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Abstract: Acne vulgaris is a multifactorial inflammatory skin disorder in which Cutibacterium acnes biofilm formation contributes to disease
persistence, antimicrobial tolerance, and treatment failure. Conventional therapies primarily target bacterial viability but often fail to address
biofilm-associated resilience and strain-specific virulence. Emerging strategies have therefore shifted toward the selective modulation of
bacterial behavior rather than broad-spectrum eradication, with the aim of attenuating pathogenicity while minimizing disruption of the skin
microbiome. This review critically evaluates selective modulation approaches targeting biofilm integrity, virulence pathways, and microbial
ecology, including anti-virulence therapy, quorum-sensing inhibition, biofilm disruption, nanocarrier-based delivery systems, and microbiome-
informed interventions. Preclinical studies suggest that these strategies may disrupt biofilm architecture, attenuate virulence factor expression,
and potentially reduce selective pressure associated with conventional antimicrobial therapies. Approaches such as antimicrobial peptides,
quorum-sensing inhibitors, and advanced delivery systems have demonstrated promising in vitro, ex vivo, and early preclinical outcomes;
however, clinical evidence remains limited. Significant challenges remain, including insufficient in vivo validation, formulation instability,
biofilm-associated delivery barriers, regulatory considerations, and limited long-term safety data. Overall, selective modulation represents
a promising emerging framework for acne management, although its successful clinical translation will require robust clinical validation,
improved disease-relevant models, and the integration of personalized strategies based on microbiome profiling and advanced delivery
technologies.
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Introduction

Acne vulgaris is a common chronic inflammatory disorder of the pilosebaceous unit that affects up to 85% of adolescents
and approximately 9.4% of the global population, making it one of the most prevalent dermatological conditions
worldwide.'® The disease imposes a substantial physical and psychological burden, often leading to scarring, post-
inflammatory hyperpigmentation, reduced quality of life, and the need for prolonged therapeutic management.””

Acne pathogenesis is multifactorial and involves sebum overproduction, follicular hyperkeratinization, inflammation,
microbial colonization, genetic predisposition, dietary factors, hormonal influences, and immune dysregulation.'®'? In
addition, disruption of the skin microbiome has emerged as a critical contributor to disease persistence and
progression.'"'*'* The skin microbiome plays an essential role in maintaining cutaneous homeostasis by regulating
immune responses, barrier integrity, lipid metabolism, and colonization resistance. Consequently, microbial dysbiosis has
increasingly been recognized as both a pathogenic driver and a potential therapeutic target in acne vulgaris.'''*"'*

Current therapeutic approaches, including topical and systemic antibiotics, retinoids, benzoyl peroxide, and adjunc-
tive physical therapies, remain widely used and are supported by clinical guidelines.'”> However, many patients
experience incomplete responses, treatment relapse, adverse effects, and poor long-term adherence.'>'® Of particular

concern is the rising prevalence of antibiotic-resistant Cutibacterium acnes strains due to prolonged antimicrobial
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exposure.'”?° Moreover, conventional therapies often act in a non-selective manner and may further disrupt the skin
microbiota, potentially exacerbating dysbiosis.'®'®

Emerging evidence suggests that acne severity is not primarily driven by an increased abundance of C. acnes, but
rather by strain-level dysbiosis characterized by reduced phylotype diversity and the predominance of virulent strains
such as TA1.'"'* These strains exhibit enhanced inflammatory potential, increased biofilm-forming capacity, and greater
tolerance to antimicrobial therapy.'""'**! Consequently, acne persistence is increasingly understood as a consequence of
virulence-associated mechanisms and biofilm-mediated resilience rather than simple bacterial overgrowth.

Beyond antimicrobial resistance, bacterial persistence is strongly supported by adaptive mechanisms, including
biofilm formation, quorum sensing, and virulence-associated gene expression.zo’22 A central yet often underestimated
driver of therapeutic failure is C. acnes’s ability to form biofilms within the pilosebaceous unit. Biofilm-associated cells
exhibit markedly increased tolerance to antimicrobial agents, reduced metabolic activity, enhanced stress adaptation, and
protection from host immune responses.”'**** These observations highlight a fundamental mismatch between conven-
tional antimicrobial strategies and the biofilm-driven, virulence-mediated nature of acne pathogenesis.

Building on these limitations, recent research has shifted toward selective modulation strategies that target virulence
pathways, biofilm integrity, and microbial ecology rather than broad-spectrum eradication of bacteria.'**=° Such
approaches aim to attenuate pathogenic behavior while minimizing disruption of the resident microbiota. Accordingly,
this review critically examines the limitations of conventional acne therapies through the lens of C. acnes biofilm biology
and virulence mechanisms, and highlights selective modulation strategies as emerging therapeutic approaches to over-

come treatment resistance and improve long-term acne management.

2 https: Clinical, Cosmetic and Investigational Dermatology 2026:19



Kusuma

Literature Search Strategy and Selection Criteria
A comprehensive literature search was conducted across PubMed, Scopus, and ScienceDirect databases to identify
relevant studies concerning Cutibacterium acnes biofilm dynamics and emerging therapeutic strategies in acne manage-

EEIN3

ment, spanning from 2010 to 2026. Search terms included combinations of “Cutibacterium acnes,” “biofilm,” “anti-

EEINT3 ELINT3

virulence,” “quorum sensing,” “microbiome,” and “targeted therapy.”

Studies were included if they were peer-reviewed English-language articles that provided mechanistic, microbiolo-
gical, translational, or clinical insights relevant to C. acnes biofilms and emerging therapeutic approaches. Articles
focusing on biofilm biology, virulence regulation, quorum sensing, microbiome modulation, biofilm-disrupting strategies,
and advanced drug delivery systems were prioritized.

Exclusion criteria included conference abstracts, editorials, commentaries, non-English publications, duplicate
records, studies lacking sufficient methodological detail, and articles not directly relevant to C. acnes biofilms or acne
pathogenesis. To enhance transparency, the inclusion and exclusion criteria used in the literature selection are summar-
ized in Table 1.

This work is presented as a narrative critical review, focusing on the synthesis of mechanistic insights rather than
a formal systematic review protocol, to provide a focused analysis of current and future therapeutic paradigms. Evidence
was interpreted according to its translational relevance: direct clinical and human data were prioritized for clinical
implications, C. acnes-specific experimental studies were used to support mechanistic statements, and evidence extra-
polated from broader biofilm biology or non-follicular models was described cautiously as preliminary or hypothesis-

generating.

The Biofilm Landscape in Acne
Biofilm formation by C. acnes represents a critical yet underrecognized factor in acne pathogenesis, contributing to
persistence, immune evasion, and antimicrobial tolerance.?'** Notably, bacterial density within a single follicular unit
can reach up to 10® colony-forming units, creating a highly concentrated microenvironment that may favor quorum-
sensing activation and biofilm stabilization.>' Biofilms are structured microbial communities embedded within a self-
produced extracellular polymeric substance (EPS) matrix. In experimental C. acnes biofilm models, this matrix has been
reported to contain polysaccharides, proteins, lipids, extracellular DNA, and biofilm-associated metabolites.*> Although
follicular C. acnes macrocolonies and biofilm-like aggregates have been reported in acne lesions, the precise biochemical
composition of the EPS matrix within the human pilosebaceous unit has not been directly characterized. Therefore,
extrapolation from experimental biofilm models to the in vivo follicular environment should be interpreted with caution.
Importantly, biofilm formation has been proposed to contribute to the early stages of acne development. C. acnes
biofilms have been described as a biological glue that may enhance cohesion between keratinocytes, thereby promoting
retention of keratin and sebum within the follicular duct and facilitating comedone formation.*'** This adhesive property

Table | Inclusion and Exclusion Criteria Used in Literature Selection

Inclusion Criteria Exclusion Criteria

Peer-reviewed articles Conference abstracts

English-language publications Editorials and commentaries

Published between 2010-2026 Non-English publications

Relevant to C. acnes biofilms, virulence, microbiome, or therapeutic Duplicate records

strategies

Mechanistic, translational, or clinical studies Studies lacking sufficient methodological information

Reviews and original research articles relevant to the review objective Articles not directly related to acne pathogenesis or C. acnes
biofilms
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may interfere with normal desquamation and contribute to follicular obstruction, which is considered a key initiating
event in acne pathogenesis.

Biofilm development generally occurs through sequential stages, beginning with reversible bacterial adhesion to the
follicular surface, followed by irreversible attachment, microcolony formation, EPS matrix production, maturation, and
eventual dispersion. Early-stage biofilms are characterized by relatively active bacterial growth and dependence on
adhesion processes, whereas mature biofilms possess a more established EPS matrix and increased structural complexity.
These differences are clinically relevant because early biofilms may be more susceptible to adhesion-blocking or
quorum-sensing-targeted interventions, while mature biofilms often require matrix-disrupting agents, advanced drug
delivery systems, or combination therapies to overcome biofilm-associated tolerance.”'****®

Beyond structural support, biofilms significantly enhance the pathogenic potential of C. acnes. Although C. acnes is
a commensal organism present in both healthy and acne-affected skin, it can behave as an opportunistic pathogen under
specific host and microenvironmental conditions. This transition is influenced by host susceptibility, changes in the
follicular microenvironment, and strain-level dysbiosis, particularly the enrichment of acne-associated phylotypes such as
IA1."%3*3% These conditions promote biofilm formation and enhance the expression of virulence-associated factors,
including lipases, adhesion proteins, porphyrins, and pro-inflammatory mediators, thereby contributing to follicular
colonization, inflammation, and disease progression.**** In particular, lipase-mediated hydrolysis of sebum triglycerides
generates free fatty acids that are both comedogenic and pro-inflammatory.*

At the molecular level, experimental analyses of C. acnes biofilm matrices have shown that the extracellular matrix is
complex and functionally dynamic. In these model systems, polysaccharides can account for more than 60% of the
matrix, alongside proteins, extracellular DNA, and metabolites such as porphyrins.*> The matrix not only provides
structural integrity but also functions as a biochemical interface that facilitates nutrient retention, intercellular signaling,
and protection against environmental stress. The presence of enzymes, including hydrolases and metabolic proteins,
further suggests that the matrix may participate in metabolic adaptation and virulence regulation rather than serving as
a passive scaffold.*® However, because these observations are primarily derived from experimental biofilm systems, their
direct applicability to native follicular C. acnes biofilms should be interpreted cautiously.

Moreover, the biofilm matrix functions as a protective barrier that limits antimicrobial penetration and shields
bacterial cells from host immune responses. It supports the formation of microenvironmental gradients of oxygen,
nutrients, and signaling molecules, allowing subpopulations of bacteria to persist in metabolically inactive or stress-
tolerant states. Transcriptomic evidence suggests that biofilm-embedded C. acnes cells may exhibit reduced metabolic
activity and adaptive shifts in gene expression that are consistent with quasi-dormant or persister-like phenotypes.
However, direct evidence linking these phenotypes to clinically relevant follicular biofilms remains limited.*® These
features collectively enhance bacterial survival under adverse conditions and may contribute to the chronic and recurrent
nature of acne, thereby reducing the effectiveness of conventional antimicrobial therapies. This protective effect is
strongly associated with key structural components such as poly-N-acetylglucosamine (PNAG), which plays a central
role in maintaining biofilm integrity and antimicrobial resistance. Disruption of PNAG has been shown to significantly
enhance the efficacy of conventional agents such as benzoyl peroxide, leading to markedly improved bacterial eradica-
tion compared to monotherapy.*’ Notably, acne severity is not solely determined by the abundance of C. acnes, but rather
by strain-specific characteristics, including virulence factor expression and biofilm-forming capacity, highlighting the
importance of strain-level and microbiome-based perspectives in acne pathogenesis.’” This heterogeneity is further
supported by comparative analyses demonstrating that biofilm formation capacity varies significantly across C. acnes
phylotypes, with 1Al strains exhibiting the highest biofilm-forming potential and strongest association with acne
severity.”® These observations are further supported by studies suggesting that biofilm-associated C. acnes may
contribute to reduced treatment responsiveness, as biofilm-embedded bacteria often exhibit greater tolerance to anti-
microbial agents than their planktonic counterparts.”'**?°> Emerging evidence suggests that QS mechanisms may
contribute to the regulation of biofilm development, virulence expression, and bacterial persistence in C. acnes.>>=°
However, the complexity of these regulatory networks and their specific roles within human follicular biofilms remain
incompletely understood.”> In addition, extracellular DNA and protein components are key determinants of biofilm
structure and initial surface adhesion, further emphasizing the functional complexity of the matrix.*®
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Collectively, available evidence suggests that biofilm formation is an important contributor to acne persistence and
therapeutic resistance. Biofilm-associated mechanisms may help explain the limited effectiveness of conventional
treatment approaches that primarily target planktonic bacteria while inadequately addressing biofilm-associated tolerance
and persistence. However, much of the current understanding is derived from in vitro studies and experimental biofilm
models, whereas direct evidence from clinically relevant human follicular systems remains limited. Consequently, further
investigation is needed to clarify the precise contribution of biofilm-associated mechanisms to acne pathogenesis and
treatment outcomes. Nevertheless, these findings support continued exploration of therapeutic strategies that target
biofilm architecture and virulence-associated pathways as complementary approaches to conventional acne management.

Critical Appraisal of Conventional Therapies

Current therapeutic approaches for acne, including topical and systemic antibiotics, retinoids, benzoyl peroxide, and
adjunctive physical therapies, remain the cornerstone of clinical management.'> These treatments primarily aim to reduce
bacterial load, normalize keratinization, and suppress inflammation. However, despite their widespread use, they frequently
fail to achieve sustained remission, with many patients experiencing relapse following treatment discontinuation,'>'®

A major limitation of conventional therapies lies in their inability to effectively target biofilm-associated C. acnes.
Most antimicrobial agents are designed to act against planktonic bacterial populations, whereas C. acnes predominantly
exists as biofilms in vivo.>'**> The EPS matrix acts as a pharmacokinetic barrier that restricts drug penetration, sequesters
antimicrobial molecules, and reduces local drug concentrations at the site of bacterial cells.*> Consequently, concentra-
tions effective against planktonic bacteria are often insufficient to eradicate biofilm-embedded populations.

Beyond this physical barrier, biofilm-associated C. acnes may exhibit metabolic and phenotypic adaptations that
further compromise treatment efficacy. Transcriptomic evidence suggests that biofilm-embedded C. acnes cells exhibit
reduced metabolic activity and adaptive shifts in gene expression consistent with quasi-dormant or persister-like
phenotypes.®® However, direct experimental evidence demonstrating a causal relationship between these persister-like
subpopulations and reduced antibiotic susceptibility in clinically relevant follicular C. acnes biofilms remains limited.
Therefore, these phenotypes should be interpreted as potential contributors to antimicrobial tolerance rather than as
directly proven mechanisms of treatment failure in acne.

Another critical limitation is the non-selective mode of action of conventional therapies. Broad-spectrum antimicro-
bial agents not only target pathogenic C. acnes strains but also disrupt commensal microbiota, leading to dysbiosis and
impaired skin barrier function.'”'® Importantly, disruption of commensal microbial communities may reduce microbial
competition and alter follicular niche conditions, which could theoretically favor the persistence or expansion of acne-
associated C. acnes phylotypes. However, direct evidence demonstrating that conventional therapies specifically promote
dominance of virulent C. acnes phylotypes remains limited.'*>” Consequently, indiscriminate microbial eradication may
exacerbate microbial imbalance rather than restore homeostasis. Furthermore, the extensive and prolonged use of
antibiotics has contributed to the global emergence of antimicrobial resistance in C. acnes.'®'® Resistance mechanisms
include target site modification, efflux pump activation, and adaptive stress responses that reduce antibiotic susceptibility.
Biofilm formation may further contribute to reduced antimicrobial susceptibility by limiting drug penetration, supporting
stress-adapted subpopulations, and creating protective microenvironments.>

Collectively, these limitations reflect a fundamental mismatch between the mechanisms of conventional therapies and
the biofilm-driven, virulence-mediated nature of C. acnes in vivo. The continued reliance on broad-spectrum approaches
that primarily target bacterial viability appears increasingly insufficient in the context of biofilm-associated persistence
and strain-specific pathogenicity. This disconnect underscores an urgent need to shift toward mechanism-based ther-
apeutic strategies that specifically target biofilm integrity and bacterial behavior, rather than bacterial eradication alone.

Selective Modulation: An Emerging Therapeutic Framework

The growing recognition of biofilm-mediated persistence and strain-specific pathogenicity in acne has stimulated interest
in therapeutic strategies that move beyond conventional broad-spectrum antimicrobial approaches toward more targeted,
mechanism-based interventions. Notably, it is estimated that 60—80% of microbial infections are associated with biofilm
formation, underscoring the clinical relevance of developing biofilm-targeted therapeutic strategies.”® Unlike traditional

Clinical, Cosmetic and Investigational Dermatology 2026:19 https: 5



Kusuma

treatments that indiscriminately reduce bacterial load, emerging approaches focus on selectively modulating C. acnes
behavior, disrupting biofilm integrity, and attenuating virulence while minimizing broad-spectrum disruption of com-
mensal skin microbial communities.'*?

However, because C. acnes is a dominant inhabitant of sebaceous skin sites, interventions that alter its abundance,
biofilm architecture, metabolic activity, or virulence-associated behavior may also influence the composition, spatial
organization, and ecological dynamics of the surrounding skin microbiome. Therefore, the extent to which selective
modulation strategies preserve microbiome balance remains to be established in clinically relevant human studies. This
concept aligns with the broader framework of precision dermatology and microbiome-informed therapeutics, but its

clinical implementation should be considered emerging rather than established.'*'**>

Anti-Virulence Strategies: Disarming Pathogenic Behavior

As a therapeutic concept, anti-virulence strategies aim to attenuate pathogenicity by targeting virulence-associated
enzymes, regulatory pathways, or host-microbe interactions, rather than relying primarily on bacterial eradication.?*’
These approaches may reduce virulence factor expression, biofilm-associated activity, or inflammatory stimulation, and
are therefore considered promising adjunctive strategies for biofilm-associated infections.

In the context of C. acnes, however, many investigated compounds exhibit both antimicrobial and virulence-
associated inhibitory effects, making it difficult to classify them as purely anti-virulence agents. For example, Quercus
salicina extract and its active fraction have been reported to inhibit C. acnes growth, biofilm formation, lipase activity,
and virulence-associated gene expression.”? Notably, because the strongest biofilm inhibition was reported at 1000 pg/
mL, whereas the MIC of the E1 fraction was 16 pug/mL, it is difficult to distinguish biofilm or virulence-associated
inhibition from growth inhibition or reduced bacterial viability.”* Therefore, these effects should be interpreted as
combined antimicrobial and virulence-associated inhibitory activity rather than definitive evidence of selective anti-
virulence activity independent of growth inhibition. Accordingly, in this review, anti-virulence strategies are discussed as
an emerging therapeutic concept, while individual agents are evaluated based on available evidence of their effects on
bacterial growth, viability, biofilm formation, and virulence-associated pathways.

Experimental evidence also suggests that some skin microbiota-derived metabolites may modulate biofilm formation
without substantially affecting bacterial viability in specific experimental settings. For instance, short-chain fatty acids
produced by C. acnes have been shown to inhibit biofilm formation by Staphylococcus epidermidis at concentrations that
did not significantly affect bacterial viability.*” Mechanistically, this inhibition was associated with interference in
biofilm maturation rather than initial adhesion, including reduced polysaccharide and extracellular DNA accumulation
during later stages of biofilm development.** These findings support the possibility that certain biofilm-modulating
effects may occur independently of growth inhibition in specific experimental models, although their direct relevance to
C. acnes virulence control in acne requires further validation.

Key targets of anti-virulence therapy include adhesins, toxins, QS systems, and regulatory pathways such as two-component
systems, many of which are involved in biofilm formation and persistence.>® This approach is particularly relevant in biofilm-
associated infections, where microbial communities exhibit enhanced resilience and reduced antimicrobial susceptibility.
Polymicrobial biofilms, for example, have been reported to be more resistant than monospecies biofilms due to cooperative
interactions, increased expression of virulence factors, and the protective role of the EPS matrix. In addition, QS-mediated
communication may coordinate virulence expression and biofilm maturation, contributing to bacterial persistence under
therapeutic pressure.?’

In the context of C. acnes, inhibition of lipase activity is particularly relevant, as lipase-mediated hydrolysis of sebum
triglycerides generates free fatty acids that contribute to comedogenesis and inflammation. Clinically, inflammatory
lesions, such as papules, have been identified as significant predictors of both acne scarring and post-inflammatory
hyperpigmentation (OR = 5.65), underscoring the importance of early intervention targeting inflammatory pathways.*'
By attenuating virulence-associated pathways, anti-virulence approaches may help reduce inflammatory burden while
potentially limiting the selective pressure associated with bactericidal strategies. However, the efficacy of anti-virulence
strategies may depend on the complexity of host—microbe interactions, the stability of virulence suppression in vivo, and
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Table 2 Potential Anti-Virulence and Biofilm-Modulating Strategies Relevant to Cutibacterium acnes Biofilm-Associated Acne

Anti-Virulence | Main Target Proposed Mechanism Evidence Interpretation and Key
or Biofilm- Translational Considerations References
Modulating
Strategy
Lipase inhibition Lipases May reduce sebum triglyceride Relevant to inflammation and [14, 41]
hydrolysis and inflammatory free comedogenesis; clinical impact requires
fatty acid production further validation
Combined Growth, biofilm May inhibit C. acnes growth together | Should be interpreted as combined [22]
antimicrobial and | formation, lipase with biofilm formation, lipase antimicrobial and virulence-associated
virulence- activity, and activity, and virulence-associated inhibitory activity, not definitive selective
associated virulence-associated gene expression anti-virulence activity independent of growth
inhibition genes inhibition
Quorum sensing | QS signaling pathways | May interfere with coordinated Mostly supported by mechanistic or [25, 26]
inhibition virulence expression and biofilm preclinical evidence; clinical relevance in acne
maturation remains to be established
Biofilm EPS accumulation and | May interfere with matrix Evidence suggests biofilm modulation with [40]
maturation eDNA production accumulation and later stages of limited effects on viability in specific
interference biofilm development experimental models; direct relevance to
C. acnes acne biofilms requires further
validation
Adhesin Adhesion-associated May reduce colonization and biofilm | Conceptually relevant to early biofilm [39]
targeting factors establishment development; direct acne-specific evidence
remains limited
Regulatory Two-component May attenuate virulence-associated Largely extrapolated from broader anti- [39]
pathway systems and virulence | gene expression and persistence virulence and biofilm literature; requires
inhibition regulators mechanisms C. acnes-specific validation
Anti-biofilm Polymicrobial May reduce biofilm-associated Relevant to complex biofilm biology, but [27]
virulence interactions and pathogenicity, resilience, and acne-specific and follicular validation remains
modulation in virulence-associated coordinated virulence expression limited
polymicrobial pathways
biofilms

whether the observed effects occur independently of bacterial growth inhibition. The major anti-virulence strategies

discussed in this review are summarized in Table 2.

Quorum-Sensing Inhibition: Disrupting Bacterial Communication

Quorum sensing (QS) is a bacterial communication mechanism that enables bacteria to coordinate population density-
dependent behaviors through the production, release, and detection of signaling molecules known as autoinducers. In
many bacterial species, QS can regulate collective phenotypes, including virulence expression, biofilm development, and
stress adaptation.”® In C. acnes, however, the specific contribution of QS-related signaling to biofilm regulation,
virulence expression, and antimicrobial tolerance remains less clearly defined than in classical QS model
organisms.?""*>2® Therefore, QS-related mechanisms in C. acnes should be interpreted cautiously and distinguished
from mechanisms inferred from broader bacterial biofilm literature.?>-¢

At the biofilm level, QS-related signaling has been proposed to influence biofilm maturation, matrix-associated
processes, and adaptive bacterial behavior in several experimental biofilm systems.>>***® However, direct evidence

demonstrating that QS specifically controls EPS production, mature biofilm architecture, persister-like phenotypes, or
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antibiotic tolerance in human follicular C. acnes biofilms remains limited. Therefore, these mechanisms should be
interpreted as hypothesis-generating or model-derived rather than established features of C. acnes biofilm regulation in
acne.25’26’42

The currently available acne-relevant evidence is more closely related to autoinducer-2 (Al-2)-mediated signaling
than to an accessory gene regulator (agr)-like peptide-based QS system.**** Accordingly, the previous statement
referring to peptide-based signaling systems analogous to the agr system was removed. Several QS-modulating
strategies, including natural compounds and signal-interfering agents, have been investigated as potential approaches
to reduce C. acnes biofilm-associated behavior without relying solely on broad-spectrum bacterial eradication.*** For
example, Cafiellas-Santos et al reported that Camellia sinensis callus lysate reduced AI-2 production, biofilm formation,
lipase activity, and keratinocyte inflammatory responses, including IL-6, IL-8, TNF-0, and CXCL1 expression, without
significantly affecting bacterial viability.* These findings support a potential Al-2-related biofilm-modulating and anti-
inflammatory effect, although they should not be interpreted as definitive evidence that QS inhibition preserves the
broader skin microbiome in vivo. Similarly, Hamada et al reported that heparinoid inhibited Al-2-mediated signaling
associated with C. acnes, suppressed C. acnes biofilm formation without reducing viable bacterial counts, and enhanced
the bactericidal efficacy of 4-isopropyl-3-methylphenol (IPMP) against C. acnes biofilms.** These findings suggest that
Al-2-related QS inhibition may represent a potential biofilm-modulating strategy for acne-related C. acnes control.****

Nevertheless, current evidence does not yet establish QS as a fully defined regulatory system controlling EPS
production, biofilm architecture, persister-like phenotypes, follicular accumulation of signaling molecules, or antibiotic
tolerance in human acne lesions.”'*>**** Several of these mechanisms are better regarded as hypothesis-generating or
extrapolated from broader bacterial QS and biofilm models unless directly demonstrated in C. acnes.>>° Therefore,
statements regarding QS-mediated regulation of EPS production, structural biofilm organization, stress-adaptive sub-
populations, and antimicrobial tolerance should be interpreted cautiously.?!->26:42

Beyond direct QS interference, other anti-biofilm or virulence-associated modulators may affect C. acnes biofilm
development through mechanisms that are not necessarily QS-specific.** For example, Kim et al demonstrated that
shikonin inhibited mono- and multispecies biofilms involving C. acnes, reduced EPS-associated biofilm features, and
downregulated several biofilm- and virulence-related genes, including those associated with adhesion, lipase activity, and
hyaluronate lyase production.** However, because this effect was not presented as direct QS inhibition and shikonin also
showed concentration-dependent antimicrobial activity, these findings should be interpreted as biofilm- and virulence-
associated modulation rather than definitive QS-specific anti-virulence activity.**

Overall, QS-targeted and virulence-associated modulation strategies may offer a complementary approach to con-
ventional antimicrobial therapy by interfering with coordinated biofilm-associated behavior rather than relying solely on
bacterial eradication.”>***** However, most evidence remains experimental, and the effectiveness of QS-targeted
approaches may be influenced by the complexity of signaling networks, strain-level variation, and redundancy in

25,26

regulatory pathways.>>?%*>*? Further studies using clinically relevant follicular models and human acne lesions are

required to clarify whether Al-2-related QS inhibition can meaningfully reduce C. acnes biofilm persistence, improve

antimicrobial susceptibility, and preserve microbiome balance in vivo.***

Biofilm Disruption Strategies: Targeting the Matrix

Although QS-related signaling may contribute to biofilm-associated behavior, the structural integrity of mature biofilms
is largely supported by the EPS matrix, making the matrix a potential therapeutic target. In experimental biofilm systems,
this matrix may contain polysaccharides, proteins, extracellular DNA (eDNA), and lipids, and can facilitate bacterial
cohesion, restrict antimicrobial penetration, and create protective microenvironments.”'?® However, direct evidence
linking specific EPS-mediated mechanisms to human follicular C. acnes biofilms remains limited, and extrapolation
from broader biofilm models should be interpreted cautiously. Biofilm-associated bacteria may exhibit reduced anti-
microbial susceptibility due to restricted drug diffusion, altered metabolic activity, putative tolerant or persister-like
subpopulations, and adaptive stress responses.?'"*® Spatial gradients within biofilms may further create metabolically

heterogeneous microenvironments that contribute to reduced antimicrobial efficacy.””*®
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Targeting the biofilm matrix has therefore emerged as a potential strategy to enhance antimicrobial penetration and
destabilize biofilm-associated communities. Enzymatic approaches, including DNases, proteases, and polysaccharide-
degrading enzymes, may disrupt biofilm structure and improve antimicrobial access to embedded bacterial cells.?**® For
instance, dispersin B-mediated degradation of PNAG has been shown to destabilize biofilm matrices and enhance the
activity of conventional agents such as benzoyl peroxide against C. acnes/Staphylococcus epidermidis dual-species
biofilms.?® Similarly, microbiota-derived small molecules such as short-chain fatty acids (SCFAs) have been reported to
interfere with biofilm maturation in specific experimental models, including reduced polysaccharide and eDNA accu-
mulation in S. epidermidis biofilms.*® However, the direct relevance of these matrix-disrupting or biofilm-modulating
mechanisms to follicular C. acnes biofilms in acne remains to be further validated.

Importantly, combining biofilm-disrupting agents with antimicrobial therapies may improve antibiofilm activity
compared with antimicrobial treatment alone.”®*’ However, the magnitude of benefit may vary depending on the biofilm
model, microbial composition, treatment timing, and formulation strategy. Challenges such as enzyme instability,
delivery limitations, and potential off-target effects remain, highlighting the need for optimized formulations and further

translational validation.

Advanced Drug Delivery Systems: Enhancing Penetration and Targeting

In addition to biofilm disruption strategies, advanced drug delivery systems offer innovative solutions to overcome the
limitations of conventional therapies. The biofilm matrix acts as both a physical and biochemical barrier that restricts
antimicrobial diffusion and alters drug distribution within infected sites.*> As a result, biofilm-associated bacteria can
exhibit resistance levels up to 10—1,000-fold higher than planktonic cells, underscoring the need for delivery systems
capable of penetrating this barrier.*

Nanoparticle-based carriers have emerged as promising strategies to enhance drug delivery, follicular targeting, and
sustained release, with the potential to improve therapeutic outcomes in acne management. For example, Arooj et al
developed adapalene-loaded liposomes with a particle size of approximately 172 nm, zeta potential of =35 mV, and high
encapsulation efficiency of 89.7%. When incorporated into Carbopol gel, this system showed sustained drug release,
improved dermal deposition, and significant improvement of acne lesions in a testosterone-induced acne model without
visible irritation or inflammation.*® Ansari et al developed karanjin-loaded ethosomal gel with a particle size of
approximately 141 nm and entrapment efficiency of 71.4%. This formulation increased transdermal flux by 1.9-fold
and skin deposition by 2.4-fold compared with conventional karanjin solution, while also showing antibacterial activity
against C. acnes, antioxidant activity, anti-inflammatory effects, and reduced sebaceous gland enlargement.*’” Ogunjimi
et al further demonstrated that isotretinoin-loaded Delonix polymeric nanoparticles, with a particle size of approximately
230 nm, preferentially accumulated in hair follicles and increased follicular isotretinoin deposition by approximately
three-fold compared with isotretinoin solution. These nanoparticles also provided sustained release, reduced phototoxi-
city, and suppressed IL-6 expression.*® Collectively, these examples indicate that nanocarrier-based systems can enhance
acne therapy by improving follicular localization, prolonging skin retention, controlling release, reducing irritation, and
exerting anti-inflammatory activity, rather than merely increasing drug loading. Beyond improving drug delivery, these
examples illustrate that nanocarrier platforms can provide multifunctional therapeutic benefits. In addition to enhancing
follicular targeting and skin retention, these systems may simultancously exert antibacterial, anti-inflammatory, antiox-
idant, and photoprotective effects. Such multifunctionality is particularly attractive for acne management, where
therapeutic success often depends on simultaneously addressing multiple pathogenic processes. Nevertheless, most of
the currently available evidence is derived from preclinical studies, and well-designed clinical trials remain limited,
underscoring the need for further validation before widespread clinical implementation.

Stimuli-responsive nanocarriers further enhance therapeutic precision by enabling site-specific drug release in
response to microenvironmental cues such as pH changes, enzymatic activity, and inflammatory signals.*’ In acne
lesions, where pH and inflammatory conditions are altered, these systems can improve local drug bioavailability while
reducing off-target effects. Notably, deformable systems such as transfersomes have demonstrated enhanced skin
penetration in experimental studies, further supporting their potential utility in topical therapy.’®
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Beyond their role as delivery vehicles, certain nanomaterials exhibit intrinsic antibacterial activity through mechan-
isms such as reactive oxygen species (ROS) generation, membrane disruption, and interference with intracellular
processes. These multimodal actions can bypass conventional resistance mechanisms and enhance the efficacy of co-
administered antibiotics through synergistic effects.”’

Nanoparticles can also function as dynamic sensor—actuator systems, capable of detecting local pathological signals
and triggering targeted drug release within the biofilm microenvironment.’> Their effectiveness is influenced by
physicochemical properties such as particle size, surface charge, and hydrophobicity, which determine interactions
with the EPS matrix and biofilm penetration dynamics.*’ In addition, surface functionalization strategies enable targeted
delivery to specific bacterial populations or biofilm components, further enhancing therapeutic precision.*

Experimental evidence supports these advantages, with systems such as calcium fluoride nanoparticles that suppress
virulence gene expression and gold nanoparticles functionalized with hordenine that demonstrate enhanced antibiofilm
activity. Nitric oxide-releasing nanoparticles have also shown superior antimicrobial efficacy compared to conventional
antibiotics in in vivo models.*> Furthermore, nanoparticles can facilitate the delivery of matrix-degrading enzymes, such
as DNase and proteases, thereby enabling simultaneous biofilm disruption and antimicrobial action.>* However, despite
their significant potential, nanocarrier-based systems face important challenges, including formulation stability, high
production costs, and limited long-term safety data, which may constrain their clinical translation.

Toward Precision Dermatology: Integrating Microbiome and Strain-Specific Targeting
Emerging evidence suggests that acne is not solely driven by bacterial abundance but by the dominance of specific
virulent C. acnes phylotypes. This is clinically relevant, considering that acne vulgaris affects approximately 85% of
adolescents and a significant proportion of adults, emphasizing the need for more targeted and effective therapeutic
strategies.”®> The human skin harbors approximately 1000 bacterial species, forming a highly complex and dynamic
microbial ecosystem that plays a fundamental role in maintaining skin homeostasis.’ ? Actinobacteria constitute approxi-
mately 51.8% of the skin microbiota, highlighting the dominance of specific microbial groups within distinct skin
niches.>*

C. acnes exhibits substantial genetic heterogeneity, with over 100 strains classified into eight phylotypes, among
which TA1 and TA2 are strongly associated with severe acne phenotypes, underscoring the need for strain-specific
therapeutic strategies.”’ This strain-specific pathogenicity is partly driven by metabolic adaptations, particularly lipase-
mediated hydrolysis of sebum triglycerides, which generates free fatty acids, thereby promoting bacterial adhesion and
follicular colonization.>*

This concept is further supported by experimental host-microbe co-culture models, which demonstrate that different
skin-associated bacteria exert distinct effects on epidermal structure and inflammatory responses. For instance,
Staphylococcus aureus induces pronounced pro-inflammatory signaling, including elevated secretion of IL-8 and
CXCLI1, whereas commensal species such as C. acnes and S. epidermidis exhibit more limited or context-dependent
effects. These findings highlight that microbial impact on skin health is highly species- and strain-dependent, reinforcing
the importance of targeted and microbiome-preserving therapeutic strategies.>

Importantly, resistance in polymicrobial biofilms is not merely additive but rather a synergistic, emergent property
driven by complex interspecies interactions. Propionibacterium-derived metabolites have been shown to induce aggrega-
tion and biofilm formation in S. aureus, further illustrating how interspecies interactions can enhance pathogenicity in
polymicrobial environments.>* Moreover, microbe—microbe and host-microbe interactions collectively regulate disease
outcomes through multiple coordinated mechanisms. Commensal microorganisms contribute to microbial homeostasis
via competitive exclusion, antimicrobial peptide (AMP) production, and immune modulation, thereby limiting pathogen
colonization and maintaining ecological balance.**° In parallel, keratinocytes play a central role in microbiome
regulation by expressing pattern recognition receptors (PRRs), including Toll-like receptors (TLRs) and NOD-like
receptors (NLRs), and by producing AMPs that shape microbial composition and inflammatory responses.>* Microbial
metabolites such as SCFAs further support skin barrier integrity by regulating keratinocyte differentiation, lipid synthesis,
and pH balance. Disruption of this tightly regulated system leads to microbial dysbiosis, which can drive chronic low-
grade inflammation, barrier dysfunction, and increased susceptibility to inflammatory skin conditions.??
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Supporting this concept, experimental studies have demonstrated that certain bioactive metabolites exhibit selective
antibiofilm activity that varies by bacterial species, with pronounced effects against specific commensal or opportunistic
strains while sparing others. This selective inhibition profile suggests that targeted modulation of microbial communities
may be achievable without broad-spectrum disruption. However, the long-term effects of such approaches on the skin
microbiome and their clinical relevance require further investigation.*°

This growing body of evidence highlights a critical limitation of conventional broad-spectrum antibiotics, which fail
to discriminate between pathogenic and commensal strains, often leading to microbial imbalance and dysbiosis.'*
Consequently, increasing attention has been directed toward microbiome-based and strain-selective therapeutic
approaches that aim to preserve beneficial microbial communities while selectively targeting pathogenic strains.'**’
Recent advances highlight multiple microbiome-targeted strategies, including the application of specific commensal
bacteria, bacteriophage therapy, prebiotic and probiotic metabolites, and microbiome transplantation, all of which aim to
selectively modulate microbial communities rather than indiscriminately eliminate them.'?

Such strategies may include targeted antimicrobial peptides, bacteriophage therapy, or microbiome-modulation
approaches to restore microbial balance. In particular, nanocarrier-based systems have shown potential to enhance
follicular drug delivery, thereby improving local drug accumulation at sites of C. acnes colonization while reducing off-
target exposure.”” Clinical studies have demonstrated that topical administration of probiotic strains (~10% CFU)
significantly reduces inflammatory acne lesions within 4 weeks, with sustained therapeutic effects observed even after
treatment cessation, suggesting potential involvement of adaptive immune modulation.>* Although these findings are
encouraging, available clinical studies remain limited in size and duration, and further validation is required before
routine clinical implementation can be recommended.

By integrating insights from microbiome research, biofilm biology, and host-microbe interactions, these approaches
represent a shift toward precision dermatology, where treatment is tailored to the specific microbial and molecular
characteristics of the disease. This emerging precision-oriented framework challenges the long-standing reliance on broad-
spectrum antimicrobial eradication, which appears increasingly inadequate in the context of biofilm-mediated persistence
and strain-specific virulence. Instead, precision dermatology emphasizes selective interventions to restore microbial balance
and attenuate pathogenic activity while minimizing disruption of beneficial microbial communities. However, the extent to
which these objectives can be consistently achieved in clinical settings remains an active area of investigation.'**’

Taken together, these strategies underscore the need for integrated therapeutic approaches that simultancously target
biofilm architecture, virulence regulation, and microbial ecology. By shifting from broad-spectrum antimicrobial
eradication toward selective, mechanism-based interventions, these approaches may offer a more targeted framework
for acne management. The key mechanisms and therapeutic targets of selective modulation strategies are summarized
in Figure 1 and Table 3. Despite their mechanistic diversity, these approaches converge on a shared therapeutic goal of
reducing biofilm-associated resilience while minimizing unnecessary broad-spectrum disruption of microbial
communities.?"*>***° Anti-virulence strategies aim to attenuate pathogenic activity, although the extent to which
individual agents act independently of bacterial growth inhibition varies and requires careful interpretation 226394044
QS inhibitors may interfere with Al-2-related signaling and biofilm-associated behaviors, whereas biofilm-disruption
strategies directly target the extracellular matrix to enhance antimicrobial penetration.”®*****> Advanced drug
delivery systems may improve drug localization and controlled release within biofilm-associated or follicular
environments.>***® In parallel, microbiome- and strain-selective approaches aim to modulate acne-associated
microbial ecology, although their long-term microbiome-level consequences remain incompletely
understood.'*!*37:33 Despite growing interest in microbiome-informed therapies, much of the current evidence
remains preclinical or limited to small clinical studies. Furthermore, the long-term consequences of selectively
manipulating skin microbial communities require further investigation.

Future Clinical Integration
Despite promising in vitro findings, the clinical translation of selective modulation strategies remains limited by
challenges related to formulation stability, delivery efficiency, and regulatory approval.>”*® A major constraint is the
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Figure | Conceptual model of mechanisms underlying reduced antimicrobial susceptibility in Cutibacterium acnes biofilm-associated acne. This figure presents a conceptual
representation of biofilm-associated mechanisms that may contribute to reduced treatment response in acne, based on experimental C. acnes biofilm studies and broader
biofilm biology. The model illustrates how the EPS matrix may restrict antimicrobial diffusion, reduce local drug availability, and support the presence of putative tolerant or
persister-like subpopulations. Additional contributing mechanisms may include adaptive stress responses, altered metabolic states, and reduced susceptibility to antimicrobial
therapy. The figure also highlights the potential consequences of non-selective antimicrobial treatment, including dysbiosis and shifts in acne-associated phylotypes.
Collectively, these mechanisms may contribute to persistent inflammation, recurrence, and reduced therapeutic efficacy. This illustration is intended as a conceptual
model and should not be interpreted as a definitive structural representation of C. acnes biofilms within the human pilosebaceous follicle.

lack of robust in vivo validation and standardized comparative studies, as most current evidence is derived from small-
scale experimental models that do not fully reflect human skin physiology.?*~*°
Conventional therapies, including topical antibiotics and retinoids, are further limited by adverse effects such as

irritation, photosensitivity, and antimicrobial resistance.* Clinical outcomes remain suboptimal, with up to 36.2% of

Table 3 Emerging Selective Modulation Strategies Targeting Cutibacterium acnes Biofilms

Strategy Main Mechanism Molecular Potential Clinical Limitations Proposed/Potential
Targets Advantages Outcomes and
Translational
Considerations
Anti-virulence Suppresses pathogenic | Lipases, May reduce inflammation; Limited in vivo Potential attenuation of
strategies' % activity without CAMP may reduce selective validation; potential | inflammatory responses and
affecting bacterial factors, pro- pressure associated with incomplete virulence-associated activity;
viability inflammatory | bactericidal approaches; suppression of requires further clinical
mediators, may help limit microbiome | virulence pathways | validation
regulatory disruption
pathways
(Continued)
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Table 3 (Continued).

Strategy Main Mechanism Molecular Potential Clinical Limitations Proposed/Potential
Targets Advantages Outcomes and
Translational
Considerations

Quorum-sensing | Disrupts bacterial Autoinducers | May inhibit biofilm Redundancy of Potential suppression of
inhibition®>26:28 communication and (AlPs), QS maturation; may reduce signaling pathways; | biofilm maturation and
coordinated gene receptors, virulence expression; may | limited clinical coordinated virulence
expression regulatory enhance susceptibility to evidence expression; clinical relevance
signaling adjunctive therapy remains to be established
pathways
Biofilm Enzymatic degradation | PNAG, May enhance antimicrobial | Enzyme instability; Potential enhancement of
disruption of the EPS matrix eDNA, matrix | penetration; may delivery challenges; | antimicrobial penetration and
strategies®'?*38 proteins destabilize biofilm potential off-target | biofilm destabilization;
structure; may reduce effects requires optimized delivery
biofilm-associated systems

persistence

Advanced drug Improves drug Biofilm May increase local drug High production Potential improvement in
delivery localization, matrix, concentration; may cost; formulation drug targeting, retention, and
systemsm'ao'45 penetration, and follicular improve follicular instability; limited controlled release;
controlled release targeting retention; may reduce long-term safety translational feasibility
within biofilm- sites, pH/ systemic exposure data requires further evaluation

associated or follicular | ROS-

environments responsive
systems
Microbiome- and | Targets pathogenic Virulent May help limit dysbiosis; Complexity of Potential support for
strain-selective strains or dysbiotic C. acnes may support microbial microbiome microbial balance and
approaches"":”'40 microbial patterns phylotypes, balance; may contribute to | interactions; inter- | selective suppression of
while aiming to limit microbial longer-term microbiome- individual virulent phylotypes; long-
disruption of interaction informed management variability; limited term microbiome-level
commensal microbiota | networks long-term clinical consequences remain unclear

evidence

Abbreviations: AMP, antimicrobial peptide; EPS, extracellular polymeric substance; IL, interleukin; PNAG, poly-N-acetylglucosamine; QS, quorum sensing; QSI, quorum
sensing inhibitor; ROS, reactive oxygen species; SCFA, short-chain fatty acid.

patients developing acne scarring and post-inflammatory hyperpigmentation, while only 18.7% remain free of long-term
complications.*' These limitations are compounded by intrinsic delivery barriers, including poor stratum corneum
penetration, follicular obstruction, and reduced drug deposition at pilosebaceous sites.”’

In addition, the structural complexity of polymicrobial biofilms—comprising C. acnes, Staphylococcus spp., and
Malassezia—creates a dense EPS matrix that restricts drug diffusion and establishes microenvironmental gradients,
contributing to discrepancies between in vitro and in vivo efficacy.?'*>>® Biofilm-associated microorganisms can exhibit
antibiotic tolerance levels up to 10-1000 times higher than planktonic counterparts due to restricted diffusion, metabolic
dormancy, and adaptive stress responses.”® Although emerging evidence supports the translational potential of biofilm-
targeted therapies, including topical formulations with efficacy comparable to benzoyl peroxide and reduced adverse
effects, their broader clinical application remains limited.”® Additional challenges include instability of bioactive
compounds, variability in plant-derived therapeutics, and lack of standardization, which hinder reproducibility and
scalability. >

Regulatory and economic barriers further complicate clinical integration. Nanomaterial-based therapies require
rigorous safety evaluation due to concerns regarding cytotoxicity, systemic toxicity, and environmental impact.*” The
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regulatory landscape remains fragmented, with insufficient harmonization and limited long-term safety data.®® These
challenges are consistent with broader observations in nanomedicine, where the absence of harmonized global regulatory
frameworks, variability in manufacturing processes, and complexity in physicochemical characterization continue to
hinder clinical translation and commercialization of nanoparticle-based therapeutics.®’ In addition, manufacturing
challenges such as batch variability and scalability constraints further limit clinical implementation.’®>” Nanomaterials
may also induce oxidative stress through ROS, potentially disrupting skin homeostasis.***>*%°

Another critical challenge lies in inter-individual variability of the skin microbiome, which contributes to hetero-
geneous treatment responses and limits the effectiveness of uniform therapeutic approaches.'® Microbiome-based
interventions, therefore, require standardized protocols and careful regulatory consideration to ensure safety and
efficacy."

Despite growing interest in selective modulation strategies, several important limitations remain within the current
evidence base. Much of the available literature is derived from in vitro biofilm models, ex vivo systems, or preclinical
investigations, whereas direct evidence from clinically relevant human follicular models and large-scale randomized
clinical trials remains limited.>>%>7 In addition, substantial heterogeneity exists in experimental designs, biofilm models,
outcome measures, and formulation platforms, making cross-study comparisons challenging.”*~’ Consequently, the long-
term efficacy, safety, and translational relevance of strategies targeting microbial communities, QS pathways, and
biofilm-associated mechanisms remain incompletely understood and require further validation in clinically relevant
settings.” >’

Future clinical integration will depend on the development of physiologically relevant in vivo models, large-
scale clinical trials, and microbiome-informed therapeutic strategies that enable personalized
intervention.'*"!*2>3%37 Advances in multi-omics technologies and real-time microbiome profiling may facilitate
the identification of patient-specific microbial signatures and guide targeted therapy.?’ In parallel, improvements in
formulation strategies, including stimuli-responsive and biofilm-penetrating systems, will be essential to enhance
therapeutic efficacy.’*>?

Ultimately, bridging the gap between experimental findings and clinical application will require an integrated,
multidisciplinary approach combining microbiology, materials science, dermatology, and regulatory science to advance
precision dermatology. This highlights that the clinical translation of advanced delivery systems is not solely a scientific

challenge, but also a regulatory and manufacturing bottleneck.®’

Conclusion

Selective modulation strategies targeting biofilm integrity, virulence pathways, and microbial ecology represent
a promising emerging direction in acne research, particularly because conventional approaches primarily focus on
bacterial eradication and may insufficiently address biofilm-associated tolerance, strain-level virulence, and microbial
dysbiosis. By integrating anti-virulence therapy, QS inhibition, biofilm disruption, advanced drug delivery systems, and
microbiome-informed interventions, these strategies may provide a more targeted framework for controlling C. acnes—
associated pathology. However, the current level of evidence remains uneven, and many of these approaches are still
supported mainly by in vitro, ex vivo, or preclinical findings rather than robust clinical validation.

Significant challenges remain in translating selective modulation strategies into clinical practice, including formula-
tion stability, delivery efficiency, regulatory standardization, long-term safety, and manufacturing scalability. In addition,
the structural complexity of follicular biofilms and inter-individual variability in the skin microbiome may influence
therapeutic responses and complicate clinical outcomes. Important unresolved questions remain, including whether
selective modulation can improve acne outcomes in controlled clinical trials, whether microbiome-informed interventions
can truly preserve or restore microbial balance, how targeting a dominant commensal species such as C. acnes affects
broader skin microbiome ecology, and whether follicular C. acnes biofilms in human acne lesions share the same
structural and physiological properties observed in experimental biofilm models.

Future research should prioritize physiologically relevant in vivo models, standardized outcome measures, large-scale
clinical validation, and personalized therapeutic frameworks that integrate microbiome profiling with advanced delivery
technologies. Ultimately, the successful clinical integration of these strategies will require a multidisciplinary approach
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bridging microbiology, materials science, dermatology, and regulatory science. Rather than replacing established acne
therapies at present, selective modulation may serve as a complementary and more targeted strategy for future acne
management, provided that its efficacy, safety, and microbiome-level consequences are validated in clinically relevant
settings.
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