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Abstract

Background/Objectives: Skin and soft tissue infections (SSTIs) remain a major clinical chal-
lenge due to the increasing prevalence of antimicrobial resistance and biofilm-associated
pathogens. Conventional antibiotics are often limited by reduced efficacy, recurrent in-
fections, and disruption of the resident skin microbiota. Consequently, bacteriocins have
emerged as promising alternative or adjunctive antimicrobial agents for the treatment of
skin and wound infections. Methods: A literature review was conducted using the PubMed,
Scopus, and Web of Science databases. Experimental in vitro, ex vivo, and in vivo studies in-
vestigating bacteriocins in skin and wound infection models were analyzed, with a focus on
antimicrobial activity, antibiofilm efficacy, activity against antimicrobial-resistant pathogens,
and formulation strategies designed to improve therapeutic performance. Results: Avail-
able evidence demonstrates that numerous bacteriocins exhibit potent antimicrobial activity
against clinically relevant skin-associated pathogens, particularly Staphylococcus aureus,
including methicillin-resistant strains (MRSA). Several bacteriocins also showed significant
antibiofilm properties and synergistic interactions with conventional antibiotics, resulting
in enhanced bacterial eradication and reduced risk of resistance development. Experimental
infection models further support their therapeutic potential in wound-associated infec-
tions. Additionally, advanced delivery platforms, including hydrogels, wound dressings,
nanofibers, and lipid-based nanoparticles, improved peptide stability, sustained release,
and local antimicrobial efficacy. Conclusions: Bacteriocins are promising candidates for
the prevention and treatment of skin and wound infections due to their antimicrobial and
antibiofilm activity, low propensity for resistance development, and suitability for topical
administration. However, further studies addressing formulation optimization, safety,
pharmacokinetics, and clinical validation are required before bacteriocin-based therapies
can enter routine clinical practice.

Keywords: bacteriocins; antimicrobial peptides; biofilms; antibiofilm activity; antimicrobial
resistance; wound pathogens; drug delivery systems; therapeutic applications

1. Introduction

Skin and soft tissue infections (SSTIs) are common bacterial diseases occurring in
both community and healthcare settings [1]. They range from superficial conditions, such
as impetigo and folliculitis, to more severe and invasive infections, including cellulitis,
abscesses, surgical site infections, and infected acute or chronic wounds [2,3]. The clinical
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burden of SSTIs is greatest among individuals with diabetes, immunosuppression, burns,
and chronic wounds, in whom dysbiosis, biofilm formation, and impaired tissue repair
synergistically contribute to persistent infection and delayed healing [1,4]. Gram-positive
bacteria such as Staphylococcus aureus and Streptococcus pyogenes are predominant etiological
agents of skin infections. Regarding chronic wounds, Gram-negative microorganisms are
more frequently observed and they include Pseudomonas aeruginosa and representatives
of Enterobacterales, which further complicates the treatment and promotes disease re-
lapses [5,6]. In recent years, increasing prevalence of antibiotic-resistant strains, such as
methicillin-resistant S. aureus (MRSA), have significantly limited therapeutic options and
complicated the management of skin infections. The global rise of antimicrobial resistance
(AMR) represents a major public health concern and indicates an urgent need for alternative
or complementary antimicrobial strategies. Conventional antibiotics used in treatment
of skin infections often exhibit broad-spectrum activity, which may disrupt the native
skin microbiota and contribute to resistance development [1,7]. Moreover, the efficacy
of antibiotics is frequently reduced in biofilm-associated infections, which are commonly
observed in chronic wounds [6]. These issues aroused interest in novel antimicrobial agents
with distinct mechanisms of action and a lower tendency to induce resistance. Bacteriocins
are ribosomally synthesized antimicrobial peptides produced by bacteria as part of their
competitive survival strategies. They show strong antibacterial activity, often with high
specificity toward closely related or clinically relevant pathogens [8,9]. Several features
make bacteriocins particularly attractive candidates for the treatment of skin infections.
These peptides often display rapid bactericidal activity at low concentrations, effectiveness
against antibiotic-resistant pathogens, and a lower propensity for resistance development
compared with many conventional antibiotics [8,10]. Importantly, bacteriocins can be
applied locally, which is a major advantage in dermatological and wound-related applica-
tions, as topical administration minimizes systemic exposure and potential toxicity [11].
Furthermore, some bacteriocins demonstrated activity against biofilm-forming bacteria,
suggesting their potential utility in chronic wound management [12-14].

Despite a growing body of evidence supporting antimicrobial properties of bacteri-
ocins, their therapeutic application in skin infections is still at an early stage of research.
Most studies carried out so far have focused on in vitro antibacterial activity and there
have been fewer investigations on in vivo efficacy conducted with the use of relevant
skin or wound infection models. Furthermore, challenges related to peptide stability,
delivery, immunogenicity, and regulatory approval continue to limit clinical translation
of bacteriocin-based therapeutics. Recent advances in formulation strategies, such as
encapsulation, hydrogel-based delivery systems, and combination therapies with conven-
tional antibiotics, offer promising solutions to overcome these limitations. Figure 1 shows
therapeutic applications of bacteriocins in skin and wound infections.

The figure demonstrates bacteriocin activity at the skin surface and within wounded
tissue, targeting planktonic bacteria and biofilm-associated pathogens commonly involved
in skin infections. Major skin-associated pathogens, including Staphylococcus spp., Strep-
tococcus spp., Enterococcus spp., Pseudomonas spp., are shown. Therapeutic applications
of bacteriocins are described, including topical formulations, wound dressings, advanced
delivery systems, and combination therapy with conventional antibiotics. Key advantages
supporting clinical translation, such as activity against multidrug-resistant pathogens and
suitability for localized treatment, are highlighted.
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Figure 1. Therapeutic Potential of Bacteriocins in Skin Infections.

The aim of this review is to critically evaluate the current evidence regarding the use
of bacteriocins as alternative antimicrobial agents for the treatment of skin and wound
infections. We summarize data from in vitro, ex vivo, and in vivo studies investigating the
efficacy of bacteriocins against clinically relevant skin-associated pathogens, discuss their
mechanisms of action and therapeutic potential, and highlight current limitations and future
perspectives for the clinical translation of bacteriocin-based therapies. While previous
reviews have primarily focused on bacteriocin biology, classification, mechanisms of action,
or their general applications against antimicrobial-resistant pathogens, the present review
specifically integrates evidence related to skin- and wound-associated infections. Particular
attention is given to antibiofilm activity, experimental infection models, topical delivery
systems, and translational challenges that may influence future clinical implementation.

2. Materials and Methods

A literature narrative review was conducted using the PubMed, Scopus, and Web of
Science databases to identify publications addressing bacteriocins and their potential appli-
cations as antimicrobial agents in skin and wound infections. Literature searches included
articles published up to December 2025. The search strategy was based on combinations of
the following keywords: bacteriocins, antimicrobial peptides, biofilms, antibiofilm activ-
ity, antimicrobial resistance, wound pathogens, wound infections, drug delivery systems,
therapeutic applications, and wound healing. Representative search strings included:
(“bacteriocins” AND “wound infections”), (“bacteriocins” AND “biofilm”), (“bacteriocins”
AND “skin infections”), (“bacteriocins” AND “drug delivery systems”), and (“bacteri-
ocins” AND “antimicrobial resistance”). Additional relevant publications were identified
through manual screening of the reference lists of selected articles, including those made
in 2026. Titles and abstracts of the identified records were screened for relevance to the
scope of the review. Potentially eligible publications were subsequently assessed in full
text. Priority was given to peer-reviewed original research articles reporting experimental
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data from in vitro, ex vivo, and in vivo studies. Review articles were included selectively
to provide background information, classification frameworks, mechanistic insights, and
broader context regarding bacteriocin biology, antimicrobial resistance, skin infections,
and biofilm-associated diseases. Conference abstracts, non-peer-reviewed publications,
duplicate records, and studies lacking sufficient methodological information were excluded
from further analysis.

The selected literature was evaluated regarding: (i) bacteriocin classification and
mechanisms of action, (ii) antimicrobial activity against clinically relevant skin- and wound-
associated pathogens, (iii) antibiofilm properties, (iv) activity against antimicrobial-resistant
microorganisms, (v) evidence obtained from experimental skin and wound infection mod-
els, and (vi) translational aspects, including formulation strategies and delivery systems
designed to improve bacteriocin stability, bioavailability, and therapeutic efficacy.

3. Bacteriocins: Definition, Classification, and Mechanisms of Action

Bacteriocins are a heterogeneous group of ribosomally synthesized antimicrobial
pep-tides and proteins produced by bacteria and, less frequently, archaea, which exert
bactericidal or bacteriostatic activity primarily against phylogenetically related microorgan-
isms [8,15]. Unlike most conventional antibiotics, which are non-ribosomally synthesized
secondary metabolites, bacteriocins are ribosomally synthesized antimicrobial peptides
or proteins encoded by specific structural genes and often subjected to post-translational
modifications. They frequently display a relatively narrow spectrum of activity directed
against closely related microorganisms [16]. These specific properties reflect their ecological
function as molecular tools mediating microbial competition, niche establishment, and
population structure within complex microbial communities, including soil, aquatic envi-
ronments, fermented foods, and host-associated microbiota [15]. Due to their proteinaceous
nature, bacteriocins are generally susceptible to proteolytic degradation, which contributes
to their low environmental persistence and reduced toxicity towards eukaryotic cells,
making them attractive candidates for biomedical and biotechnological applications [17].

Bacteriocins belong to ribosomally synthesized peptides that can undergo post-
translational modifications [18]. Their genetic determinants are typically organized in
operons comprising structural genes, modification enzymes, dedicated transporters, im-
munity proteins, and regulatory elements. They all together ensure efficient biosynthesis,
secretion, and self-protection of the producing strain [9]. This modular genetic architecture
facilitates rapid evolutionary diversification and horizontal gene transfer, contributing to
remarkable structural and functional diversity of bacteriocins [8]. On the basis of molecular
mass, post-translational modifications, heat stability, and mechanism of action, bacteriocins
are traditionally classified into several major groups [8,9,16]. The main classification of
bacteriocins based on the cell wall type of producing organisms is shown in Figure 2.

The figure presents the main classes of bacteriocins produced by Gram-positive and
Gram-negative bacteria, categorized according to their size, structure, and post-translational
modifications. Importantly, the mechanisms of action illustrated in the scheme do not cor-
respond to specific bacteriocin classes but represent an overview of different antimicrobial
strategies employed by bacteriocins. In general, lantibiotics (Class I) most frequently act
via Lipid II binding and membrane pore formation, Class II bacteriocins predominantly
exert activity through membrane permeabilization and depolarization, whereas large bac-
teriocins (Class III) often display enzymatic bacteriolytic activity. In contrast, colicins
and microcins, produced by Gram-negative bacteria, typically target intracellular pro-
cesses, including nucleic acid degradation, inhibition of protein synthesis, or interference
with cellular energy metabolism. Individual bacteriocins can act through one or multiple
mechanisms, depending on their structure and target organism.
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Figure 2. Classification of bacteriocins and overview of their possible mechanisms of action.

Bacteriocins of Gram-positive bacteria refer to three main classes. Class I bacteri-
ocins, commonly referred to as lantibiotics, are small peptides, typically below 5 kDa, that
undergo extensive post-translational modifications, including dehydration of serine and
threonine residues, followed by intramolecular cyclization with cysteine residues to form
lanthionine and methyllanthionine bridges [9,19]. These thioether cross-links generate
rigid, polycyclic structures that are essential for antimicrobial activity and resistance to
proteolysis. Well-characterized lantibiotics such as nisin, subtilin, and epidermin trigger
their activity primarily through high-affinity binding to lipid I, a universally conserved
precursor in bacterial peptidoglycan biosynthesis [20]. This interaction not only sequesters
lipid I and blocks cell wall synthesis but also facilitates formation of stable membrane pores,
which results in rapid depolarization, leakage of intracellular ions, and cell death [8,20,21].
The dual targeting of lipid I and the cytoplasmic membrane is thought to contribute to the
high potency of lantibiotics and their relatively low propensity for resistance development.
Class II bacteriocins comprise a large and diverse group of small, heat-stable peptides,
generally below 10 kDa, that lack extensive post-translational modifications [22]. This
class includes pediocin-like bacteriocins (class Ila), characterized with strong anti-listerial
activity, two-peptide bacteriocins (class IIb), whose antimicrobial function depends on the
synergistic interaction of two distinct peptides, peptides with a circular structure (class Ilc)
as well as linear peptides which do not exhibit activity against Listeria (class IId) [8,23].
Many class II bacteriocins act by electrostatic attraction to negatively charged components
of the bacterial cytoplasmic membrane, followed by insertion into the lipid bilayer and
formation of pores that dissipate the proton motive force [21]. Importantly, several class II
bacteriocins rely on specific membrane-associated receptors, most notably the mannose
phosphotransferase system (Man-PTS), which serves as a docking site and determines
species-specific sensitivity [24]. Alterations in these receptor components can result in
bacteriocin resistance, highlighting the receptor-dependent nature of their antimicrobial
activity. Class III bacteriocins, also known as bacteriolysins, are high-molecular-weight,
heat-labile proteins, exceeding 30 kDa, that differ fundamentally from classes I and II
in both their structure and mechanism of action [16]. These bacteriocins do not form
pores in the cytoplasmic membrane, but they typically exhibit enzymatic activity directed
against structural components of the bacterial cell envelope, most commonly peptidoglycan.
By catalyzing the hydrolysis of specific bonds within the cell wall, bacteriolysins induce
osmotic lysis of susceptible cells [8]. Bacteriocins produced by Gram-negative bacteria
are structurally and functionally diverse and are traditionally classified based on their
molecular weight, structure, mode of action, and secretion mechanisms [11,25]. The two
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principal groups are colicins and microcins, with an additional category comprising phage
tail-like bacteriocins [11,26]. Colicins are high-molecular-weight protein bacteriocins (typi-
cally 25-80 kDa) produced predominantly by E. coli and closely related members of the
Enterobacteriaceae family [25,27]. They are generally plasmid-encoded and released by the
producer during cell lysis. They also exhibit narrow-spectrum activity directed mainly
against closely related Gram-negative bacteria [27,28]. Based on their mechanisms of action,
colicins are commonly subdivided into three functional groups. Pore-forming colicins
disrupt the integrity of the cytoplasmic membrane by forming voltage-dependent channels;
nuclease colicins possess DNase, RNase, or tRNase activity leading to degradation of
nucleic acids; finally, colicins inhibiting cell wall synthesis interfere with peptidoglycan
biosynthesis [11,28,29]. Colicin activity requires specific outer membrane receptors and
translocation systems, such as the Tol or Ton systems, which contribute to their narrow
target [27,28]. Microcins are low-molecular-weight bacteriocins (<10 kDa), including very
small peptides (<5 kDa). They undergo extensive post-translational modifications and can
form slightly larger peptides (5-10 kDa) that are unmodified or minimally modified [11,29].
Microcins exhibit antimicrobial activity through diverse mechanisms, including mem-
brane depolarization, inhibition of DNA or protein synthesis, and disruption of essential
metabolic pathways [30]. A distinct group of bacteriocins produced by Gram-negative
bacteria comprise phage tail-like bacteriocins, also referred to as tailocins [25,31]. These
high-molecular-weight complexes structurally resemble bacteriophage tails but they lack
genetic material and are produced by various Gram-negative species, including P. aerug-
inosa, where they are known as R-type (contractile) and F-type (flexible) pyocins [11,31].
Tailocins show considerable bactericidal activity by binding to specific surface receptors
on target cells, followed by rapid membrane depolarization or cell envelope disruption,
resulting in cell death [26,31].

Overall, the mechanistic diversity of bacteriocins reflects their pronounced structural
heterogeneity and evolutionary adaptation to specific ecological pressures. By targeting
essential bacterial components, such as cell membranes, lipid II, nucleic acids, or cell
wall structures, often with high specificity toward particular species or strains, bacteri-
ocins exert potent antimicrobial activity while minimizing off-target effects on non-target
microorganisms [8,15]. This selective mode of action also influences the nature and dy-
namics of resistance development. In comparison to conventional antibiotics, resistance
to bacteriocins appears to emerge less frequently and to develop more slowly. However,
this phenomenon remains an active area for research [17]. Consequently, bacteriocins are
increasingly regarded as promising alternatives or complementary agents to traditional an-
timicrobials in fields such as food preservation and veterinary medicine, and potentially in
human therapy, particularly in the context of the global rise in antimicrobial resistance [16].

4. Skin Structure and Bacterial Skin Infections

The skin constitutes the largest organ of the human body and functions as a highly
specialized physical, chemical, and immunological barrier protecting the host from environ-
mental insults and microbial invasion. Structurally, it is composed of the epidermis, dermis,
and hypodermis, which together provide mechanical resilience, immune surveillance, and
tissue homeostasis [32,33]. The outermost layer of the epidermis, the stratum corneum,
serves as a barrier and consists of terminally differentiated keratinocytes, embedded in a
lipid matrix rich in ceramides, cholesterol, and free fatty acids [34]. This structure limits
transepidermal water loss, maintains an acidic pH on the skin surface, and, together with
antimicrobial lipids and the resident microbiota, contributes to a protective environment
against pathogenic microorganisms [34,35]. In addition to its physical properties, the
skin is an active immune organ equipped with a complex network of innate and adap-
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tive defense mechanisms. Keratinocytes express pattern-recognition receptors (PRRs),
including Toll-like receptors and NOD-like receptors, enabling rapid detection of microbial
components and induction of inflammatory and antimicrobial responses [36,37]. Among
Toll-like surface receptors are TLR2 (Toll-like receptor 2) recognizing peptidoglycan of
Gram-positive bacteria and TLR4 (Toll-like receptor 4) recognizing LPS of Gram-negative.
NOD-like receptors detect pathogens inside host cells in cytosol. In response to microbial
stimulation, keratinocytes and other skin-resident cells produce antimicrobial peptides
such as 3-defensins, cathelicidin LL-37, and dermcidin. Apart from exerting direct an-
timicrobial activity against bacteria, fungi, and certain viruses, these peptides also exhibit
immunomodulatory properties, including chemotactic activity and regulation of cytokine
production [37,38]. These mechanisms operate together with immune cells, including
Langerhans cells, dermal dendritic cells, macrophages, and T lymphocytes, in maintenance
of cutaneous immune homeostasis [39]. The skin is colonized by a diverse microbiota
that plays a fundamental role in maintaining barrier integrity and preventing pathogen
overgrowth. Commensal microorganisms such as Staphylococcus epidermidis, Cutibacterium
acnes, and Corynebacterium spp. contribute to colonization resistance by competing for
nutrients and adhesion sites, producing antimicrobial molecules, including bacteriocins
and other antimicrobial peptides, and modulating host immune responses [40-43]. In
particular, certain commensal strains can stimulate antimicrobial peptide production in ker-
atinocytes and directly inhibit pathogens such as S. aureus, highlighting the importance of
host-microbiota interactions in cutaneous defense [40,42]. Disruption of the skin barrier or
dysbiosis of the resident microbiota may compromise these protective mechanisms and pre-
dispose individuals to cutaneous infections [33,34]. Bacterial skin infections develop when
microorganisms overcome physical and immunological defensive properties of the skin,
often facilitated by microtrauma, chronic inflammation, excessive moisture, or systemic
conditions such as diabetes, vascular disease, or immunosuppression [44]. Gram-positive
bacteria, particularly S. aureus and S. pyogenes, remain predominant etiological agents of
skin and soft tissue infections. However, Gram-negative and also opportunistic pathogens
are increasingly encountered in healthcare-associated infections, chronic wounds, and
immunocompromised patients [2,45,46].

S. aureus is a predominant etiological agent of both superficial and invasive skin
and soft tissue infections and represents the most frequently isolated pathogen in SSTIs
worldwide [47]. Its success as a cutaneous pathogen is attributed to a complex repertoire of
virulence determinants that facilitate colonization, immune evasion, and tissue destruction.
These determinants include microbial surface components recognizing adhesive matrix
molecules (MSCRAMMs) such as clumping factors and fibronectin-binding proteins, as
well as secreted cytolytic toxins (e.g., a-toxin, Panton—Valentine leukocidin, and TSST-1)
and multiple immune-modulating proteins [48]. In addition, S. aureus readily forms struc-
tured biofilms on damaged skin and wound surfaces, which markedly increases tolerance to
antimicrobial therapy and protects bacteria from host immune clearance [6,49]. Methicillin-
resistant S. aureus strains are of particular clinical concern because they combine extensive
antimicrobial resistance with enhanced persistence in chronic wounds and healthcare envi-
ronments [45,48]. Horizontal gene transfer, biofilm-associated growth, and colonization
reservoirs in the skin and nares contribute to recurrent infections and therapeutic failure.
S. pyogenes (group A streptococcus, GAS) similarly causes a wide spectrum of cutaneous
diseases, ranging from impetigo and erysipelas to invasive infections such as necrotizing
fasciitis and streptococcal toxic shock syndrome [50]. Its pathogenicity relies on multiple
coordinated virulence factors. The surface M protein, encoded by the emm gene, acts as
a major anti-phagocytic determinant by interfering with complement deposition and op-
sonization [51,52]. In addition, GAS secretes a broad array of enzymes and toxins, including
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streptolysins, DNases, streptokinase, and superantigenic exotoxins such as streptococcal
pyrogenic exotoxins, which promote tissue invasion, immune dysregulation, and systemic
inflammation [52,53]. Not only classical Gram-positive pathogens but also Gram-negative
bacteria play an increasingly recognized role in skin and wound infections, particularly
in chronic wounds, burns, and healthcare-associated settings [1,5,43]. P. aeruginosa is one
of the most clinically relevant opportunistic pathogens in this context and is frequently
isolated from chronic ulcers and burn wounds, where it colonizes areas of disrupted skin
barrier and moist microenvironments [54]. The pathogenicity of P. aeruginosa relies on a mul-
tifactorial virulence strategy that includes quorum-sensing-regulated production of exotoxin
A, elastases, pyocyanin, and rhamnolipids, as well as secretion systems and extracellular
matrix-degrading enzymes that impair tissue repair and host defense responses [55,56]. A
critical feature of this organism is the ability to form structured biofilms on wound surfaces;
the biofilm matrix, enriched in alginate and other polysaccharides, protects bacteria from
antimicrobial agents and immune clearance and contributes to delayed wound healing
and persistent infection [57,58]. Acinetobacter baumannii has also emerged as an important
opportunistic pathogen in traumatic, surgical, and combat-related wounds, particularly
in hospitalized and immunocompromised patients [59]. It is considered a member of the
ESKAPE group of multidrug-resistant pathogens and is strongly associated with healthcare-
associated infections [60]. This species readily forms biofilms on biotic and abiotic surfaces
and exhibits extensive antimicrobial resistance, which significantly complicates therapy
and promotes persistent colonization of wounds and medical devices [61,62]. Members of
the Enterobacterales, including E. coli, Klebsiella pneumoniae, and Proteus spp., are frequently
isolated from chronic wounds, diabetic foot ulcers, and surgical site infections, where they
often coexist with Gram-positive cocci and non-fermenting Gram-negative rods [63,64].
These organisms readily exploit compromised skin integrity, ischemia, and inflammatory
microenvironments, contributing to polymicrobial infections associated with increased
tissue damage and delayed healing. Their pathogenicity is supported by the production
of endotoxin (lipopolysaccharide), proteases, hemolysins, and siderophores, as well as
by their capacity to participate in mixed-species biofilms that enhance tolerance to antibi-
otics and host immune defenses [65,66]. At the molecular level, bacterial skin infections
are associated with disruption of the epidermal barrier, including alterations in stratum
corneum lipid organization and associated proteins, which impair barrier integrity and
facilitate microbial adhesion and invasion [33,34]. Pathogens such as S. aureus can directly
perturb lipid composition within the stratum corneum, exacerbating barrier dysfunction
and local inflammation [67]. Additionally, dysregulated expression of endogenous antimi-
crobial peptides, including (3-defensins, cathelicidin LL-37, and dermcidin, together with
aberrant inflammatory signaling, can further impair barrier integrity and host immune
defenses, thereby increasing susceptibility to cutaneous infections and chronic inflamma-
tion [37,41,68]. Biofilm formation on the skin surface and within wound beds represents a
central factor in the chronicity of many infections, as biofilm communities display markedly
increased tolerance to antimicrobial agents and resistance to phagocytosis and oxidative
killing [43,64]. Moreover, interspecies interactions within polymicrobial biofilms, including
metabolic cooperation and quorum-sensing cross-communication, can enhance overall
pathogenicity and further complicate treatment [63].

Summing up, these findings indicate that bacterial skin infections are multifactorial
processes driven by the interplay between skin barrier integrity, immune responses, micro-
biota composition, and pathogen-specific virulence traits. The growing awareness of the
role of opportunistic bacteria in skin infections and limited efficacy of antibiotics against
biofilm-associated bacteria require implementation of alternative or adjunctive antimicro-
bial strategies. In this context, bacteriocins, together with other antimicrobial peptides,
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have become the focus of attention as targeted agents with narrow or selective spectra
of activity.

5. Antimicrobial Activity of Bacteriocins Against Bacterial Species
Relevant to Skin and Wound Infections

The studies summarized in Table 1 focus on original experimental works evaluating
bacteriocin activity against clinically relevant pathogens commonly associated with skin
and wound infections under planktonic, biofilm, and infection-mimicking conditions. Par-
ticular emphasis is placed on antibiofilm efficacy and activity against multidrug-resistant
isolates, as these parameters are critical determinants of therapeutic relevance in chronic
wound management. The table includes different bacteriocins for which the minimum
concentration inhibiting bacterial growth was determined. These data provide a struc-
tured overview of the current preclinical evidence supporting bacteriocins as targeted
antimicrobial agents in dermatology and wound care.

Table 1. Antimicrobial activity of bacteriocins against bacterial species relevant to skin and

wound infections.

Bacteriocin Producer Target Pathogen(s) Antibacterial Activity Biofilm Activity Ref.
MBIC =4 ug/mL
Nisin A Lactococcus lactis S g' Z;;Zlf i (MNI[{ISC A48ug/7rlrI:L) MBBC =4 to [13]
P He 256 pug/mL
S, aureus MIC 2-256 ug/mL
’ (strain-dependent) Reduces biofilm
Nisin A L. lactis formation after 24 [14]
P. aeruginosa MIC 64 pg/mL and 48 h
' 3 (strain-dependent)
Nisin A L. lactis S. aureus MIC 4-16 pg/mL Not reported [69]
Acinetobacter spp. MIC 1.65-26.40 pg/mL
Pseudomonas spp. MIC 6.60—423 pg/mL
. . Escherichia spp. MIC 26.40-423 pg/mL
Nisin A L. lactis Klebsiella spp. MIC 105.70-432 pg /mL Not reported [70]
Proteus spp. MIC 105.70 pg/mL
Serratia spp. MIC 13.20-423 pg/mL
Enterocin AS-48 En}zzztl)icscus S. aureus MIC 3 to 16 mg/L Biofilm reduction [71]
Capidermicin S. capitis S. aureus MIC 3.1 to 10 ug/mL Not reported [72]
S. aureus MIC lacticin 3147 1.9-61.8 mg/L
.- ’ MICisin 0.5-8.3 mg/L
Lact1c1n.3.l47 and L. lactis nisin ) Not reported [73]
Nisin Enterococcus MiClacticin 3147 1.9-7.7 mg /L.
SPP: MICnisin 2-8.3 mg/L
Bacteriocin from e
Bacillus subtilis B. subtilis S. aureus MIC 32 pg/mL Not reported [74]
Plantaricin GZ1-27 L. plantarum S. aureus MIC 32 pg/mL Not reported [75]
Plantaricin ZFM9 L. plantarum S. aureus MIC 1.5 uM Not reported [76]
Bacteriocin from L.
plantarum L. plantarum S. aureus MIC 15-30 ug/mL Not reported [77]
S. epidermidis MIC 0.0625-4 ug/mL
Epidermicin NIO1 S. epidermidis S. aureus MIC 1-2 pg/mL Not reported [78]
E. faecalis MIC 0.5-2 pg/mL
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Bacteriocin Producer Target Pathogen(s) Antibacterial Activity Biofilm Activity Ref.
. . Staphylococcus S. aureus MIC 6.25 ug/mL
Gallidermin gallinarum S. epidermidis MIC 1.56-12.5 pg/mL Not reported [79]
Balcat 2;;252 If;l?gl CL' L plantarum Acinetobacter MIC 30-120 pug/mL 59% reduction in [30]
P 1745 P baumanii MBC 60-120 pg/mL biofilm formation
.. Bacillus haynesii C. acnes MIC: 8 ug/mL
Bacteriocin HA2-5 HA? S, aureus MIC 32 pg/mL Not reported [81]
. S. aureus MIC: 1 pg/mL
Flexusin A Baczﬁtzt;{‘;exus E. faecalis MIC: 16 ug/mL Not reported [82]
E. faecium MIC: 32 ug/mL
- Pasteurella
Bacteriocin PA166  Pseudomonas spp. multocida MIC 1-2 pg/mL Not reported [83]
Staphylococcus spp. MIC 6.15 uM
Bacteriocin from P. . E. coli MIC 3.6 uM
aeruginosa F. aeruginosa Enterobacter spp. MIC 12.5 uM Not reported [84]
Klebsiella spp. MIC 10.2 uM

The table summarized antimicrobial activity of bacteriocins against bacterial species relevant to
skin and wound infections, including planktonic and biofilm-associated models. MIC—minimum
inhibitory concentration; MBIC—minimum biofilm inhibitory concentrations; MBBC—minimum
biofilm bactericidal concentrations.

The studies summarized in Table 1 demonstrate that bacteriocins consistently exhibit
strong activity against Gram-positive wound-associated pathogens, particularly Staphylococ-
cus spp. However, direct comparison of antimicrobial efficacy across studies is complicated
by substantial methodological heterogeneity. Differences include the use of reference
versus clinical multidrug-resistant isolates, evaluation of planktonic cells versus biofilms,
variability in bacteriocin purification methods, and the application of different antimicro-
bial endpoints, including MIC, MBC, and biofilm inhibition assays. Furthermore, activity
against Gram-negative pathogens appears less consistent than against Gram-positive bacte-
ria, largely reflecting biological differences in cell envelope structure rather than inherent
limitations of individual bacteriocins.

Bacteriocins of Gram-positive origin, particularly lantibiotics and related peptides such
as nisin, lacticin 3147, gallidermin, epidermicin NIO1 and enterocin AS-48, primarily act by
binding to lipid II or by inducing rapid membrane permeabilization, leading to depolariza-
tion and cell death in susceptible bacteria [71,73,78,79]. Because Gram-positive pathogens
lack an outer membrane, these peptides can directly access cytoplasmic membrane targets,
which explains their consistent and strong activity against S. aureus, including MRSA, one
of dominant pathogens of skin and soft-tissue infections. Among the analyzed compounds,
nisin A remains the most extensively characterized bacteriocin, with reproducible MIC
values typically in the range of 2-16 pg/mL across independent studies [13,14,69]. These
findings are in agreement with its well-established mechanism of action, which involves
binding to lipid II and subsequent pore formation in the cytoplasmic membrane, leading
to rapid cell death. Notably, despite relatively consistent MIC values, variability in sus-
ceptibility among S. aureus strains was observed, with higher MIC values reported for
some clinical isolates, particularly MRSA [13]. This suggests that intrinsic or adaptive
resistance mechanisms, including alterations in membrane composition or surface charge,
may influence bacteriocin efficacy. An important finding across several studies is the ability
of bacteriocins to inhibit biofilm formation. Nisin demonstrated antibiofilm activity at
concentrations comparable to MIC values (MBIC =~ 4 ug/mL), although eradication of
mature biofilms required substantially higher concentrations (up to 256 pug/mL) [13]. This
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discrepancy reflects well-known increased tolerance of biofilm-associated cells. Other
bacteriocins, such as enterocin AS-48, also exhibited biofilm-reducing activity [71], sug-
gesting that membrane-active peptides may be particularly effective against early stages
of biofilm formation. The reduced susceptibility of mature biofilms cannot be explained
solely by increased bacterial density. Biofilm-associated microorganisms are embedded
within a highly structured extracellular polymeric substance (EPS) matrix composed of
polysaccharides, proteins, extracellular DNA, and host-derived components. This matrix
acts as a physical and chemical barrier that can delay or reduce antimicrobial penetration,
while simultaneously creating spatial gradients of nutrients, oxygen, pH, and metabolic
activity within the biofilm. Consequently, bacteria located in deeper biofilm layers may
be exposed to subinhibitory concentrations of antimicrobial agents, facilitating survival
despite treatment [6]. In addition to limited antimicrobial penetration, biofilm-associated
tolerance is strongly influenced by physiological heterogeneity. Mature biofilms contain
subpopulations of metabolically inactive or slow-growing persister cells that are highly
tolerant to antimicrobial exposure. These cells are not genetically resistant; however, their
dormant physiological state markedly reduces susceptibility to agents targeting active
cellular processes. Following treatment cessation, persister populations may repopulate
the biofilm and contribute to infection recurrence, representing one of the major obstacles
to successful eradication of chronic biofilm-associated infections [85]. Another important
factor is quorum sensing (QS), which coordinates bacterial behavior through cell-density-
dependent signaling. QS regulates biofilm maturation, virulence factor production, stress
responses, and, in many species, biofilm-associated antimicrobial tolerance. The role of QS
becomes particularly important in polymicrobial infections, where interspecies commu-
nication may further enhance biofilm resilience and alter susceptibility profiles. Chronic
wound biofilms are rarely monospecies communities and frequently contain complex in-
teractions between S. aureus, P. aeruginosa, Enterobacterales, and other microorganisms.
Such interactions may promote cooperative survival strategies that are difficult to repro-
duce in simplified laboratory systems [86]. These observations suggest that inhibition of
initial biofilm formation and eradication of mature biofilms should be regarded as distinct
therapeutic objectives. While several bacteriocins demonstrate promising activity against
early-stage biofilms, substantially higher concentrations are often required to disrupt estab-
lished biofilm communities. Moreover, the predominance of monomicrobial biofilm models
in the current literature limits the ability to predict bacteriocin performance under clinically
relevant conditions. Future studies should therefore prioritize mature and polymicrobial
biofilm systems that more accurately reflect the complexity of chronic wound infections.
A limited number of studies evaluating biofilm eradication highlights a significant gap in
hitherto studies.

Differences in antimicrobial potency were observed between bacteriocin classes.
Highly potent bacteriocins such as epidermicin NIO1 exhibited MIC values in the sub-
microgram range, indicating strong antimicrobial activity even at very low concentra-
tions [78]. Similarly, flexusin A demonstrated high potency (MIC 1 pug/mL), suggesting that
Bacillus-derived peptides may be an underexplored source of effective antimicrobials [82].
In contrast, bacteriocins produced by lactic acid bacteria, including plantaricins, generally
exhibited moderate activity (MIC 15-32 pg/mL) although certain variants showed im-
proved efficacy [76]. This variability likely reflects differences in peptide structure, stability,
and membrane interaction mechanisms. The activity of bacteriocins against Gram-negative
pathogens was markedly less consistent. Although nisin demonstrated inhibitory effects
against a range of Gram-negative bacteria, including Acinetobacter spp., Pseudomonas spp.,
and E. coli, significantly higher MIC values were required [70]. This observation sup-
ports the widely accepted role of the outer membrane as a barrier limiting bacteriocin
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penetration. Nevertheless, some bacteriocins showed promising activity against clinically
relevant Gram-negative pathogens. For example, a bacteriocin from L. plantarum inhibited
A. baumannii and reduced biofilm formation by nearly 60% [80], indicating potential for
targeting multidrug-resistant wound pathogens. In addition, bacteriocins produced by
Gram-negative bacteria, such as those from P. aeruginosa, displayed broader antimicrobial
spectra, including activity against both Gram-positive and Gram-negative species [84].
These findings suggest that bacteriocins derived from Gram-negative organisms may have
distinct mechanisms which enable them to overcome outer membrane barriers.

6. Experimental Evidence for the Use of Bacteriocins in Skin and Wound
Infection Models

Antimicrobial properties of bacteriocins described in the preceding section demon-
strate that many of these peptides and protein complexes exhibit strong activity against
key skin-associated pathogens under controlled laboratory conditions. However, inhibition
of planktonic bacteria alone does not allow to adequately predict therapeutic utility in
dermatological infections. Skin and wound infections represent complex ecological sys-
tems in which bacteria exist within biofilms, interact with host tissues, and are exposed
to proteases, inflammatory mediators, and fluctuating oxygen and nutrient availability.
Consequently, translational evaluation requires experimental models that more closely
reproduce the biological and physicochemical conditions present in infected skin (Table 2).

Table 2. Experimental evidence for the use of bacteriocins in skin and wound infection models.

A Target Model Infection . . Translational
Bacteriocin ~ Producer Pathogen(s) System Type/Outcome Key Findings Relevance Ref.
Synergistic Combiil;%c)iﬁirtf\era
antibacterial effect; as a strateev to Py
In inhibition of biofilm enhance h/%I){/S A
Nisin A + L lactis S. aureus vitro + murine =~ MRSA skin formation; eradication and 7]
oxacillin ' (MRSA) skin infection infection significant reduction reduce
model in the amount of . .
. biofilm-associated
bacteria in infected . .
. persistence in
skin. . .
wound infections.
In Biofilm- Reduction the Suggests potential
Bacteriocin L. salivarius Vitro 4 murine associated S. number of bacteria use as a topical
XJS01 ' XJS01 S. aureus infection aureus in the biofilm antibiofilm agent for  [12]
model wound formed on the chronic wound
infections wound surface. infections.
Combination . .
Micrococcin . In . MRSA therapy efficiently Supports ac}} unctive
Pl + ri- Macrococcus S. aureus vitro + murine wound cradicated MRSA therapy to improve [88]
- caseolyticus (MRSA) infection . . efficacy and reduce
fampicin infection and prevented
model recurrence.
relapse.
Demonstrates the
Three-component potential of
Garvicin formulation multi-component
KS + micro-  Lactococcus In MRSA eradicated MRSA antimicrobial
coccin arvieae/ M S. aureus vitro + murine wound from wounds and therapies for [89]
P1 + peni- %useol ticus4 (MRSA) infection infection reduced resistance difficult-to-treat
cilliE G Y model development MRSA wound
compared to topical infections and
antibiotic. resistance
prevention.
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Table 2. Cont.
.. Target Model Infection . 1. Translational
Bacteriocin  Producer Pathogen(s) System Type/Outcome Key Findings Relevance Ref.
In vitro, ex Nisin A treatment,
. " did not confer Indicates pathogen-
vivo porcine . h d dent effi
wound protection to the ependent efticacy
S. healin S. epidermidis  larvae against the E. and highlights the
Nisin A L. lactis epidermidis mo deig and E. coli coli infection but need for [90]
and E. coli ’ infection increased the pathogen-specific
model . .
. survival of the therapeutic
Galleria . . R
larvae infected with applications.
mellonella . L
S. epidermidis.
L.O.Cal .deh.v.ery of Provides evidence
Murine nisin significantly supporting local
. MRSA reduced bacterial .
. . S. aureus infected L delivery of
Nisin A L. lactis wound counts in infected . [91]
(MRSA) wound infection wounds, prevented bacteriocins for
model » Pr MRSA wound
progression of
management.

infection.

Studies summarized in Table 2 provide important evidence that the antimicrobial
activity of bacteriocins observed under in vitro conditions can, to some extent, translate
into efficacy in more complex infection models. These studies indicate that bacteriocins
demonstrate the strongest preclinical efficacy against Gram-positive pathogens, particularly
MRSA, whereas evidence supporting their activity in Gram-negative wound infections
remains limited. In contrast to planktonic assays, these models incorporate key features of
skin and wound infections, including biofilm formation, host-pathogen interactions, and
local microenvironmental factors. Among the investigated bacteriocins, nisin A remains the
most extensively studied in translational settings. In a murine skin infection model, local
administration of nisin resulted in a significant reduction in MRSA burden and prevented
progression of infection [91]. These findings support earlier in vitro observations and
suggest that nisin retains activity in biologically relevant environments. Importantly, the
therapeutic efficacy of nisin appears to be enhanced when used in combination with conven-
tional antibiotics. A synergistic interaction between nisin and oxacillin was demonstrated
using checkerboard analysis, fractional inhibitory concentration index (FICI) determination,
and time-kill assays, and was subsequently confirmed in a murine skin infection model [87].
The combination significantly reduced the concentrations required to inhibit MRSA growth,
enhanced bacterial clearance, and suppressed biofilm formation. Furthermore, mechanistic
analyses suggested that nisin may partially restore oxacillin susceptibility by facilitating cell
envelope disruption and reducing expression of the resistance-associated mecA gene [87].
This highlights the potential of bacteriocins as adjuvants capable of restoring antibiotic
susceptibility in resistant pathogens. A key advantage of bacteriocins in translational
models is their activity against biofilm-associated infections. For example, bacteriocin
XJS01 produced by Lactobacillus salivarius disrupted established MDR S. aureus biofilms in
a wound infection model and significantly reduced biofilm-associated bacterial popula-
tions [12]. Similarly, combination therapies involving bacteriocins demonstrated enhanced
efficacy against biofilm-forming MRSA. Micrococcin P1, when combined with rifampicin,
demonstrated synergistic activity in checkerboard-based combination susceptibility as-
says, resulting in substantial reductions in the MIC values of both agents compared with
monotherapy. The interaction was subsequently validated in a murine MRSA wound
infection model, where the combination efficiently eradicated infection, prevented relapse,
and reduced the emergence of resistant variants [88]. A more complex formulation com-
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bining garvicin KS, micrococcin P1, and penicillin G contributed to complete eradication
of MRSA from infected wounds and reduced the occurrence of resistance compared to
antibiotic treatment alone [89]. Synergistic interactions in this study were assessed using
a microplate checkerboard assay, in which serial two-fold dilutions of the antimicrobials
were combined and tested for MRSA. Synergy was quantified by calculating the fractional
inhibitory concentration (FIC), defined as the sum of the FIC values of the individual
components. According to the authors’ criteria, FIC values < 0.5 indicated synergy for
two-component combinations, whereas FIC values < 0.75 were considered synergistic
for three-component formulations. Using this approach, the garvicin KS—micrococcin P1-
penicillin G combination met predefined criteria for synergy and demonstrated significantly
greater antibacterial activity than the individual antimicrobial agents alone. Importantly,
the synergistic interaction identified in vitro was subsequently confirmed in a murine
model of MRSA wound infection, where the formulation eliminated infection and reduced
the development of resistance compared to conventional topical antibiotic therapy. Despite
generally positive results, bacteriocin efficacy was strongly dependent on the model system
and the target pathogen. For instance, nisin demonstrated protective effects in a Galleria
mellonella infection model against S. epidermidis, but failed to improve survival in larvae
infected with E. coli [90]. Despite promising results, several limitations must be considered
when interpreting these studies. Firstly, most in vivo experiments were conducted using
murine models which do not fully replicate human skin physiology, immune responses,
or microbiota composition. Secondly, the majority of studies focused on monomicrobial
infections, whereas clinical wound infections are typically polymicrobial. This limits the
ability to predict bacteriocin efficacy in real-world settings. Thirdly, variability in experi-
mental design, including differences in dosing, formulation, and route of administration,
complicates direct comparison between studies. Finally, relatively few studies evaluated
long-term outcomes, such as recurrence of infection or resistance development, which are
critical for assessing therapeutic potential.

In conclusion, current evidence supports bacteriocins as promising candidates for
topical treatment of skin and wound infections, especially those involving MRSA and
biofilm-forming bacteria. Nevertheless, translation into clinical practice is still limited, as
most data have been obtained from in vitro experiments or murine models, and controlled
human clinical trials remain scarce.

7. Topical Delivery of Bacteriocins: Pharmaceutical Formulations and
Translational Perspectives in the Treatment of Skin Infections

Although bacteriocins exhibit potent antimicrobial activity against numerous skin-
associated pathogens in vitro, their successful therapeutic application depends largely on
overcoming pharmacological and biophysical limitations related to peptide delivery. As
ribosomally synthesized peptides, bacteriocins are susceptible to proteolytic degradation,
adsorption to biological surfaces, and rapid inactivation in physiological environments,
which can markedly reduce their activity when they are applied directly to infected tis-
sues [11,92]. Topical administration is the most appropriate route for dermatological
application of antimicrobial peptides. It allows for high local concentrations of a drug
at the site of infection, while enables to minimize systemic exposure and toxicity and
simultaneously support wound healing processes [92]. However, the stratum corneum
constitutes a significant permeability barrier, and wound exudate, proteases, and biofilm
matrices may further impair peptide stability and bioavailability. Consequently, recent
research has been increasingly focusing on development of dedicated pharmaceutical for-
mulations and delivery systems designed to protect bacteriocins from degradation, prolong
their residence time at the infection site, and enhance their penetration into biofilms and
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infected tissue. A variety of advanced carrier platforms, including hydrogels, electrospun
nanofibers, lipid nanoparticles, and bioadhesive scaffolds, were investigated as vehicles for
bacteriocin delivery. These systems not only stabilize peptides but also enable controlled
and sustained release, maintenance of a moist wound environment, and, in some cases,
additional presented wound-healing or immunomodulatory effects. More importantly, sev-
eral bacteriocin-based formulations have already demonstrated efficacy in animal models
of skin infection and wound healing, suggesting their potential for future clinical applica-
tion in humans. The studies summarized in Table 3 collectively indicate that the clinical
translation of bacteriocins will most likely rely on their incorporation into advanced topi-
cal delivery platforms rather than their use as conventional antibiotics, positioning these
peptides as active components of antimicrobial and biofunctional wound-care systems.

Table 3. Formulation strategies and delivery systems for bacteriocins in skin infection therapy.

Bacteriocin Formulgt;:tr; /IlnDellvery ii)rgleitcastli((l)rrll Key Advantages Limitations/Challenges Ref.
Sustained peptide
Nanofiber wound release, high local . .
) . Limited penetration of
dressmg concentration, strong . . R
- - . peptides into bacteria
. (nisin + poly(ethylene S. aureus wound bacterial reduction ST .
Nisin A . . . .. in biofilm, degradation [91]
oxide) and infection in vivo, promotes . .
. of peptides during
poly(d,I-lactide) blend wound closure, lone-term storage
nanofibers protects peptide from & g
proteolysis.
Hybrld. . . . Reduced fibroblast
thermosensitive . Sustained bacteriocin o
Infected chronic viability observed
hydrogel based on ds: MRSA release (up to ~9 days); . . ) d
Garvicin KS Pluronic F127 wounds; MRS strong antibacterial V.10 At prolonge
. . . infected wounds; & antback exposure; limited [93]
peptides incorporating iy - and antibiofilm . .
biofilm-associated . . activity against
EDTA-loaded . . activity against .
. skin infections Gram-negative
liposomes and S. aureus. bacteria
glutathione '
High tissue adhesion
and hemostatic
Bioadhesive Infected diabetic properties; broad Complex formulation;
multifunctional wounds; activity against regulatory
Jileicin (JC) hydrogel composed of MRSA-infected Gram-positive classification [94]
hyaluronic acid and skin wounds pathogens; (device + drug);
gelatin (murine model) immunomodulatory storage stability.
effects and accelerated
wound healing in vivo
Prolonged
antimicrobial activity
compared to free
Solid lipid S. aureus-infected bacter19cm; 1mp‘roved
nanoparticle skin; wound physicochemical No in vivo
Lacticin 3147 ’ stability; effective [95]

(SLN)-loaded hydrogel
for topical application

infection model (ex
vivo porcine skin)

against Gram-positive
wound pathogens,
improved activity
against biofilm
bacteria.

wound-healing model.

Delivery systems such as hydrogels, wound dressings, nanofibers, nanoparticles, and combination
therapies, along with their reported advantages and developed experimental models were highlighted
in the table.

A common feature across the analysed studies is the use of hydrogel-based delivery
systems, which provide a moist wound environment and allow for controlled release
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of the active compound. For example, a hybrid thermosensitive hydrogel incorporating
garvicin KS demonstrated prolonged bacteriocin release for up to nine days, with strong
antibacterial and antibiofilm activity against S. aureus [93]. This extended release profile
is particularly advantageous in chronic wound settings, where sustained antimicrobial
exposure is required to control biofilm-associated infections. Similarly, a multifunctional
hydrogel containing jileicin exhibited not only antimicrobial activity but also additional
biofunctional properties, including tissue adhesion, haemostatic effects, and promotion of
wound healing [94]. Importantly, this system demonstrated efficacy in a diabetic wound
model, suggesting that bacteriocin-based formulations may remain active even in protease-
rich environments that typically inactivate peptide therapeutics. Apart from hydrogels,
also nanotechnology-based approaches have been explored to enhance bacteriocin stability
and efficacy. Incorporation of lacticin 3147 into solid lipid nanoparticles (SLN) significantly
improved its physicochemical stability and prolonged antimicrobial activity compared to
the free peptide [95]. Encapsulation also provided protection against enzymatic degrada-
tion. Electrospun nanofiber dressings represent another promising strategy. Nisin-loaded
nanofibers, composed of poly(ethylene oxide) and poly(d,l-lactide), enabled sustained
release, significantly reduced bacterial load in vivo, and accelerated wound closure [91].
These systems allow for high local concentrations of bacteriocins at the infection site and
simultaneously minimize systemic exposure. Multifunctionality of bacteriocin-based for-
mulations is an important emerging concept. Unlike traditional antibiotics, bacteriocins
can be integrated into platforms that simultaneously provide antimicrobial, structural, and
regenerative functions. For instance, jileicin-based hydrogels promoted angiogenesis and
collagen deposition in addition to reducing bacterial load [94].

Despite promising results, there are still some critical limitations. One of the most im-
portant challenges is peptide stability, as bacteriocins such as nisin are prone to proteolytic
degradation and may lose activity over time, particularly during storage or in protease-rich
wound environments [91]. Furthermore, limited penetration into mature biofilms is a
concern, even when advanced delivery systems are used. While sustained release can
improve efficacy against early-stage biofilms, complete eradication of established biofilm
structures is difficult. Safety and biocompatibility also require further investigation. For
example, reduced fibroblast viability was observed in vitro following prolonged exposure
to garvicin KS formulations [93], highlighting the need to balance antimicrobial potency
with cytotoxicity. A comparative analysis of currently available delivery platforms reveals
several common trends. Although hydrogel-, nanoparticle-, and nanofiber-based sys-
tems consistently improved bacteriocin stability and local antimicrobial efficacy, no single
formulation strategy has yet emerged as clearly superior. Hydrogels offer the additional ad-
vantage of supporting wound healing and tissue regeneration, whereas nanoparticle-based
systems provide enhanced peptide protection and prolonged release. In contrast, electro-
spun nanofibers may be particularly attractive for localized delivery directly at the wound
surface. Despite these differences, all approaches face similar translational challenges,
including limited clinical validation, insufficient long-term safety data, manufacturing
complexity, and uncertain scalability.

A lack of comprehensive in vivo and clinical data is another major limitation. While
several formulations demonstrated efficacy in animal or in ex vivo models, only few
studies have been clinically validated. Moreover, most studies focused on Gram-positive
pathogens and hardly evaluated efficacy against Gram-negative bacteria. Despite sig-
nificant progress in formulation strategies, several challenges that may hinder clinical
translation still remain. First of all, many delivery systems are relatively complex, involving
multiple components (e.g., liposomes, polymers, bioactive additives), which may com-
plicate large-scale manufacturing and regulatory approval. Moreover, long-term safety
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data are lacking, particularly those regarding repeated topical application and potential
cytotoxic effects on host tissues. Thirdly, most studies focus on Gram-positive pathogens.
Gram-negative bacteria are increasingly becoming relevant in chronic wound infections.
Yet, efficacy against latter type of bacteria is scarcely evaluated. Finally, stability during
storage and maintenance of antimicrobial activity over time are critical concerns, especially
for peptide-based therapeutics.

8. Discussion

Collective evidence presented in this review highlights bacteriocins as a promising
and mechanistically distinct class of antimicrobial agents with potential application in
the management of skin and wound infections. Data derived from in vitro susceptibility
testing, infection models, and formulation-based studies consistently demonstrate that bac-
teriocins exhibit potent activity against key Gram-positive pathogens, particularly S. aureus,
which remains among the most clinically relevant causative agents of wound infections.
Across multiple experimental studies, bacteriocins confirmed their strong intrinsic activity
against planktonic Gram-positive bacteria. Importantly, several of these peptides also
demonstrated antibiofilm activity; however, usually at higher concentrations than those
required to inhibit planktonic growth. This distinction underscores a critical challenge in
treatment of chronic wounds, where biofilm-associated bacteria exhibit increased tolerance
to antimicrobial agents. In contrast, the activity of bacteriocins against Gram-negative
pathogens, including Acinetobacter spp., Pseudomonas spp., and E. coli, was markedly less
consistent and generally required substantially higher concentrations to achieve inhibitory
effects. This limitation is primarily attributed to the presence of the outer membrane,
which restricts access of bacteriocins to their cellular targets. Nevertheless, selected studies
indicate that certain bacteriocins, particularly those derived from Gram-negative bacteria,
may partially overcome this barrier, highlighting thereby an important area for future
investigation. In particular, nisin and several bacteriocin-based combinations demonstrated
significant reductions in bacterial load and inhibition of biofilm formation in experimental
wound infection models, although most currently available evidence concerns infections
caused by Gram-positive pathogens. One of the most compelling observations across
multiple studies is the enhanced efficacy of bacteriocins when they are used in combi-
nation with conventional antibiotics. Synergistic interactions, as demonstrated for nisin
with oxacillin or micrococcin P1 with rifampicin, resulted in improved bacterial clearance
and, importantly, reduced the risk of resistance development. These findings support the
concept that bacteriocins may be most effectively deployed as adjunctive agents rather than
standalone therapeutics. The translational potential of bacteriocins is further strengthened
by advances in formulation strategies. A wide range of delivery systems, including hy-
drogels, nanofibers, and lipid-based nanoparticles, have been shown to improve peptide
stability, to enable sustained release, and to enhance antimicrobial activity in wound-like
environments. Multifunctional platforms, such as bioadhesive or thermosensitive hydro-
gels, additionally provide structural and regenerative benefits, including improved wound
healing, angiogenesis, and tissue integration. These systems position bacteriocins not
only as antimicrobial agents but also as integral components of next-generation wound
care technologies.

Bacteriocins should also be considered in the broader context of novel antimicro-
bial strategies aimed at combating antimicrobial resistance and biofilm-associated infec-
tions. Other promising approaches include bacteriophage therapy, modified antimicrobial
peptides, antimicrobial polymers, and nanomaterial-based antimicrobial systems. These
strategies vary in their spectrum of antimicrobial activity, resistance potential, safety, man-
ufacturing requirements, and clinical application. Bacteriophage therapy offers highly
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selective activity against bacterial pathogens, including multidrug-resistant strains, while
potentially preserving a beneficial microbiota. However, its clinical application is limited
by the need for phage-pathogen matching, a narrow host range, and the potential for
phage resistance [96,97]. Engineered antimicrobial peptides and polymers offer additional
potential for combating resistant and biofilm-associated bacteria, but their translation re-
mains hampered by cytotoxicity, physicochemical instability, complex manufacturing, and
limited long-term safety data [98]. Nanomaterial-based approaches, including antibacterial
photodynamic therapy (aPDT) and antibacterial sonodynamic therapy (aSDT), have also
demonstrated broad antimicrobial and antibiofilm activity. Although these approaches
may reduce the likelihood of developing conventional resistance, the potential for adaptive
tolerance and resistance requires further investigation, and their clinical application may
depend on specialized activation systems and delivery platforms [99,100]. Importantly,
bacteriocins should not be viewed as direct competitors to these new antimicrobial treat-
ments, but rather as potentially complementary components of multimodal therapies. Their
selective activity, antibiofilm potential, and compatibility with advanced topical delivery
systems may be particularly beneficial in the local treatment of complex infections. Com-
bining bacteriocins with conventional antibiotics, bacteriophages, or biomaterial-based
delivery systems may therefore provide broader and more sustained antimicrobial activ-
ity than monotherapy. However, such combinations require experimental validation, as
their efficacy may depend on the pathogen, formulation, treatment sequence, and local
infection environment.

An important advantage of bacteriocins over conventional broad-spectrum antibiotics
may lie in their relatively selective antimicrobial activity. Increasing evidence indicates
that preservation of the resident skin microbiota plays a critical role in maintaining barrier
integrity, immune homeostasis, and colonization resistance against pathogens [33,39,41].
Broad-spectrum antibiotics can disturb these ecological interactions, promoting dysbiosis
and facilitating recolonization by opportunistic microorganisms. In contrast, many bac-
teriocins exhibit a narrow spectrum of activity directed against specific pathogens while
exerting a reduced impact on beneficial commensal bacteria [8,25]. Such a microbiota-
sparing approach may be particularly valuable in chronic wound management, where
restoration of microbial balance is increasingly recognized as an important component of
successful therapy [33,41,42]. Although further studies are required to confirm these effects
under clinical conditions, selective targeting of pathogenic microorganisms represents one
of the most attractive features of bacteriocin-based therapeutics.

Although bacteriocins are frequently described as exhibiting a lower propensity for
resistance development than conventional antibiotics, resistance mechanisms have never-
theless been reported and should not be overlooked. Depending on the bacteriocin class
and target organism, resistance may involve modification or loss of specific receptors,
alterations in membrane composition and surface charge, changes in transport systems
involved in peptide uptake, increased proteolytic degradation, or the action of dedicated
immunity proteins produced by bacteria [8,25]. In Gram-positive bacteria, resistance to
certain class Il bacteriocins has been associated with modifications of the mannose phos-
photransferase system (Man-PTS), whereas adaptation to membrane-active peptides may
involve alterations in cell envelope architecture and membrane-associated targets [24].
Similarly, Gram-negative bacteria may reduce susceptibility through modifications of outer
membrane receptors and uptake pathways required for bacteriocin entry [25,27]. These
observations indicate that although resistance appears to develop less frequently than
for many conventional antibiotics, it should not be considered negligible. Consequently,
long-term surveillance, resistance monitoring, and systematic susceptibility testing will be
essential during the future clinical development of bacteriocin-based therapeutics.
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Despite the growing body of evidence supporting the antimicrobial efficacy of bacteri-
ocins, their transition into routine clinical practice remains limited. This discrepancy reflects
the existence of several translational barriers extending beyond antimicrobial activity itself.
Large-scale production of bacteriocins remains technically and economically demanding.
Moreover, many bacteriocins exhibit limited stability under physiological conditions due to
proteolytic degradation, interactions with biological fluids, and reduced activity in complex
infection environments. A successful pathway toward clinical implementation will likely
require standardized efficacy testing, optimization of delivery systems, comprehensive
pharmacokinetic and safety evaluation, and validation through well-designed clinical trials.

One of the principal challenges is the limited stability of bacteriocins in the skin envi-
ronment. The surface of the skin is characterized by an acidic pH, high salt concentration,
lipid-rich secretions, and the presence of host and bacterial proteases. These conditions
can lead to rapid degradation or inactivation of peptide antimicrobials, particularly in
chronic wounds, where proteolytic activity is markedly elevated [92]. Consequently, direct
application of purified bacteriocins in solution often results in a short duration of activity
and insufficient local concentrations. Another key limitation is retention at the site of infec-
tion. Unlike systemic antibiotics, bacteriocins are most suitable for topical administration;
however, effective therapy requires prolonged contact with the infected tissue. Wound
exudate, mechanical removal, and dilution by tissue fluids can rapidly reduce local peptide
concentration below bactericidal levels [95]. This problem is especially relevant in chronic
wounds and burn injuries, where continuous fluid secretion prevents stable drug exposure.
Application of bacteriocins as antibiotic adjuvants is another promising solution. Several
studies have demonstrated synergistic interactions between bacteriocins and conventional
antibiotics, reducing antibiotic dosage requirements and restoring susceptibility in resistant
strains [88]. Bacteriocins can enter clinical practice as combination therapies aimed at
combating antimicrobial resistance rather than replace antibiotics entirely. Bacteriocins are
biological molecules requiring scalable production, purification, and assurance of stability.
Variability between batches, potential immunogenicity, and the need for standardized
pharmacokinetic evaluation complicate approval pathways [8,11].

Although bacteriocins have demonstrated promising antimicrobial properties, several
aspects relevant to clinical translation remain insufficiently investigated. In particular, phar-
macokinetic data are scarce and long-term toxicity and immunogenicity profiles remain
poorly characterized. Furthermore, only limited clinical evidence is currently available,
highlighting the need for well-designed clinical studies capable of evaluating efficacy
and safety under clinically relevant conditions. Despite these limitations, recent evidence
suggests that the mechanistic diversity and ecological adaptability of bacteriocins con-
tinue to support their development as promising antimicrobial agents with considerable
translational potential [101]. Manufacturing scalability and regulatory approval path-
ways will also play important roles in determining the future clinical implementation of
bacteriocin-based therapeutics. Therefore, interpretation of currently available data should
be approached with caution due to several limitations of the existing literature. Consider-
able heterogeneity exists among studies with respect to bacteriocin purification methods,
susceptibility testing protocols, biofilm models, bacterial strains, outcome measures, and
experimental conditions. Such variability complicates direct comparisons between studies
and limits the establishment of standardized efficacy benchmarks [1,6]. Furthermore, the
majority of investigations have been performed using in vitro assays or animal models,
while clinical evidence remains extremely limited. Most studies have focused on monomi-
crobial infections and Gram-positive pathogens, despite the polymicrobial nature of many
chronic wound infections and the increasing clinical importance of Gram-negative bacteria
in wound microbiology [1,64]. Biofilm-associated infections themselves are highly hetero-
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geneous and may differ substantially between experimental systems and clinical wounds,
which further complicates translation of laboratory findings into clinical practice [6,66].

Consequently, future research should prioritize standardized methodologies, clinically
relevant polymicrobial models, and well-designed clinical studies to facilitate objective
assessment of the therapeutic potential of bacteriocins in skin and wound infections. Over-
all, the available evidence suggests that bacteriocins are unlikely to emerge initially as
systemic antibiotics. Instead, their most realistic near-term clinical application lies in local-
ized therapies, particularly chronic wounds, burn infections, acne-associated infections,
and MRSA decolonization, where high local concentrations can be achieved and systemic
toxicity minimized.

9. Conclusions

In conclusion, this review demonstrates that bacteriocins represent a promising class
of antimicrobial agents with potent activity against Gram-positive wound pathogens and
emerging potential in the management of biofilm-associated infections. Their successful
clinical application will likely depend on the integration of antimicrobial activity with
advanced delivery systems capable of improving peptide stability, retention, and local
bioavailability within wound environments. However, several key knowledge gaps remain.
Future research should prioritize (i) evaluation of bacteriocins in mature and polymi-
crobial biofilm models that better reflect chronic wound infections, (ii) standardization
of antimicrobial and antibiofilm testing methodologies to facilitate comparison between
studies, (iii) optimization of delivery systems ensuring sustained local activity, (iv) com-
prehensive assessment of toxicity, immunogenicity, and pharmacokinetic properties, and
(v) well-designed clinical studies validating efficacy and safety in patients. Addressing
these challenges will be essential for translating promising experimental findings into
clinically applicable bacteriocin-based therapies for skin and wound infections.

Author Contributions: Conceptualization and methodology, M.S. (Magdalena Szemraj); re-
sources, M.S. (Magdalena Szemraj); writing—original draft preparation, M.S. (Magdalena Szemraj);
writing—review and editing, M.S. (Monika Sienkiewicz); visualization, M.S. (Magdalena Szemraj);
supervision, M.S. (Monika Sienkiewicz). All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable.

Acknowledgments: The authors would also like to thank Dorota Wawrzyniak from the Foreign
Language Centre of the Medical University of Lodz, Poland, for the language consultation.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Uberoi, A.; McCready-Vangi, A.; Grice, E.A. The wound microbiota: Microbial mechanisms of impaired wound healing and
infection. Nat. Rev. Microbiol. 2024, 22, 507-521. [CrossRef] [PubMed]

2. Stevens, D.L.; Bisno, A.L.; Chambers, H.F,; Dellinger, E.P.; Goldstein, E.J.C.; Gorbach, S.L.; Hirschmann, J.V.; Kaplan, S.L.;
Montoya, J.G.; Wade, J.C.; et al. Practice guidelines for the diagnosis and management of skin and soft tissue infections: 2014
update by the Infectious Diseases Society of America. Clin. Infect. Dis. 2014, 59, e10-e52. [CrossRef] [PubMed]

3. Golan, Y. Current Treatment Options for Acute Skin and Skin-Structure Infections. Clin. Infect. Dis. 2019, 68, 206-212. [CrossRef]

[PubMed]

https://doi.org/10.3390/antibiotics15090884


https://doi.org/10.1038/s41579-024-01035-z
https://www.ncbi.nlm.nih.gov/pubmed/38575708
https://doi.org/10.1093/cid/ciu444
https://www.ncbi.nlm.nih.gov/pubmed/24973422
https://doi.org/10.1093/cid/ciz004
https://www.ncbi.nlm.nih.gov/pubmed/30957166
https://doi.org/10.3390/antibiotics15090884

Antibiotics 2026, 15, 884 21 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

Shen, A.Z.; Taha, M.; Ghannoum, M.; Tyring, S.K. Biofilms and Chronic Wounds: Pathogenesis and Treatment Options. J. Clin.
Med. 2025, 14, 7784. [CrossRef] [PubMed]

Esposito, S.; Noviello, S.; Leone, S. Epidemiology and microbiology of skin and soft tissue infections. Curr. Opin. Infect. Dis. 2016,
29,109-115. [CrossRef] [PubMed]

Cavallo, I; Sivori, F.; Mastrofrancesco, A.; Abril, E.; Pontone, M.; Di Domenico, E.G.; Pimpinelli, F. Bacterial Biofilm in Chronic
Wounds and Possible Therapeutic Approaches. Biology 2024, 13, 109. [CrossRef]

Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet
2022, 399, 629-655. [CrossRef] [PubMed]

Cotter, P.D.; Ross, R.P.; Hill, C. Bacteriocins—A viable alternative to antibiotics? Nat. Rev. Microbiol. 2013, 11, 95-105. [CrossRef]
[PubMed]

Alvarez-Sieiro, P; Montalban-Lépez, M.; Mu, D.; Kuipers, O.P. Bacteriocins of lactic acid bacteria: Extending the family. Appl.
Microbiol. Biotechnol. 2016, 100, 2939-2951. [CrossRef] [PubMed]

Ahmad, V;; Khan, M.S; Jamal, Q.M.S.; Alzohairy, M.A.; Al Karaawi, M.A.; Siddiqui, M.U. Antimicrobial potential of bacteriocins:
In therapy, agriculture and food preservation. Int. |. Antimicrob. Agents 2017, 49, 1-11. [CrossRef] [PubMed]

Soltani, S.; Hammami, R.; Cotter, P.D.; Rebuffat, S.; Ben Said, L.; Gaudreau, H.; Bédard, F.; Biron, E.; Drider, D.; Fliss, I. Bacteriocins
as a new generation of antimicrobials: Toxicity aspects and regulations. FEMS Microbiol. Rev. 2021, 45, fuaa039. [CrossRef]
[PubMed]

Xiang, Y.-Z.; Wu, G.; Yang, L.-Y,; Yang, X.-].; Zhang, Y.-M.; Lin, L.-B.; Deng, X.-Y.; Zhang, Q.-L. Antibacterial effect of bacteriocin
XJS01 and its application as antibiofilm agents to treat multidrug-resistant Staphylococcus aureus infection. Int. J. Biol. Macromol.
2022, 196, 13-22. [CrossRef] [PubMed]

Karau, M.].; Koscianski, C.A.; Badley, A.D.; Bedard, N.A.; Zinckgraf, ].W.; Patel, R. In Vitro Activity of Nisin A Against
Staphylococci Isolated from Periprosthetic Joint Infection. Antibiotics 2025, 14, 515. [CrossRef] [PubMed]

Ghapanvari, P.; Taheri, M.; Jalilian, FA.; Dehbashi, S.; Dezfuli, A.A.Z.; Arabestani, M.R. The effect of nisin on the biofilm
production, antimicrobial susceptibility and biofilm formation of Staphylococcus aureus and Pseudomonas aeruginosa. Eur. J. Med.
Res. 2022, 27, 173. [CrossRef] [PubMed]

Arbulu, S.; Kjos, M. Revisiting the Multifaceted Roles of Bacteriocins. Microb. Ecol. 2024, 87, 41. [CrossRef] [PubMed]
Solis-Balandra, M.A.; Sanchez-Salas, ].L. Classification and Multi-Functional Use of Bacteriocins in Health, Biotechnology, and
Food Industry. Antibiotics 2024, 13, 666. [CrossRef] [PubMed]

Yang, S.-C.; Lin, C.-H.; Sung, C.T.; Fang, ].-Y. Antibacterial activities of bacteriocins: Application in foods and pharmaceuticals.
Front. Microbiol. 2014, 5, 241. [CrossRef] [PubMed]

Montalban-Lépez, M.; van Heel, A.].; Kuipers, O.P. Employing the promiscuity of lantibiotic biosynthetic machineries to produce
novel antimicrobials. FEMS Microbiol. Rev. 2017, 41, 5-18. [CrossRef] [PubMed]

Zimina, M.; Babich, O.; Prosekov, A.; Sukhikh, S.; Ivanova, S.; Shevchenko, M.; Noskova, S. Overview of global trends in
classification, methods of preparation and application of bacteriocins. Antibiotics 2020, 9, 553. [CrossRef] [PubMed]

Malin, J.J.; de Leeuw, E. Therapeutic compounds targeting Lipid II for antibacterial purposes. Infect. Drug Resist. 2019,
12,2613-2625. [CrossRef] [PubMed]

Zhao, X,; Yin, Z.; Breukink, E.; Moll, G.N.; Kuipers, O.P. An Engineered Double Lipid II Binding Motifs-Containing Lantibi-
otic Displays Potent and Selective Antimicrobial Activity against Enterococcus faecium. Antimicrob. Agents Chemother. 2020,
64, €02050-19. [CrossRef] [PubMed]

Antoshina, D.V.,; Balandin, S.V.; Ovchinnikova, T.V. Structural features, mechanisms of action, and prospects for practical
application of Class II bacteriocins. Biochemistry 2022, 87, 1387-1403. [CrossRef] [PubMed]

Sharma, K.; Kaur, S.; Singh, R.; Kumar, N. Classification and mechanism of bacteriocin induced cell death: A review. J. Microbiol.
Biotechnol. Food Sci. 2021, 11, e3733. [CrossRef]

Kjos, M.; Nes, LE; Diep, D.B. Mechanisms of resistance to bacteriocins targeting the mannose phosphotransferase system. Appl.
Environ. Microbiol. 2011, 77, 3335-3342. [CrossRef] [PubMed]

Sugrue, I.; Ross, R.P; Hill, C. Bacteriocin diversity, function, discovery and application as antimicrobials. Nat. Rev. Microbiol. 2024,
22,556-571. [CrossRef] [PubMed]

Scholl, D. Phage tail-like bacteriocins. Annu. Rev. Virol. 2017, 4, 453-467. [CrossRef] [PubMed]

Upatissa, S.; Mitchell, R.]. The “Cins” of Our Fathers: Rejuvenated Interest in Colicins to Combat Drug Resistance. |. Microbiol.
2023, 61, 145-158. [CrossRef] [PubMed]

Cascales, E.; Buchanan, S.K.; Duché, D.; Kleanthous, C.; Lloubes, R.; Postle, K.; Riley, M.; Slatin, S.; Cavard, D. Colicin biology.
Microbiol. Mol. Biol. Rev. 2007, 71, 158-229. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ antibiotics15090884


https://doi.org/10.3390/jcm14217784
https://www.ncbi.nlm.nih.gov/pubmed/41227178
https://doi.org/10.1097/QCO.0000000000000239
https://www.ncbi.nlm.nih.gov/pubmed/26779772
https://doi.org/10.3390/biology13020109
https://doi.org/10.1016/S0140-6736(21)02724-0
https://www.ncbi.nlm.nih.gov/pubmed/35065702
https://doi.org/10.1038/nrmicro2937
https://www.ncbi.nlm.nih.gov/pubmed/23268227
https://doi.org/10.1007/s00253-016-7343-9
https://www.ncbi.nlm.nih.gov/pubmed/26860942
https://doi.org/10.1016/j.ijantimicag.2016.08.016
https://www.ncbi.nlm.nih.gov/pubmed/27773497
https://doi.org/10.1093/femsre/fuaa039
https://www.ncbi.nlm.nih.gov/pubmed/32876664
https://doi.org/10.1016/j.ijbiomac.2021.11.136
https://www.ncbi.nlm.nih.gov/pubmed/34838856
https://doi.org/10.3390/antibiotics14050515
https://www.ncbi.nlm.nih.gov/pubmed/40426581
https://doi.org/10.1186/s40001-022-00804-x
https://www.ncbi.nlm.nih.gov/pubmed/36076252
https://doi.org/10.1007/s00248-024-02357-4
https://www.ncbi.nlm.nih.gov/pubmed/38351266
https://doi.org/10.3390/antibiotics13070666
https://www.ncbi.nlm.nih.gov/pubmed/39061348
https://doi.org/10.3389/fmicb.2014.00241
https://www.ncbi.nlm.nih.gov/pubmed/24904554
https://doi.org/10.1093/femsre/fuw034
https://www.ncbi.nlm.nih.gov/pubmed/27591436
https://doi.org/10.3390/antibiotics9090553
https://www.ncbi.nlm.nih.gov/pubmed/32872235
https://doi.org/10.2147/IDR.S215070
https://www.ncbi.nlm.nih.gov/pubmed/31692545
https://doi.org/10.1128/AAC.02050-19
https://www.ncbi.nlm.nih.gov/pubmed/32179527
https://doi.org/10.1134/S0006297922110165
https://www.ncbi.nlm.nih.gov/pubmed/36509729
https://doi.org/10.15414/jmbfs.3733
https://doi.org/10.1128/AEM.02602-10
https://www.ncbi.nlm.nih.gov/pubmed/21421780
https://doi.org/10.1038/s41579-024-01045-x
https://www.ncbi.nlm.nih.gov/pubmed/38730101
https://doi.org/10.1146/annurev-virology-101416-041632
https://www.ncbi.nlm.nih.gov/pubmed/28961412
https://doi.org/10.1007/s12275-023-00023-x
https://www.ncbi.nlm.nih.gov/pubmed/36753040
https://doi.org/10.1128/MMBR.00036-06
https://www.ncbi.nlm.nih.gov/pubmed/17347522
https://doi.org/10.3390/antibiotics15090884

Antibiotics 2026, 15, 884 22 of 25

29.

30.

31.

32.
33.

34.

35.
36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Simons, A.; Alhanout, K.; Duval, R.E. Bacteriocins, Antimicrobial Peptides from Bacterial Origin: Overview of Their Biology and
Their Impact against Multidrug-Resistant Bacteria. Microorganisms 2020, 8, 639. [CrossRef] [PubMed]

Baquero, F; Lanza, V.F; Baquero, M.-R.; Del Campo, R.; Bravo-Vazquez, D.A. Microcins in Enterobacteriaceae: Peptide
Antimicrobials in the Eco-Active Intestinal Chemosphere. Front. Microbiol. 2019, 10, 2261. [CrossRef] [PubMed]

Mei, M,; Estrada, I; Diggle, S.P.; Goldberg, ].B. R-pyocins as targeted antimicrobials against Pseudomonas aeruginosa. npj Antimicrob.
Resist. 2025, 3, 17. [CrossRef] [PubMed]

Natsuga, K. Epidermal Barriers. Cold Spring Harb. Perspect. Med. 2014, 4, a018218. [CrossRef] [PubMed]

Tchoupa, A K.; Kretschmer, D.; Schittek, B.; Peschel, A. The epidermal lipid barrier in microbiome-skin interaction. Trends
Microbiol. 2023, 31, 723-734. [CrossRef] [PubMed]

Chen, J.; Liu, C; Yang, Y.; Gong, X.; Qian, H. The stratum corneum barrier: Impaired function in relation to associated lipids and
proteins. Tissue Barriers 2025, 13, 2361197. [CrossRef] [PubMed]

Grice, E.A.; Segre, ].A. The skin microbiome. Nat. Rev. Microbiol. 2011, 9, 244-253. [CrossRef] [PubMed]

Gallo, R.L.; Hooper, L.V. Epithelial antimicrobial defence of the skin and intestine. Nat. Rev. Immunol. 2012, 12, 503-516. [CrossRef]
[PubMed]

Mookherjee, N.; Anderson, M.A.; Haagsman, H.P.,; Davidson, D.J. Antimicrobial host defence peptides: Functions and clinical
potential. Nat. Rev. Drug Discov. 2020, 19, 311-332. [CrossRef] [PubMed]

Nakatsuji, T.; Gallo, R.L. Antimicrobial peptides: Old molecules with new ideas. ]. Investig. Dermatol. 2012, 132, 887-895.
[CrossRef] [PubMed]

Zhang, C.; Merana, G.R.; Harris-Tryon, T.; Scharschmidt, T.C. Skin immunity: Dissecting the complex biology of our body’s outer
barrier. Mucosal Immunol. 2022, 15, 551-561. [CrossRef] [PubMed]

Nakatsuji, T.; Brinton, S.L.; Cavagnero, K.J.; O'Neill, A.M.; Chen, Y.; Dokoshi, T.; Butcher, A.M.; Osuoji, O.C.; Shafiq, F; Espinoza,
J.L.; et al. Competition between skin antimicrobial peptides and commensal bacteria in type 2 inflammation enables survival of S.
Aureus. Cell Rep. 2023, 42, 112494. [CrossRef] [PubMed]

Byrd, A.L.; Belkaid, Y.; Segre, J.A. The human skin microbiome. Nat. Rev. Microbiol. 2018, 16, 143-155. [CrossRef] [PubMed]
Nakatsuji, T.; Chen, T.H.; Narala, S.; Chun, K.A.; Two, A.M.; Yun, T.; Shafiq, E; Kotol, PE; Bouslimani, A.; Melnik, A.V.
Antimicrobials from human skin commensal bacteria protect against Staphylococcus aureus and are deficient in atopic dermatitis.
Sci. Transl. Med. 2017, 9, eaah4680. [CrossRef] [PubMed]

Zielinska, M.; Pawtowska, A.; Orzet, A.; Sulej, L.; Muzyka-Placzyriska, K.; Baran, A.; Filipecka-Tyczka, D.; Pawlowska, P;
Nowinska, A.; Bogustawska, J.; et al. Wound Microbiota and Its Impact on Wound Healing. Int. . Mol. Sci. 2023, 24, 17318.
[CrossRef] [PubMed]

Raff, A.B.; Kroshinsky, D. Cellulitis: A review. JAMA 2016, 316, 325-337. [CrossRef] [PubMed]

Hindy, J.-R.; Haddad, S.F; Kanj, S.S. New drugs for methicillin-resistant Staphylococcus aureus skin and soft tissue infections. Curr.
Opin. Infect. Dis. 2022, 35, 112-119. [CrossRef] [PubMed]

Burillo, A.; Pulido-Pérez, A.; Bouza, E. Current challenges in acute bacterial skin infection management. Curr. Opin. Infect. Dis.
2024, 37, 71-79. [CrossRef] [PubMed]

Linz, M.S.; Mattappeallil, A.; Finkel, D.; Parker, D. Clinical impact of Staphylococcus aureus skin and soft tissue infections. Antibiotics
2023, 12, 557. [CrossRef] [PubMed]

Touaitia, R.; Mairi, A.; Ibrahim, N.A.; Basher, N.S.; Idres, T.; Touati, A. Staphylococcus aureus: A Review of the Pathogenesis and
Virulence Mechanisms. Antibiotics 2025, 14, 470. [CrossRef] [PubMed]

Wu, X.; Wang, H.; Xiong, J.; Yang, G.-X.; Hu, J.-F; Zhu, Q.; Chen, Z. Staphylococcus aureus biofilm: Formulation, regulatory, and
emerging natural products-derived therapeutics. Biofilm 2024, 7, 100175. [CrossRef] [PubMed]

Cho, K.H. Molecular Targets in Streptococcus pyogenes for the Development of Anti-Virulence Agents. Genes 2024, 15, 1166.
[CrossRef] [PubMed]

Arecari, G.; Colombini, L.; Castelli, M.; Novazzi, F; Clementi, N.; Santoro, F.; Mancini, N. Global spread of Streptococcus pyogenes A
genomics-supported narrative review. FEMS Microbiol. Rev. 2025, 49, fuaf058. [CrossRef]

Brouwer, S.; Rivera-Hernandez, T.; Curren, B.E; Harbison-Price, N.; De Oliveira, D.M.P,; Jespersen Magnus, G.; Davies, M.R,;
Walker, M.]. Pathogenesis, epidemiology and control of Group A Streptococcus infection. Nat. Rev. Microbiol. 2023, 21, 431-447.
[CrossRef] [PubMed]

Shannon, B.A.; McCormick, J.K.; Schlievert, PM. Toxins and Superantigens of Group A Streptococci. Microbiol. Spectr. 2019,
7,10.1128. [CrossRef] [PubMed]

Sanya, D.R.A.; Onésime, D.; Vizzarro, G.; Jacquier, N. Recent advances in therapeutic targets identification and development of
treatment strategies towards Pseudomonas aeruginosa infections. BMC Microbiol. 2023, 23, 86. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ antibiotics15090884


https://doi.org/10.3390/microorganisms8050639
https://www.ncbi.nlm.nih.gov/pubmed/32349409
https://doi.org/10.3389/fmicb.2019.02261
https://www.ncbi.nlm.nih.gov/pubmed/31649628
https://doi.org/10.1038/s44259-025-00088-1
https://www.ncbi.nlm.nih.gov/pubmed/40021925
https://doi.org/10.1101/cshperspect.a018218
https://www.ncbi.nlm.nih.gov/pubmed/24692192
https://doi.org/10.1016/j.tim.2023.01.009
https://www.ncbi.nlm.nih.gov/pubmed/36822953
https://doi.org/10.1080/21688370.2024.2361197
https://www.ncbi.nlm.nih.gov/pubmed/38818698
https://doi.org/10.1038/nrmicro2537
https://www.ncbi.nlm.nih.gov/pubmed/21407241
https://doi.org/10.1038/nri3228
https://www.ncbi.nlm.nih.gov/pubmed/22728527
https://doi.org/10.1038/s41573-019-0058-8
https://www.ncbi.nlm.nih.gov/pubmed/32107480
https://doi.org/10.1038/jid.2011.387
https://www.ncbi.nlm.nih.gov/pubmed/22158560
https://doi.org/10.1038/s41385-022-00505-y
https://www.ncbi.nlm.nih.gov/pubmed/35361906
https://doi.org/10.1016/j.celrep.2023.112494
https://www.ncbi.nlm.nih.gov/pubmed/37167061
https://doi.org/10.1038/nrmicro.2017.157
https://www.ncbi.nlm.nih.gov/pubmed/29332945
https://doi.org/10.1126/scitranslmed.aah4680
https://www.ncbi.nlm.nih.gov/pubmed/28228596
https://doi.org/10.3390/ijms242417318
https://www.ncbi.nlm.nih.gov/pubmed/38139146
https://doi.org/10.1001/jama.2016.8825
https://www.ncbi.nlm.nih.gov/pubmed/27434444
https://doi.org/10.1097/QCO.0000000000000800
https://www.ncbi.nlm.nih.gov/pubmed/34812745
https://doi.org/10.1097/QCO.0000000000000989
https://www.ncbi.nlm.nih.gov/pubmed/38179868
https://doi.org/10.3390/antibiotics12030557
https://www.ncbi.nlm.nih.gov/pubmed/36978425
https://doi.org/10.3390/antibiotics14050470
https://www.ncbi.nlm.nih.gov/pubmed/40426537
https://doi.org/10.1016/j.bioflm.2023.100175
https://www.ncbi.nlm.nih.gov/pubmed/38298832
https://doi.org/10.3390/genes15091166
https://www.ncbi.nlm.nih.gov/pubmed/39336757
https://doi.org/10.1093/femsre/fuaf058
https://doi.org/10.1038/s41579-023-00865-7
https://www.ncbi.nlm.nih.gov/pubmed/36894668
https://doi.org/10.1128/microbiolspec.GPP3-0054-2018
https://www.ncbi.nlm.nih.gov/pubmed/30737912
https://doi.org/10.1186/s12866-023-02832-x
https://www.ncbi.nlm.nih.gov/pubmed/36991325
https://doi.org/10.3390/antibiotics15090884

Antibiotics 2026, 15, 884 23 of 25

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Qin, S.; Xiao, W.; Zhou, C; Pu, Q.; Deng, X,; Lan, L.; Liang, H.; Song, X.; Wu, M. Pseudomonas aeruginosa: Pathogenesis, virulence
factors, antibiotic resistance, interaction with host, technology advances and emerging therapeutics. Signal Transduct. Target. Ther.
2022, 7, 199. [CrossRef] [PubMed]

Yamberla, I.; Pupiales, C.; Chiliquinga, A.].; Sulca-Villamarin, T.; Plasencia, A.; Cabrera, A.E; Diaz, R.F,; Caicedo, A.; Barba, PM.
Pseudomonas aeruginosa pathogenicity and its interaction with other microorganisms during the skin wound healing process. Int.
J. Mol. Sci. 2025, 26, 9677. [CrossRef]

Brandenburg, K.S.; Weaver, A.]., Jr.; Karna, S.L.; You, T.; Chen, P.; Van Stryk, S.; Leung, K.P. Formation of Pseudomonas aeruginosa
biofilms in full-thickness scald burn wounds in rats. Sci. Rep. 2019, 9, 13627. [CrossRef]

Tuon, EE; Dantas, L.R.; Suss, PH.; Ribeiro, V.S.T. Pathogenesis of the Pseudomonas aeruginosa Biofilm: A Review. Pathogens 2022,
11, 300. [CrossRef] [PubMed]

Lee, C.-R; Lee, ].H.; Park, M,; Park, K.S.; Bae, I.K.; Kim, Y.B.; Cha, C.-].; Jeong, B.C.; Lee, S.H. Biology of Acinetobacter baumannii:
Pathogenesis, antibiotic resistance mechanisms, and prospective treatment options. Front. Cell. Infect. Microbiol. 2017, 13, 55.
[CrossRef] [PubMed]

Boucher, HW.; Talbot, G.H.; Bradley, J.S.; Edwards, ].E.; Gilbert, D.; Rice, L.B.; Scheld, M.; Spellberg, B.; Bartlett, ]. Bad Bugs, No
Drugs: No ESKAPE! An Update from the Infectious Diseases Society of America. Clin. Infect. Dis. 2009, 48, 1-12. [CrossRef]
[PubMed]

Szemraj, M.; Piechota, M.; Olszowiec, K.; Wicha, J.; Pruss, A.; Sienkiewicz, M.; Witeska, M.; Szweda, P.; Kot, B. High prevalence of
virulence and bla,y, genes encoding carbapenemases among Acinetobacter baumannii isolates from hospitalised patients in three
regions of Poland. Pathogens 2025, 14, 731. [CrossRef] [PubMed]

Gedefie, A.; Demsis, W.; Ashagrie, M.; Kassa, Y.; Tesfaye, M.; Tilahun, M.; Bisetegn, H.; Sahle, Z. Acinetobacter baumannii Biofilm
Formation and Its Role in Disease Pathogenesis: A Review. Infect. Drug Resist. 2021, 10, 3711-3719. [CrossRef] [PubMed]

Kalan, L.R.; Meisel, ].S.; Loesche, M.A.; Horwinski, J.; Soaita, I.; Chen, X.; Uberoi, A.; Gardner, S.E.; Grice, E.A. Strain and species
level variation in the microbiome of diabetic wounds is associated with clinical outcomes and therapeutic efficacy. Cell Host
Microbe 2019, 25, 641-655.e5. [CrossRef] [PubMed]

Malone, M.; Bjarnsholt, T.; McBain, A.].; James, G.A.; Stoodley, P.; Leaper, D.; Tachi, M.; Schultz, G.; Swanson, T.; Wolcott, R.D.
The prevalence of biofilms in chronic wounds: A systematic review and meta-analysis of published data. J]. Wound Care 2017,
26, 20-25. [CrossRef]

Bujiidkova, D.; Puvaca, N.; Cirkovi¢, 1. Virulence factors and antibiotic resistance of Enterobacterales. Microorganisms 2022,
10, 1588. [CrossRef] [PubMed]

Jeong, G.-J.; Khan, E; Tabassum, N.; Cho, K.-J.; Kim, Y.-M. Strategies for controlling polymicrobial biofilms: A focus on antibiofilm
agents. Int. |. Antimicrob. Agents 2024, 64, 107243. [CrossRef] [PubMed]

Kim, J.; Kim, B.E.; Berdyshev, E.; Bronova, I; Bin, L.; Bae, J.; Kim, S.; Kim, H.-Y; Lee, U.H.; Kim, M.S. Staphylococcus aureus causes
aberrant epidermal lipid composition and skin barrier dysfunction. Allergy 2023, 78, 1292-1306. [CrossRef]

Lesiak, A.; Paprocka, P.; Wnorowska, U.; Marikkowska, A.; Krél, G.; Gtuszek, K.; Piktel, E.; Spatek, J.; Okla, S.; Fiedoruk, K.; et al.
Significance of host antimicrobial peptides in the pathogenesis and treatment of acne vulgaris. Front. Immunol. 2024, 18, 1502242.
[CrossRef] [PubMed]

Dosler, S.; Gerceker, A.A. In vitro activities of nisin alone or in combination with vancomycin and ciprofloxacin against methicillin-
resistant and methicillin-susceptible Staphylococcus aureus strains. Chemotherapy 2011, 57, 511-516. [CrossRef] [PubMed]
Charest, A.M.; Reed, E.; Bozorgzadeh, S.; Hernandez, L.; Getsey, N.V,; Smith, L.; Galperina, A.; Beauregard, H.E.; Charest, H.A;
Mitchell, M.; et al. Nisin Inhibition of Gram-Negative Bacteria. Microorganisms 2024, 12, 1230. [CrossRef] [PubMed]
Veldzquez-Sudrez, C.; Cebrian, R.; Gasca-Capote, C.; Sorl6zano-Puerto, A.; Gutiérrez-Ferndndez, J.; Martinez-Bueno, M.; Maqueda,
M.; Valdivia, E. Antimicrobial Activity of the Circular Bacteriocin AS-48 against Clinical Multidrug-Resistant Staphylococcus
aureus. Antibiotics 2021, 10, 925. [CrossRef]

Lynch, D.; O’Connor, PM.; Cotter, P.D.; Hill, C.; Field, D.; Begley, M. Identification and characterisation of capidermicin, a novel
bacteriocin produced by Staphylococcus capitis. PLoS ONE 2019, 14, €0223541. [CrossRef] [PubMed]

Piper, C.; Draper, L.A.; Cotter, PD.; Ross, R.P; Hill, C. A comparison of the activities of lacticin 3147 and nisin against drug-resistant
Staphylococcus aureus and Enterococcus species. J. Antimicrob. Chemother. 2009, 64, 546-551. [CrossRef] [PubMed]

Song, Y.; Zhou, Y.; Pan, Y. Discovery and Characterization of a Novel Bacteriocin That Strongly Inhibits Staphylococcus aureus.
Fermentation 2024, 10, 355. [CrossRef]

Du, H,; Chi, H,; Yao, H.; Lu, Z; Bie, X.; Zhang, C.; Zhao, H.; Lu, F; Chen, M. The antibacterial activity of plantaricin GZ1-27
against MRSA and its bio-preservative effect on chilled pork in combination with chitosan. Inf. J. Food Microbiol. 2022, 365, 109539.
[CrossRef] [PubMed]

Chen, Y.; Wang, Y.; Chow, Y.; Yanagida, F.; Liao, C.; Chiu, C. Purification and characterization of plantaricin Y, a novel bacteriocin
produced by Lactobacillus plantarum 510. Arch. Microbiol. 2014, 196, 193-199. [CrossRef]

https:/ /doi.org/10.3390/ antibiotics15090884


https://doi.org/10.1038/s41392-022-01056-1
https://www.ncbi.nlm.nih.gov/pubmed/35752612
https://doi.org/10.3390/ijms26199677
https://doi.org/10.1038/s41598-019-50003-8
https://doi.org/10.3390/pathogens11030300
https://www.ncbi.nlm.nih.gov/pubmed/35335624
https://doi.org/10.3389/fcimb.2017.00055
https://www.ncbi.nlm.nih.gov/pubmed/28348979
https://doi.org/10.1086/595011
https://www.ncbi.nlm.nih.gov/pubmed/19035777
https://doi.org/10.3390/pathogens14080731
https://www.ncbi.nlm.nih.gov/pubmed/40872241
https://doi.org/10.2147/IDR.S332051
https://www.ncbi.nlm.nih.gov/pubmed/34531666
https://doi.org/10.1016/j.chom.2019.03.006
https://www.ncbi.nlm.nih.gov/pubmed/31006638
https://doi.org/10.12968/jowc.2017.26.1.20
https://doi.org/10.3390/microorganisms10081588
https://www.ncbi.nlm.nih.gov/pubmed/36014006
https://doi.org/10.1016/j.ijantimicag.2024.107243
https://www.ncbi.nlm.nih.gov/pubmed/38908533
https://doi.org/10.1111/all.15640
https://doi.org/10.3389/fimmu.2024.1502242
https://www.ncbi.nlm.nih.gov/pubmed/39744637
https://doi.org/10.1159/000335598
https://www.ncbi.nlm.nih.gov/pubmed/22302084
https://doi.org/10.3390/microorganisms12061230
https://www.ncbi.nlm.nih.gov/pubmed/38930612
https://doi.org/10.3390/antibiotics10080925
https://doi.org/10.1371/journal.pone.0223541
https://www.ncbi.nlm.nih.gov/pubmed/31618225
https://doi.org/10.1093/jac/dkp221
https://www.ncbi.nlm.nih.gov/pubmed/19561147
https://doi.org/10.3390/fermentation10070355
https://doi.org/10.1016/j.ijfoodmicro.2022.109539
https://www.ncbi.nlm.nih.gov/pubmed/35091274
https://doi.org/10.1007/s00203-014-0958-2
https://doi.org/10.3390/antibiotics15090884

Antibiotics 2026, 15, 884 24 of 25

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Leslie, V.A ; Khaloud, M.A.; Arunkumar, M.; Balamuralikrishnan, B. Bacteriocin producing microbes with bactericidal activity
against multidrug resistant pathogens. J. Infect. Public Health 2021, 14, 1802-1809. [CrossRef] [PubMed]

Sandiford, S.; Upton, M. Identification, characterization, and recombinant expression of epidermicin NI01, a novel unmodified
bacteriocin produced by Staphylococcus epidermidis that displays potent activity against Staphylococci. Antimicrob. Agents
Chemother. 2012, 56, 1539-1547. [CrossRef] [PubMed]

Bengtsson, T.; Lonn, J.; Khalaf, H.; Palm, E. The lantibiotic gallidermin acts bactericidal against Staphylococcus epidermidis and
Staphylococcus aureus and antagonizes bacteria-induced proinflammatory responses in dermal fibroblasts. Microbiol. Open 2018,
7,€00606. [CrossRef] [PubMed]

Javadi, K.; Emadzadeh, M.R.; Moghri, S.A.HM.H.; Halaji, M.; Parsian, H.; Rajabnia, M.; Pournajaf, A. Anti-biofilm and
antibacterial effect of bacteriocin derived from Lactobacillus plantarum on the multidrug-resistant Acinetobacter baumannii. Protein
Expr. Purif. 2025, 226, 106610. [CrossRef] [PubMed]

Peng, Z.; He, M.; Yang, X.; Zhang, J. Discovery and Characterization of a Novel Bacteriocin HA2-5 that Strongly Inhibits
Propionibacterium acnes. J. Agric. Food Chem. 2023, 71, 12741-12748. [CrossRef] [PubMed]

Qiao, X.; Sun, X.; Wang, S.; Zhai, C.; Tang, W.; Tang, T.; Zhang, ]J.; He, Z. Characterization of Flexusin A, a Novel Circular
Bacteriocin Produced by Marine Bacterium Bacillus flexus R29-2. Mar. Drugs 2025, 23, 95. [CrossRef]

Wang, Y.; Hagmal, M.H.; Liang, Y.; Muhammad, I.; Zhao, X.-O.; Elken, E.M.; Gao, Y.-H.; Jia, Y,; He, C.; Wang, Y.; et al. Antibacterial
activity and cytotoxicity of a novel bacteriocin isolated from Pseudomonas sp. strain 166. Microb. Biotechnol. 2022, 15, 2337-2350.
[CrossRef]

Lakshmanan, R.; Kalaimurugan, D.; Sivasankar, P.; Arokiyaraj, S.; Venkatesan, S. Identification and characterization of Pseudomonas
aeruginosa derived bacteriocin for industrial applications. Int. J. Biol. Macromol. 2020, 165, 2412-2418. [CrossRef] [PubMed]

Niu, H.; Gu, J.; Zhang, Y. Bacterial persisters: Molecular mechanisms and therapeutic development. Signal Transduct. Target. Ther.
2024, 9, 174. [CrossRef] [PubMed]

Cui, S.; Kim, E. Quorum sensing and antibiotic resistance in polymicrobial infections. Commun. Integr. Biol. 2024, 17, 2415598.
[CrossRef] [PubMed]

Wang, J.; Mal, X;; Li, J; Shi, L.; Liu, L.; Hou, X; Jiang, S.; Li, P; Lv, J.; Han, L.; et al. The Synergistic Antimicrobial Effect and
Mechanism of Nisin and Oxacillin against Methicillin-Resistant Staphylococcus aureus. Int. J. Mol. Sci. 2023, 24, 6697. [CrossRef]
[PubMed]

Ovchinnikov, K.V,; Kranjec, C.; Telke, A.; Kjos, M.; Thorstensen, T.; Scherer, S.; Carlsen, H.; Diep, D. A strong synergy between the
thiopeptide bacteriocin micrococcin P1 and rifampicin against MRSA in a murine skin infection model. Front. Immunol. 2021,
12, 676534. [CrossRef] [PubMed]

Ovchinnikov, K.V,; Kranjec, C.; Thorstensen, T.; Carlsen, H.; Diep, D.B. Successful development of bacteriocins into therapeutic
formulation for treatment of MRSA skin infection in a murine model. Antimicrob. Agents Chemother. 2020, 64, e00829-20. [CrossRef]
[PubMed]

Mouritzen, M.V.; Andrea, A.; Qvist, K.; Poulsen, S.S.; Jenssen, H. Inmunomodulatory potential of Nisin A with application in
wound healing. Wound Repair Regen. 2019, 27, 650-660. [CrossRef] [PubMed]

Heunis, T.D.J.; Smith, C.; Dicks, L.M.T. Evaluation of a nisin-eluting nanofiber scaffold to treat Staphylococcus aureus-induced skin
infections in mice. Antimicrob. Agents Chemother. 2013, 57, 3928-3935. [CrossRef] [PubMed]

Mahlapuu, M.; Hakansson, J.; Ringstad, L.; Bjérn, C. Antimicrobial peptides: An emerging category of therapeutic agents. Front.
Cell. Infect. Microbiol. 2016, 6, 194. [CrossRef] [PubMed]

Thapa, R.K.; Winther-Larsen, H.C.; Diep, D.B.; Tennesen, H.H. Preformulation studies on novel garvicin KS peptides for topical
applications. Eur. J. Pharm. Sci. 2020, 1, 105333. [CrossRef] [PubMed]

Yin, Q.; Luo, X.-Y.;; Ma, K,; Liu, Z.-Z.; Gao, Y.; Zhang, ].-B.; Chen, W.; Yang, Y.-J. Hyaluronic Acid/Gelatin-Based Multifunctional
Bioadhesive Hydrogel Loaded with a Broad-Spectrum Bacteriocin for Enhancing Diabetic Wound Healing. ACS Appl. Mater.
Interfaces 2024, 16, 47226-47241. [CrossRef] [PubMed]

Ryan, A ; Patel, P; Ratrey, P.; O’Connor, PM.; O’Sullivan, J.; Ross, R.P; Hill, C.; Hudson, S.P. The development of a solid lipid
nanoparticle (SLN)-based lacticin 3147 hydrogel for the treatment of wound infections. Drug Deliv. Transl. Res. 2023, 13, 2407-2423.
[CrossRef] [PubMed]

Baral, B. Phages against killer superbugs: An enticing strategy against antibiot-ics-resistant pathogens. Front. Pharmacol. 2023,
14,1036051. [CrossRef] [PubMed]

Oromi-Bosch, A.; Antani, ].D.; Turner, P.E. Developing Phage Therapy That Overcomes the Evolution of Bacterial Resistance.
Annu. Rev. Virol. 2023, 10, 503-524. [CrossRef] [PubMed]

Banerjee, A.; Chowdhury, P; Bauri, K.; Saha, B.; De, P. Inhibition and eradication of bacterial biofilm using polymeric materials.
Biomater. Sci. 2022, 11, 11-36. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ antibiotics15090884


https://doi.org/10.1016/j.jiph.2021.09.029
https://www.ncbi.nlm.nih.gov/pubmed/34740552
https://doi.org/10.1128/AAC.05397-11
https://www.ncbi.nlm.nih.gov/pubmed/22155816
https://doi.org/10.1002/mbo3.606
https://www.ncbi.nlm.nih.gov/pubmed/29536668
https://doi.org/10.1016/j.pep.2024.106610
https://www.ncbi.nlm.nih.gov/pubmed/39306312
https://doi.org/10.1021/acs.jafc.3c04617
https://www.ncbi.nlm.nih.gov/pubmed/37587448
https://doi.org/10.3390/md23030095
https://doi.org/10.1111/1751-7915.14096
https://doi.org/10.1016/j.ijbiomac.2020.10.126
https://www.ncbi.nlm.nih.gov/pubmed/33132130
https://doi.org/10.1038/s41392-024-01866-5
https://www.ncbi.nlm.nih.gov/pubmed/39013893
https://doi.org/10.1080/19420889.2024.2415598
https://www.ncbi.nlm.nih.gov/pubmed/39430726
https://doi.org/10.3390/ijms24076697
https://www.ncbi.nlm.nih.gov/pubmed/37047670
https://doi.org/10.3389/fimmu.2021.676534
https://www.ncbi.nlm.nih.gov/pubmed/34276663
https://doi.org/10.1128/AAC.00829-20
https://www.ncbi.nlm.nih.gov/pubmed/32958719
https://doi.org/10.1111/wrr.12743
https://www.ncbi.nlm.nih.gov/pubmed/31287619
https://doi.org/10.1128/AAC.00622-13
https://www.ncbi.nlm.nih.gov/pubmed/23733456
https://doi.org/10.3389/fcimb.2016.00194
https://www.ncbi.nlm.nih.gov/pubmed/28083516
https://doi.org/10.1016/j.ejps.2020.105333
https://www.ncbi.nlm.nih.gov/pubmed/32268197
https://doi.org/10.1021/acsami.4c09309
https://www.ncbi.nlm.nih.gov/pubmed/39193631
https://doi.org/10.1007/s13346-023-01332-9
https://www.ncbi.nlm.nih.gov/pubmed/36964439
https://doi.org/10.3389/fphar.2023.1036051
https://www.ncbi.nlm.nih.gov/pubmed/36762109
https://doi.org/10.1146/annurev-virology-012423-110530
https://www.ncbi.nlm.nih.gov/pubmed/37268007
https://doi.org/10.1039/d2bm01276f
https://www.ncbi.nlm.nih.gov/pubmed/36354060
https://doi.org/10.3390/antibiotics15090884

Antibiotics 2026, 15, 884 25 of 25

99. He, C,; Feng, P; Hao, M.; Tang, Y.; Wu, X.; Cui, W.; Ma, |.; Ke, C. Nanomaterials in An-tibacterial Photodynamic Therapy and
Antibacterial Sonodynamic Therapy. Adv. Funct. Mater. 2024, 34, 2402588. [CrossRef]

100. Chen, S.; Huang, B.; Tian, J.; Zhang, W. Advancements of Porphyrin-Derived Nano-materials for Antibacterial Photodynamic
Therapy and Biofilm Eradication. Rev. Adv. Healthc. Mater. 2024, 13, €2401211. [CrossRef] [PubMed]

101. Wayah, S.B.; Arakawa, K.; Philip, K. Bacteriocins from Limosilactobacillus and Ligilactobacillus: Ecological logic, mechanistic
diversity, and translational potential in the post- Lactobacillus taxonomy. Front. Microbiol. 2026, 17, 1875597. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ antibiotics15090884


https://doi.org/10.1002/adfm.202402588
https://doi.org/10.1002/adhm.202401211
https://www.ncbi.nlm.nih.gov/pubmed/39073000
https://doi.org/10.3389/fmicb.2026.1875597
https://www.ncbi.nlm.nih.gov/pubmed/42528744
https://doi.org/10.3390/antibiotics15090884

	Introduction 
	Materials and Methods 
	Bacteriocins: Definition, Classification, and Mechanisms of Action 
	Skin Structure and Bacterial Skin Infections 
	Antimicrobial Activity of Bacteriocins Against Bacterial Species Relevant to Skin and Wound Infections 
	Experimental Evidence for the Use of Bacteriocins in Skin and Wound Infection Models 
	Topical Delivery of Bacteriocins: Pharmaceutical Formulations and Translational Perspectives in the Treatment of Skin Infections 
	Discussion 
	Conclusions 
	References

