins, N., Uppuluri, P., Nett, J., Rajendran, R,, Ramage, G., Lopez-Ribot, J. L., et al.
(2011). Hsp90 governs dispersion and drug resistance of fungal biofilms. PloS Pathog. 7,
€1002257. doi: 10.1371/journal.ppat.1002257

Roy, S., and Gow, N. A. (2023). The role of the Candida biofilm matrix in drug and
immune protection. Cell Surface 10, 100111. doi: 10.1016/j.tcsw.2023.100111

Roy, A., and Tamuli, R. (2022). Heat shock proteins and the calcineurin-crz1 signaling
regulate stress responses in fungi. Arch. Microbiol. 204, 240. doi: 10.1007/s00203-022-
02833-w

Frontiers in Antibiotics

14

10.3389/frabi.2026.1767028

Singh, S. D., Robbins, N., Zaas, A. K., Schell, W. A, Perfect, J. R., and Cowen, L. E.
(2009). Hsp90 governs echinocandin resistance in the pathogenic yeast Candida
albicans via calcineurin. PloS Pathog. 5, €1000532. doi: 10.1371/journal.ppat.1000532

Sahu, B. K., Mallick, U., Hegde, R., Turuk, J., Sahu, M. C,, and Panda, S. K. (2025).
Genetic diversity and antifungal resistance in Candida albicans from VVC cases in
Indian women. BMC Microbiology 25 (1), 535.

Sahu, B. K., Mallick, U., Sahu, M. C., and Panda, S. K. (2026a). Advances in the
Diagnosis of Invasive Fungal Infections: Bridging Traditional Methods and Emerging
Technologies. Curr Pharm Biotechnol. doi: 10.2174/0113892010438113251117051548

Sahu, B. K., Mallick, U., Turuk, J., Sahu, M. C., and Panda, S. K. (2026b). Genetic
Diversity of Candida Species Isolated from Vulvovaginal Candidiasis in Relation to
their Antifungal Resistance Patterns. In Research and Innovations in Industrial and
Marine Biotechnology: A Circular Economy 2024, 186-195. CRC Press.

Song, Y. G, and Lee, S. H. (2017). Inhibitory effects of Lactobacillus rhamnosus and
Lactobacillus casei on Candida biofilm of denture surface. Arch. Oral. Biol. 76, 1-6.
doi: 10.1016/j.archoralbio.2016.12.014

Spaggiari, L., Pedretti, N., Ricchi, F., Pinetti, D., Campisciano, G., De Seta, F., et al.
(2024). An Untargeted Metabolomic Analysis of Lacticaseibacillus (L.) rhamnosus,
Lactobacillus (L.) acidophilus, Lactiplantibacillus (L.) plantarum and
Limosilactobacillus (L.) reuteri Reveals an Upregulated Production of Inosine from
L. rhamnosus. Microorganisms 12, 662. doi: 10.3390/microorganisms12040662

Suchodolski, J., Derkacz, D., Bernat, P., and Krasowska, A. (2021). Capric acid secreted
by Saccharomyces boulardii influences the susceptibility of Candida albicans to
fluconazole and amphotericin B. Scientific Reports 11 (1), 6519.

Tan, Y., Leonhard, M., Moser, D., Ma, S., and Schneider-Stickler, B. (2018). Inhibitory
effect of probiotic lactobacilli supernatants on single and mixed non-albicans Candida
species biofilm. Arch. Oral. Biol. 85, 40-45. doi: 10.1016/j.archoralbio.2017.10.002

Uppuluri, P., Acosta Zaldivar, M., Anderson, M. Z., Dunn, M. J., Berman, J,,
Lopez Ribot, J. L., et al. (2018). Candida albicans dispersed cells are developmentally
distinct from Biofilm and planktonic cells. MBio 9, 10-1128. doi: 10.1128/
mBio.01338-18

Verma, R, Pradhan, D., Hasan, Z., Singh, H,, Jain, A. K, and Khan, L. A. (2021). A
systematic review on distribution and antifungal resistance pattern of Candida species
in the Indian population. Med. mycol. 59, 1145-1165. doi: 10.1093/mmy/myab058

Vilela, S. F., Barbosa, J. O., Rossoni, R. D., Santos, J. D., Prata, M. C., Anbinder, A. L.,
et al. (2015). Lactobacillus acidophilus ATCC 4356 inhibits biofilm formation by C.
albicans and attenuates the experimental candidiasis in Galleria mellonella. Virulence 6,
29-39. doi: 10.4161/21505594.2014.981486

Wall, G., Montelongo-Jauregui, D., Bonifacio, B. V., Lopez-Ribot, J. L., and Uppuluri, P.
(2019). Candida albicans biofilm growth and dispersal: contributions to pathogenesis.
Curr. Opin. Microbiol. 52, 1-6. doi: 10.1016/j.mib.2019.04.001

Wang, R,, Lv, J., Chen, L., Zhao, Y., and Du, H. (2025). Antifungal persistence: Clinical
relevance and mechanisms. PloS Pathog. 21, e1013456. doi: 10.1371/journal.ppat.
1013456

Wang, S., Zhao, Y., Breslawec, A. P., Liang, T., Deng, Z., Kuperman, L. L., et al. (2023).
Strategy to combat biofilms: a focus on biofilm dispersal enzymes. NPJ Biofilms
Microbiomes 9, 63. doi: 10.1038/s41522-023-00427-y

Wauyts, J., Van Dijck, P., and Holtappels, M. (2018). Fungal persister cells: The basis for
recalcitrant infections? PloS Pathog. 14, €1007301. doi: 10.1371/journal.ppat.1007301

Yamin, D., Akanmu, M. H., Al Mutair, A., Alhumaid, S., Rabaan, A. A., and Hajissa, K.
(2022). Global prevalence of antifungal-resistant Candida parapsilosis: a systematic
review and meta-analysis. Trop. Med. Infect. Dis. 7, 188. doi: 10.3390/
tropicalmed7080188

Yang, Y., Yu, P., Huang, Y., Zhang, W., Nie, Y., and Gao, C. (2025). Metabolic
engineering of Lactobacilli spp. for disease treatment. Microbial. Cell Factories 24, 53.
doi: 10.1186/512934-025-02682-4

Zarnowski, R., Westler, W. M., Lacmbouh, G. A., Marita, ]. M., Bothe, J. R., Bernhardt,
J., et al. (2014). Novel entries in a fungal biofilm matrix encyclopedia. mBio 5 (4),
e01128.

Zdybel, K., Sliwka, A., Polak-Berecka, M., Polak, P., and Wasko, A. (2025). Postbiotics
formulation and therapeutic effect in inflammation: A systematic review. Nutrients 17,
2187. doi: 10.3390/nul7132187

frontiersin.org


https://doi.org/10.1146/annurev-micro-091014-104330
https://doi.org/10.1128/IAI.72.11.6206-6210.2004
https://doi.org/10.1016/j.tim.2017.05.003
https://doi.org/10.1016/j.tim.2017.05.003
https://doi.org/10.3390/jof10100685
https://doi.org/10.1186/s12906-021-03405-z
https://doi.org/10.1186/s12906-021-03405-z
https://doi.org/10.15698/mic2023.04.795
https://doi.org/10.15698/mic2023.04.795
https://doi.org/10.1099/jmm.0.001856
https://doi.org/10.3390/jof3010014
https://doi.org/10.3389/fmicb.2023.1105949
https://doi.org/10.3389/fmicb.2023.1306192
https://doi.org/10.1128/EC.4.4.633-638.2005
https://doi.org/10.3389/fmicb.2024.1315238
https://doi.org/10.1111/jam.13324
https://doi.org/10.1099/mic.0.033530-0
https://doi.org/10.1371/journal.ppat.1002257
https://doi.org/10.1016/j.tcsw.2023.100111
https://doi.org/10.1007/s00203-022-02833-w
https://doi.org/10.1007/s00203-022-02833-w
https://doi.org/10.1371/journal.ppat.1000532
https://doi.org/10.2174/0113892010438113251117051548
https://doi.org/10.1016/j.archoralbio.2016.12.014
https://doi.org/10.3390/microorganisms12040662
https://doi.org/10.1016/j.archoralbio.2017.10.002
https://doi.org/10.1128/mBio.01338-18
https://doi.org/10.1128/mBio.01338-18
https://doi.org/10.1093/mmy/myab058
https://doi.org/10.4161/21505594.2014.981486
https://doi.org/10.1016/j.mib.2019.04.001
https://doi.org/10.1371/journal.ppat.1013456
https://doi.org/10.1371/journal.ppat.1013456
https://doi.org/10.1038/s41522-023-00427-y
https://doi.org/10.1371/journal.ppat.1007301
https://doi.org/10.3390/tropicalmed7080188
https://doi.org/10.3390/tropicalmed7080188
https://doi.org/10.1186/s12934-025-02682-4
https://doi.org/10.3390/nu17132187
https://www.frontiersin.org/journals/antibiotics
https://www.frontiersin.org

	Overcoming Candida biofilm resistance: targeting persister cells with probiotic-derived metabolites
	1 Introduction
	2 Modulation of Candida biofilm resistance and virulence mechanism
	3 Persister cells in Candida biofilms
	4 Therapeutic challenges and current strategies
	4.1 Limitations of conventional antifungals and the need for biofilm-specific adjuncts
	4.2 Experimental approaches targeting persisters and biofilm tolerance
	4.3 Matrix-disrupting adjuvants and enzymatic dispersal strategies
	4.4 Gaps and future directions
	4.4.1 Need for better in vivo and clinically relevant models
	4.4.2 Biomarkers and diagnostics for persister detection
	4.4.3 Strategies to prevent persister formation and enable eradication


	5 Probiotic-derived metabolites: therapeutic potential
	6 Challenges and limitations of probiotic approaches
	6.1 Variability across strains and products
	6.2 Stability, formulation, and delivery challenges

	7 Emerging horizons and strategic research priorities
	7.1 Therapeutic development
	7.2 Regulatory and translational considerations

	8 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


