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Abstract

Wound healing is a complex, multi-phase process involving hemostasis, inflammation, proliferation, and
remodeling. Chronic wounds, including diabetic ulcers and pressure sores, often stall in the inflammatory phase due to
persistent infections, oxidative stress, and impaired tissue regeneration. Microbial biofilms, particularly from
Staphylococcus aureus and Pseudomonas aeruginosa, shield bacteria from host defenses and antibiotics, contributing to
the majority of chronic infections and hospital-acquired infections. This review evaluates the antibiofilm and
antimicrobial potential of terpene-based phytochemicals and examines their formulation into nanoemulsion-based
delivery systems. Published studies were analyzed for mechanisms of biofilm disruption, bacterial inhibition, and
enhancement of antimicrobial activity via nanoemulsions. Terpene phytochemicals disrupt biofilm architecture, inhibit
bacterial proliferation, compromise cell membrane integrity, and interfere with quorum sensing and adhesion processes.
When delivered in nanoemulsions, their solubility, stability, and bioavailability are improved, enhancing antimicrobial
efficacy. These compounds also promote tissue repair and regeneration, addressing both infection control and wound
healing. By simultaneously targeting biofilm-protected pathogens and supporting tissue regeneration, terpene-based
phytochemicals offer a biocompatible, nature-inspired therapeutic strategy for chronic wound management. Their
combined antibiofilm, antimicrobial, and tissue-regenerative actions underscore their potential as next-generation agents

for advanced wound care.
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Introduction

Wound healing is a complex process involving
hemostasis, inflammation, proliferation, and maturation
[1]. Blood arteries first narrow, and platelets clump
together to stop blood loss while releasing cytokines to
draw immune cells [2]. Acute wounds, often arising
from surgical interventions or severe traumas, move
through a systematic sequence of phases: haemostasis,

inflammation,  proliferation, and  remodelling

[3]. Vascular constriction and platelet aggregation take
place first to stop blood loss, and then there is an
inflammatory response in which neutrophils and
macrophages remove debris and fight off any infections
[4]. During the proliferative phase, fibroblasts produce
extracellular matrix components, particularly collagen,
which aids in the development of granulation tissue.
Simultaneously, angiogenesis guarantees sufficient
oxygenation and nutrition delivery to the rebuilding



Trends Sci. 2026; 23(5): 12629

2 of 31

tissue [5]. The concluding remodelling phase entails
collagen maturation and reorganisation, resulting in the
restoration of tissue integrity [6].

In case of chronic wounds, including diabetic foot
ulcers and pressure ulcers, present a significant global
health challenge, affecting approximately 0.78% of the
population, with prevalence rates ranging from 0.18% to
0.32% [7]. Chronic wounds, such as diabetic ulcers or
pressure sores, exhibit a prolonged and often aberrant
healing process [8]. These wounds frequently stall in the
inflammatory phase, characterized by persistent
infiltration of neutrophils and elevated levels of pro-
inflammatory cytokines [9]. The chronic inflammatory
milieu leads to excessive protease activity, degrading
essential extracellular matrix components and growth
factors necessary for tissue repair [10]. Moreover,
sustained oxidative stress from reactive oxygen species
further damages cellular structures and impedes healing.
The imbalance between tissue degradation and repair
mechanisms results in the failure to progress through the
normal healing stages, thereby perpetuating the
chronicity of the wound [11].

Biofilms, complex communities of microorgan-
isms adhering to surfaces, represent a significant global
health challenge due to their resilience and role in
persistent infections [12] This biofilm matrix, composed
of polysaccharides, proteins, lipids, and extracellular
DNA (eDNA), provides structural integrity and
protection to the bacterial community [13]. It is
estimated that approximately 80% of all human bacterial
infections involve biofilm formation [14]. Common
medical devices such as catheters, prosthetic heart
valves, and intrauterine devices are prone to biofilm
colonization, leading to device-related infections that
are challenging to treat [15]. Biofilm-associated
infections are a significant concern in healthcare settings
due to their resistance to antibiotics and the immune
system. The National Institutes of Health (NIH)
estimates that Dbiofilms are associated with
approximately 65% of all microbial infections and 80%
of chronic infections [16]. In the context of hospital-
acquired infections (HAIs), biofilms play a substantial
role. According to a 2022 editorial in Frontiers in
Medicine, up to 80% of all microbial infections and over
60% of nosocomial (hospital-acquired) infections are
due to biofilms [17]. Regarding the economic impact, a
2009 report by the Centers for Disease Control and

Prevention (CDC) estimated that the overall annual
direct medical costs of HAIs to U.S. hospitals ranged
from $28.4 to $33.8 billion. Given that a significant
proportion of these infections are biofilm-associated, the
additional healthcare costs attributable to biofilm-
associated HAIs are substantial [18]. Notably,
pathogens such as Pseudomonas aeruginosa and
Staphylococcus aureus are frequently implicated in
these biofilm-related infections, contributing to chronic
conditions like cystic fibrosis lung infections and
persistent wound infections [19,20].

The initial stage of biofilm formation involves the
reversible attachment of planktonic bacteria to a surface,
mediated by appendages such as pili or fimbriae [21]. In
case of Acinetobacter baumannii, pili play a crucial role
in this attachment phase [22]. Subsequently, bacteria
produce eDNA, which is essential for stabilizing the
biofilm matrix and facilitating cell-to-cell adhesion [23].
Research led by Whitchurch et al. demonstrated that
eDNA is a vital structural component in biofilm
development, promoting self-organization within
bacterial communities [24]. As the biofilm matures,
bacteria undergo phenotypic changes, including altered
gene expression and reduced metabolic activity,
contributing to increased resistance to antimicrobial
agents [25]. Bacteria within biofilms exhibit a
significantly higher resistance to antibiotics compared to
their free-floating (planktonic) counterparts. This
increased resistance can range from 10 to 1,000 times
greater, posing substantial challenges in treating
biofilm-associated infections [26,27].

Phytochemicals, naturally occurring compounds
in plants, have garnered attention for their potential to
disrupt microbial biofilms. Research indicates that cer-
tain phytochemicals, including flavonoids, tannins, ter-
penoids, alkaloids, and essential oils, exhibit antibiofilm
activity by inhibiting bacterial adhesion, disrupting
quorum sensing, and degrading the biofilm matrix
[28,29]. Terpenes, a diverse class of naturally occurring
organic compounds, have garnered significant attention
for their potential in antimicrobial and immune-
modulatory therapies [30]. One notable example is
totarol, a diterpene isolated from the heartwood of
Podocarpus totara, a conifer native to New Zealand.
Totarol has demonstrated potent antimicrobial
properties against various microorganisms, including

gram-positive bacteria such as Staphylococcus aureus
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and Mycobacterium tuberculosis [31]. Its mechanism of
action is believed to involve the inhibition of bacterial
cytokinesis by disrupting the assembly dynamics of the
FtsZ protein, essential for bacterial cell division [32].
Another example is Berberine, an isoquinoline alkaloid
from Berberis species, which exhibits potent
antimicrobial activity against gram-positive bacteria
like Staphylococcus aureus. It disrupts bacterial DNA
synthesis and membrane integrity while inhibiting
efflux pumps, enhancing antibiotic efficacy [33].

Recent advancements in eradicating biofilms have
focused on innovative strategies that disrupt the
structural integrity and resilience of these microbial
communities [34]. One promising approach involves the
development of light-sensitive mesoporous silica
nanoparticles (MSNs) with photothermal properties.
These nanoparticles, when functionalized with nitric
oxide donors and loaded with antibiotics like
levofloxacin, can effectively penetrate biofilms [35].
Upon near-infrared irradiation, they induce localized
heating and enhanced nitric oxide release, leading to a
significant reduction in biofilm viability, as
demonstrated by a 90% decrease in Staphylococcus
aureus biofilms [36]. Additionally, the exploration of
natural antimicrobial proteins, such as those derived
from the haemolymph of the Sydney rock oyster, has
shown potential. These proteins exhibit bactericidal
activity  against pathogens like  Streptococcus
pneumoniae and can disrupt biofilm structures, thereby
improving the effectiveness of conventional antibiotics
[37].

Nanoemulsions (NEs) of essential oils (EOs),
when formulated with an appropriate delivery system,
offer a promising strategy to overcome these challenges.
NEs are nanoscale emulsions consisting of oil and water
phases, stabilized by surfactants, with particle sizes
typically below 200 nm [38]. Among these, oil-in-water
(O/W) NEs serve as exceptional carriers for EOs, owing
to their remarkable ability to solubilize substantial
amounts of essential oils while effectively shielding
them from evaporation, hydrolysis, and degradation
[39]. A study evaluating cinnamaldehyde nanoemulsion
(CAN) revealed its potent antibiofilm activity against
Listeria monocytogenes on food-contact surfaces. With
stable nanoscale particles (< 200 nm), CAN
demonstrated a minimum inhibitory concentration of

0.5 mg/mL and exerted a concentration- and time-

dependent bactericidal effect, achieving over 90%
biofilm inhibition [40]. This systematic review aims to
evaluate the antibiofilm efficacy of terpene-based
phytochemicals and their delivery strategies in chronic

wound management.

Methodology

The literature included in this review was
compiled using a structured approach to identify peer-
reviewed studies on microbial biofilms in chronic
wounds and the antibiofilm, antimicrobial, and wound-
healing potential of terpene-based phytochemicals,
including nanoemulsion-based delivery systems.
Searches were conducted in PubMed, Scopus, Web of
Science, and Google Scholar. Studies were selected
based on their relevance to: (i) Biofilm-associated
infections in chronic wounds, (ii) the antimicrobial and
antibiofilm activity of terpene-based phytochemicals
(e.g., totarol, berberine), and (iii) formulation strategies
improving solubility, stability, and bioavailability.
Original research articles and high-quality review
papers providing mechanistic, in vitro, or in vivo
evidence were prioritized. Non-peer-reviewed sources,
conference abstracts, and studies unrelated to chronic
wound biofilms were excluded.

Limitations include restriction to English-
language publications, potential publication bias, and
reliance on database indexing, which may have resulted
in omission of some relevant studies. This methodology
does not follow a systematic or scoping review
framework but provides a transparent summary of the
literature selection process.

Study Selection and Quality Assessment: Two
independent reviewers screened titles and abstracts.
Full-text studies were assessed for eligibility, and
disagreements were resolved by a third reviewer. Study
quality was evaluated using appropriate tools (e.g.,
Cochrane risk of bias, Newcastle-Ottawa Scale). A
PRISMA 2020 flow diagram was used to document
study selection.

Anti-biofilm mechanism

Planktonic bacteria connect to a surface by weak
physicochemical interactions to initiate the dynamic,
multistage process of biofilm development (Figure 1).
After then, a microcolony forms, during which the

connected cells multiply and start interacting with one
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another as well as producing extracellular polymeric
material (EPS) [41]. The biofilm moves into the
maturity stage as it develops into a sophisticated, 3-
dimensional structure immersed in an EPS matrix that

shields bacteria from external stressors and promotes

nutrient exchange. Ultimately, during the dispersion
stage, certain cells separate from the mature biofilm in
response to internal or external stimuli, returning to a
planktonic condition and facilitating the colonisation of

new surfaces [42,43].

Biofilm formation

o ) ®
o0 0e®
> .

2. Microcolony

’ ‘ formation

3. Maturation

Figure 1 Mechanisms of Biofilm Formation and Strategies for Biofilm Inhibition. A) Schematic representation of the

mechanism of biofilm formation. The process involves sequential stages: (1) initial attachment of planktonic cells to a

surface, (2) microcolony formation, (3) maturation of the biofilm structure and (4) dispersion of cells to colonize new

environments.

Chemical composition and their functions in
biofilm

Biofilms are intricate microbial communities that
attach to surfaces and are involved in a self-generated
extracellular matrix, the chemical composition of which
is crucial for biofilm development, stability, and
usefulness [44]. The main constituents of the biofilm
matrix include proteins, lipids, polysaccharides, eDNA,
and occasionally extracellular enzymes. All of these
elements help the biofilm withstand environmental
stressors and antimicrobial therapies [45]. Structural
stability is provided by polysaccharides such cellulose,
alginate, and PSL, which promote cell-to-cell
attachment and shield the biofilm from shear forces and
desiccation [46]. In addition to mediating attachment to
surfaces, proteins such as adhesins and hydrolases also

help in nutrition uptake and host immune response
defence. Environmental DNA, often derived from lysed
cells, serves as both a structural scaffold and a medium
for gene transfer and horizontal gene exchange, hence
enhancing the genetic diversity of bacteria inside
biofilms [47,48]. Lipids and lipopolysaccharides
augment the hydrophobic characteristics of the matrix,
hence increasing resistance to detergents and antibiotics
[49]. The biofilm’s 3-dimensional architecture
generates microenvironments with differing oxygen,
pH, and nutrition levels, facilitating niche specialisation
among microbial subpopulations, hence augmenting

biofilm resistance and pathogenicity [50].

Biofilm formation in gram-positive and gram-
negative bacteria:
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Biofilm formation is a conserved, multistep
process involving initial surface adhesion, extracellular
polymeric substance (EPS) production, quorum sensing
mediated regulation, and biofilm maturation, ultimately
conferring enhanced tolerance to antimicrobial agents
and host immune responses [23]. While the molecular
regulators differ between Gram-positive and Gram-
negative bacteria, the functional outcomes remain
largely similar.

In Gram-positive bacteria, such as Staphylococcus
aureus, biofilm development is mediated by surface-
associated adhesion proteins that facilitate attachment to
host tissues or abiotic surfaces, as illustrated in Figure
2 [51]. This is followed by the secretion of an EPS
matrix composed primarily of polysaccharides, proteins,
and extracellular DNA, which stabilises the biofilm
architecture and enhances resistance to external stresses
[23]. Biofilm maturation and dispersal are regulated by
the agr quorum-sensing system, in which AgrD-derived
autoinducing peptide (AIP), processed by AgrB,
activates the AgrC—AgrA 2-component system, leading
to RNAIII expression [52-55].

5 of 31
In Gram-negative bacteria, including
Pseudomonas aeruginosa, surface attachment is

typically facilitated by pili or fimbriae (Figure 3).
Biofilm stability is maintained through species-specific
EPS components such as alginate, Pel, and Psl
polysaccharides [23,56]. Quorum sensing in these
organisms primarily involves N-acyl homoserine
lactone (AHL) signalling pathways, which regulate
genes associated with EPS synthesis, motility, and
biofilm maintenance by activating LuxR-type
transcriptional regulators once a critical cell density is
reached [57]. Additional regulatory mechanisms,
including diffusible signal factors (DSFs) [58,59] and
the Type VI secretion system (T6SS), further modulate
interbacterial interactions, competition, and biofilm
dynamics [60].

Despite these mechanistic differences, biofilms
formed by both Gram-positive and Gram-negative
bacteria exhibit reduced antimicrobial penetration,
altered metabolic states, and enhanced persistence,
thereby contributing to chronic and recurrent infections
and posing significant challenges to effective clinical

management [54,55,57].

Biofilm formation in Gram-positive bacteria
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Figure 2 Schematic representation of biofilm formation in Gram-positive bacteria, highlighting surface adhesion, EPS

matrix development, quorum sensing regulation, and biofilm maturation leading to antimicrobial resistance.
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Bacterial Communication and Biofilm Formation
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Figure 3 Overview of biofilm formation in Gram-negative bacteria, illustrating surface attachment, EPS synthesis,

quorum sensing-mediated gene regulation, and biofilm stabilisation mechanisms.

Biofilm producing bacteria and infections
associate with biofilms

Table 1 below outlines major bacterial species
known for biofilm formation, along with their associated
infections and key pathogenic traits. It highlights the
structural and functional characteristics of biofilms that

Table 1 Biofilm-producing bacteria and associated infections.

contribute to disease persistence. The mechanisms by
which these bacteria evade host defenses and resist
antibiotics are summarized. Treatment challenges,
including reduced drug penetration and altered bacterial
metabolism within biofilms, are also noted. Relevant

references are provided to support each entry.

Key Biofilm /

Microorganism Major Infections X Clinical Challenges References
Virulence Features
Chronic wounds, Alginate production, High antibiotic
Pseudomonas . .
) CF, UTI, quorum sensing, resistance; poor drug [61-63]
aeruginosa . .
pneumonia penetration
Endocarditis, . .
. Toxins, adhesion .
Staphylococcus osteomyelitis, . MDR and immune
] proteins, dense . [64-66]
aureus device-related . evasion in biofilms
. . biofilms
infections
Lo . UTI, sepsis, Fimbriae, curli fibers, Persistent catheter-
Escherichia coli [67-69]

wound infections

associated infections
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. . . . Key Biofilm / ..
Microorganism Major Infections X Clinical Challenges References
Virulence Features
Dental caries, oral Glucan synthesis, Recurrent biofilm
Streptococcus mutans ] ) ] ) . [70-72]
infections acid production formation
Mucosal and Yeast-hyphal ) ) )
. . . Antifungal resistance in
Candida albicans bloodstream transition, ECM . [73-75]
. . . biofilms
infections production
VAP, wound and ) ) .
Acinetobacter Desiccation tolerance, Extreme MDR in
B bloodstream ) ) ) [76-78]
baumannii ) ) strong biofilms hospital settings
infections
Klebsiella Pneumonia, UTI, Capsule, fimbriae, Persistent biofilms and [79.80]
pneumoniae sepsis EPS carbapenem resistance ’
. UTI, endocarditis, ECM proteins, Vancomycin-resistant
Enterococcus faecalis . ) [81-83]
wounds aggregation biofilms
) Dormancy, .
Mycobacterium Pulmonary . Treatment persistence
] ] granuloma-associated [84,85]
tuberculosis tuberculosis ) and relapse
biofilms
) ) Gastritis, ulcers, Urease activity, Reduced eradication by
Helicobacter pylori . . ; o [86,87]
gastric cancer motility, adhesion antibiotics
UTI, catheter- . . .
o . Urease, swarming Biofilm-mediated UTI
Proteus mirabilis associated » o [88,89]
. . motility complications
infections

Terpene-based phytochemicals and antibiofilm
formation

Terpenes are a vast and varied category of
chemical molecules synthesised by several plants,
especially conifers, as well as some insects. They
constitute the primary constituents of resin and
turpentine derived from resin [90]. The amount of
isoprene units that terpenes contain each of which has 5
carbon atoms determines their classification [91]. Table
2 presents the classifications of terpenes and their
antibiofilm efficacy against bacteria. Monoterpenes are
composed of 2 isoprene units and possess the chemical
formula CioHis. They are the terpenes that are most
volatile and are frequently in charge of giving many
plants their unique fragrances [92]. Monoterpenes are
present in the essential oils of several plants and are
utilised in the manufacture of flavours, perfumes, and
aromatherapy products. Examples are pinene, which is

found in pine trees, and limonene, which is found in

citrus fruits [93]. Sesquiterpenes have the chemical
formula C;sH4 because they are made up of 3 isoprene
units. In many different plants and essential oils, they
are less volatile than monoterpenes [91]. The ability of
sesquiterpenes to reduce inflammation and cancer is
well-known. The sesquiterpene lactone artemisinin, for
example, is a powerful antimalarial medication derived
from Artemisia annua [94]. Diterpenes include 4
isoprene units and possess the chemical formula CxoH3».
They are present in resins and serve as building blocks
for physiologically significant substances including
phytol, retinol, and retinal [95]. The Pacific yew tree
(Taxus brevifolia) produces the diterpene taxol, a well-
known chemotherapeutic drug used to treat a variety of
malignancies [96]. Six isoprene units make up
triterpenes, which have the chemical formula CsoHas
[91]. White birch bark (Betula pubescens) contains a
triterpene called betulinic acid, which has showed

promise in cancer treatment [97].
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Table 2 Classification and biological activities of terpenes.

Natural Target Key Antibiofilm
Terpene Class . . . Terpene References
Source Microorganisms Mechanisms
Inhibits quorum
Staphylococcus .
. . sensing and EPS
) Citrus fruits, aureus, . .
Limonene Monoterpene . production, Limonene [98]
peppermint Pseudomonas . )
. reducing biofilm
aeruginosa i
formation
o ) Disrupts cell
Escherichia coli,
o membranes,
. Oregano, Listeria )
Carvacrol Monoterpenoid reduces adhesion Carvacrol [99,100]
thyme monocytogenes, N
] . and motility,
Candida albicans
degrades EPS
Downregulates
Streptococcus
. EPS-related
. Pine trees, mutans, .
a-Pinene Monoterpene . genes; shows a-Pinene [101,102]
rosemary Acinetobacter )
. synergy with
baumannii o
antibiotics
Modulates
bacterial
. Streptococcus . .
B- i Cannabis, i signaling
Sesquiterpene pneumoniae, p-Caryophyllene [103]
Caryophyllene cloves . ) pathways,
Helicobacter pylori . i
reducing biofilm
viability
Alters membrane
Staphylococcus integrity and
) ) Geranium, aureus, surface )
Geraniol Monoterpenoid o Geraniol [104,105]
lemongrass Staphylococcus hydrophobicity,
epidermidis limiting
adhesion
Disrupts quorum
Streptococcus sensing, reduces
Eucalyptol ogenes, EPS synthesis, Eucalyptol (1,8-
.yp Monoterpenoid  Eucalyptus oil pros Y .yp ( [106,107]
(1,8-Cineole) Pseudomonas enhances Cineole)
aeruginosa antibiotic
penetration
Pseudomonas Damages
aeruginosa, membranes and
. Thyme, Streptococcus suppresses
Thymol Monoterpenoid . Thymol [108,109]
oregano mutans, biofilm-
Xanthomonas associated gene
oryzae expression
Inhibits hyphal
. . Candida albicans, development,
. . Citrus fruits, . .
Farnesol Sesquiterpenoid i ol Staphylococcus interferes with Farnesol [110,111]
neroli oi
aureus quorum sensing
and virulence
Increases
Bacillus
. . Lavende, ] ) membrane .
Linalool Monoterpenoid . amyloliquefaciens, . Linalool [112,113]
coriander permeability,

E. coli, C. albicans

reduces
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Natural Target Key Antibiofilm
Terpene Class . . . Terpene References
Source Microorganisms Mechanisms
adhesion;

synergistic with
antibiotics

Propionibacterium

Terpinen-4-ol Monoterpenoid Tea tree oil

Staphylococcus

Disrupts
membranes,
reduces
aggregation, Terpinen-4-ol [114,115]

enhances

aureus

antiseptic
efficacy

Terpenes as a multi-pathogen biofilm disruptor
in chronic wounds

Terpenes, a varied group of chemical molecules
synthesised by several plants, have attracted interest for
their possible function in regulating polymicrobial
biofilms [116]. These biofilms, consisting of many

bacteria species, offer considerable issues in clinical

environments due to their increased resistance to
antimicrobial treatments [117]. Table 3 presents a
comparative review of diverse disorders linked to
polymicrobial biofilms, emphasising the related
pathogens, biofilm attributes, individual terpenes

examined, and their antibiofilm effectiveness.

Table 3 Antibiofilm potential of terpenes against polymicrobial infections: a comparative analysis across diseases.

. . . Antibiofilm
Disease / Biofilm Terpenes Antibiofilm .
. Pathogens Mechanism & References
Condition Impact Evaluated Outcome
Efficacy
Reduced . )
) Disrupts biofilm
biofilm
) . . EPS, reduces
L H. influenzae, S. Persistent formation .
Chronic otitis ] . . bacterial
i pneumoniae, M.  middle-ear Tea tree oil and ) [118,119]
media ) ) . ) adhesion,
catarrhalis biofilms antibacterial ] )
o antibacterial
activity (in o
. activity
vitro)
Inhibited )
. Disrupts quorum
biofilm .
Dense ) sensing, reduces
. . . . formation .
Cystic fibrosis  P. aeruginosa,  multispecies  Eucalyptus EPS synthesis,
) ] . and [106,120]
lung infection S. aureus respiratory . enhances
) disrupted L
biofilms antibiotic
mature .
) penetration
biofilms
Compromises
Strong .
. Delayed . . bacterial
Chronic S. aureus, ; antibacterial
) healing, . membranes,
wound P. aeruginosa, . Oregano oil and . [121,122]
. . high . reduces adhesion,
infections E. faecalis . antibiofilm . .
resistance disrupts biofilm
effects

formation
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. . . Antibiofilm
Disease / Biofilm Terpenes Antibiofilm .
. Pathogens Mechanism & References
Condition Impact Evaluated Outcome
Efficacy
Reduces biofilm
o Reduced . o
Synergistic . biomass, inhibits
. S. mutans, ) . biofilm ]
Dental caries ) cariogenic Menthol . adhesion, [123,124]
C. albicans ] biomass and ] )
biofilms o antibacterial
cell viability o
activity
Suppressed
Pp Disrupts
biofilm
] membranes,
. ) Catheter- formation o
Urinary tract E. coli, ] inhibits EPS
. . ] associated Thymol and . [108,125]
infections E. faecalis . . production,
biofilms eradicated .
eradicates mature
mature .
] biofilms
biofilms
Inhibited .
) Reduces adhesion
) formation .
E. coli, Recurrent d and motility,
an
CAUTIs E. faecalis, catheter Carvacrol . disrupts EPS, [126]
o . eliminated .
P. mirabilis biofilms . eliminates
established o ]
) existing biofilms
biofilms
Reduced .
Mucosal ) Inhibits quorum
. . biofilm .
) Helicobacter biofilms Curcumin, ) sensing, reduces
Gastric ulcers ] . . formation [127,128]
pylori increase o-pinene d EPS, decreases
an
persistence . pathogenicity
virulence
Significant Disrupts EPS,
Clostridioides Biofilm- E i antibacterial inhibits biofilm
ugenol, .
difficile C. difficile protected thg | and formation, [129,130]
mo
infection spores Y antibiofilm antibacterial
activity effect
. Disrupts
Disrupted
. membranes,
) ) biofilms and
. Cutibacterium Sebaceous ) reduces
Acne vulgaris ) Tea tree oil reduced ) [119,131]
acnes biofilms . aggregation,
bacterial
decreases
load .
bacterial load
Inhibited . .
o o Inhibits bacterial
. . P. gingivalis, Gingival plaque .
Periodontitis / ] Thymol, ] adhesion, reduces
o T. forsythia, pocket formation . [132-134]
gingivitis ) i eugenol ) plaque biofilm
T. denticola biofilms and bacterial .
. formation
adhesion
Bone- . Disrupts biofilm
. Disrupted .
. S. aureus, associated . matrix, enhances
Osteomyelitis ) o . Carvacrol biofilms and L [135]
S. epidermidis chronic antibiotic
. enhanced
biofilms

susceptibility
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. . . Antibiofilm
Disease / Biofilm Terpenes Antibiofilm .
. Pathogens Mechanism & References
Condition Impact Evaluated Outcome
Efficacy
antibiotic
susceptibility
. Disrupted .
. Persistent . Disrupts
Bacterial G. vaginalis, . Eugenol, biofilms and o
. ) vaginal adhesion, inhibits [136]
vaginosis A. vaginae ) reduced ] ]
biofilms . biofilm formation
adhesion
. Inhibited
. Protective .
Pelvic . . pathogen Reduces bacterial
. N. gonorrhoeae, reproductive Geraniol, o
inflammatory . growth and  adhesion, inhibits [137]
. C. trachomatis tract carvacrol . . .
disease ) biofilm biofilm formation
biofilms ]
formation

Synergistic effects of terpenes with antibiotics
and antimicrobial peptides

Terpenes can significantly enhance the efficacy of
conventional antibiotics and antimicrobial peptides
(AMPs), allowing dose reduction and potentially
limiting adverse effects. Their primary mode of action
involves integration into microbial cell membranes,
leading to increased membrane permeability and
enhanced intracellular uptake of antibiotics or AMPs. In
addition, certain terpenes inhibit bacterial efflux pumps,
promoting intracellular retention of antimicrobial agents
and reducing resistance development [30,138,139].
Monoterpenes such as a-terpineol and terpinen-4-ol
exhibit strong antibacterial activity, particularly against
Gram-negative bacteria, by disrupting membrane
integrity, reducing membrane potential, and inducing
leakage of intracellular macromolecules [140,141].
Beyond membrane disruption, terpenes can interfere
with microbial metabolic pathways. For example, the
tropolone monoterpene hinokitiol exerts antifungal
activity by chelating intracellular iron, thereby
inhibiting mitochondrial respiration and ATP synthesis,
which are essential for fungal survival [142].

These synergistic interactions frequently result in
reduced minimum inhibitory concentrations (MICs) of
antibiotics [143]. Compounds such as citral and borneol
have also demonstrated enhanced antibiofilm activity
when combined with antibiotics by increasing
membrane porosity and promoting bacterial cell lysis,
thereby improving treatment efficacy against biofilm-

associated infections [144]. Similarly, phenolic terpenes

including thymol and carvacrol have shown enhanced
antibacterial activity when combined with antibiotics
such as tetracycline and penicillin, particularly against
Staphylococcus aureus and Escherichia coli [145-148].
Synergy has also been reported between terpenes and
AMPs. Cinnamaldehyde, the major component of
cinnamon oil, exhibits enhanced bactericidal activity
when combined with AMPs such as cecropin by
accelerating membrane disruption and bacterial cell
death [149]. In fungal infections, essential oils rich in
terpenes, such as those from Lippia alba, demonstrate
strong synergistic effects with conventional antifungal
agents. Notably, combinations with ketoconazole
showed potent fungicidal activity against Trichophyton
rubrum and Candida species [150,151].

Synergistic effects of Terpenes with antibiotics
on wound healing

In wound healing, terpene-antibiotic combinations
are particularly valuable due to their dual antimicrobial
and tissue-protective effects. Terpenes can suppress
bacterial growth, inhibit biofilm formation, and
modulate inflammatory responses, all of which are
critical factors in chronic wound infections [152]. For
instance, terpinen-4-ol has been shown to reduce
bacterial burden and inflammation when used alongside
antibiotics, thereby accelerating wound closure [153].
At the molecular level, this synergy involves modulation
of inflammatory signaling pathways, including
inhibition of NF-kB and NLRP3 inflammasome

activation, as well as enhancement of antioxidant
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defenses through regulation of enzymes such as
superoxide dismutase and glutathione-S-transferase
[154]. Furthermore, incorporation of terpenes into
wound dressings has been reported to improve antibiotic
bioavailability and sustain drug release, resulting in
improved therapeutic outcomes in both acute and
chronic wounds [155].

Advances in the drug delivery system for wound
healing

Significant clinical difficulties can arise from
wound infections, especially in chronic wounds such
pressure sores, diabetic ulcers, and venous leg ulcers
[156]. These infections are frequently exacerbated by
variables such as compromised blood flow, extended
inflammation, and bacterial biofilm development, which
impede proper healing and elevate the risk of systemic
infections [157]. Conventional wound treatment
techniques, such as topical antibiotics and dressings,
frequently prove inadequate due to challenges such as
restricted medication penetration, brief residence time,
and inadequate control over drug release [158].
Traditional drug delivery systems (DDS) for wound
healing, including ointments, creams, and hydrocolloid
dressings, generally provide therapeutic chemicals by
passive diffusion [159]. Although these systems are
straightforward to implement and economically viable,
they encounter many limitations: variable drug release
patterns, diminished effectiveness in chronic wound
conditions, and difficulties in sustaining appropriate
drug concentrations at the wound site for prolonged
durations [160]. These mechanisms are also frequently
unable to handle the intricate pathophysiology of
chronic wounds, including immunological dysfunction
and compromised angiogenesis [161]. To address these
issues, sophisticated DDS have been created, providing

superior control over drug release and greater

therapeutic results. Nanoparticles, liposomes, and solid
lipid nanoparticles facilitate targeted distribution and
sustained release of active drugs, improving
bioavailability and minimising systemic adverse effects
[162]. Microneedle devices provide painless, regulated
medication administration straight to the skin layer,
enhancing patient adherence and therapeutic
effectiveness  [163]. Hydrogels and electrospun
nanofibers provide moist wound environments that
promote healing and function as transporters for
antibacterial agents and growth factors [164]. Moreover,
scaffold-mediated delivery methods, utilising natural
and synthetic polymers, facilitate tissue regeneration by
offering structural support and enabling localised drug
release. These sophisticated systems not only overcome
the shortcomings of traditional DDS but also provide
personalised and adaptive treatment solutions
customised to the unique requirements of chronic
wound patients [165].

Figure 4 thoroughly depicts the antimicrobial
mechanisms of nanoparticles against bacterial cells,
emphasising oxidative stress induced by the
nanoparticle-mediated generation of reactive oxygen
species (ROS), resulting in metabolic enzyme
dysfunction and disruption of the electron transport
chain [166]. The accumulation of nanoparticles in the
bacterial microenvironment leads to membrane
destabilisation through hole formation and a reduction
in membrane potential, hence exacerbating cellular
distress [167]. Moreover, macromolecular degradation
resulting from nanoparticle absorption is illustrated by
direct interference with genetic material and ribosomal
activity, resulting in DNA damage, suppression of
protein synthesis, and disturbances in quorum sensing
(QS) pathways, ultimately compromising bacterial

signalling, biofilm development, and virulence [168].
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Figure 4 Mechanisms of antibacterial activity caused by metal nanoparticles: Disruptions in cellular processes and

quorum sensing. This graphic depicts many antibacterial processes of nanoparticles targeting bacterial cells.

Nanoparticles induce membrane damage by creating holes or compromising membrane integrity, resulting in the release

of cellular contents. (a) They engage with metabolic enzymes, frequently producing reactive oxygen species (ROS), which

deactivate these enzymes and disrupt metabolism. (c¢) This results in the disruption of the electron transport pathway,

leading to energy depletion and oxidative stress. (d) Nanoparticles induce DNA damage, either directly or through reactive

oxygen species (ROS). (e)Inhibition of translation by the alteration of ribosomal function. (f) They modify quorum

sensing (QS) sensitive genes, diminishing bioluminescence, biofilm development, pathogenicity, and the production of

exopolysaccharides and rhamnolipids. (g) Nanoparticles impede the production of signalling molecules by obstructing

QS synthase enzymes. (h) They inhibit these molecules from attaching to receptors, hence affecting quorum sensing

signals and bacterial communication. (i) They induce disruption of the ion pump and membrane depolarisation.

Nanocarriers for terpene delivery

Nanocarriers have become essential systems for
the efficient transport of terpenes, improving their
solubility, stability, and bioavailability [169].
Liposomes, ethosomes, polymeric nanoparticles, and
solid lipid nanoparticles (SLNs) have attracted
considerable interest, as seen in Figure 5. Liposomes
are spherical vesicles consisting of one or more
phospholipid bilayers that encase an aqueous core,
enabling the encapsulation of both hydrophilic and
lipophilic molecules. Their biocompatibility and
structural adaptability render them appropriate for
terpene delivery [170,171]. Ethosomes are a specialised
type of liposomes that contain elevated levels of ethanol,
which improves their flexibility and ability to penetrate
biological membranes, making them particularly

advantageous for the transdermal administration of
terpenes [172]. The incorporation of ethanol
compromises the lipid bilayers of the stratum corneum,
enabling enhanced penetration into the skin [173].
Polymeric nanoparticles, often measuring between 10
and 1,000 nm, are fabricated from biodegradable
polymers like poly(lactic-co-glycolic acid) (PLGA) or
chitosan [174]. These nanoparticles can encapsulate
terpenes, safeguarding them from degradation and
facilitating regulated release patterns. Their surface can
be altered to increase targeted specificity, therefore
boosting therapeutic effectiveness [175]. Nonetheless,
issues including possible cytotoxicity and the
requirement for intricate production procedures demand
meticulous evaluation in their use [176]. Solid lipid
nanoparticles (SLNs) comprise solid lipids stabilised by
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surfactants, creating a matrix that may incorporate
lipophilic chemicals such as terpenes. SLNs can
improve the bioavailability of terpenes by promoting
lymphatic absorption and provide protection against

environmental degradation [177]. They provide benefits

and the practicality of large-scale manufacturing.
However, challenges such as restricted drug-loading
capacity and possible polymorphic transitions during
storage necessitate optimisation to guarantee consistent
performance [178,179].
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Figure 5 Advanced Drug Delivery Nanocarrier Systems: Solid Lipid Nanoparticles, Liposomes, Exosomes, and
Polymeric Nanoparticles. This graphic provides a comprehensive overview of sophisticated nanocarrier systems
employed in medication delivery. (a) Liposomes can take many different forms: theranostic liposomes combine
therapeutic and diagnostic agents; ligand-targeted liposomes are functionalised with ligands, peptides, or antibodies for
targeted delivery; PEGylated liposomes are coated with polyethylene glycol for increased stability; and conventional
liposomes carry both hydrophilic and hydrophobic drugs. (b) Proteins, lipids, and RNAs are found in exosomes, which
are naturally occurring vesicles that facilitate intercellular communication through pathways including VEGF, MAPK,
and TGF-B as well as surface indicators like tetraspanins. (¢) Polymeric nanoparticles include core-shell nanocapsules
that provide controlled release and nanospheres with the medication distributed throughout the matrix. (d)
Biocompatibility, medication stability, and effective administration are offered by solid lipid nanoparticles (SLNs), which
are made up of solid lipids, phospholipids, and surfactants.

Nanoemulsion based drug delivery system

In the fight against biofilms in wound healing,
nanoemulsion-based drug delivery devices have shown
great promise (Figure 6) [180]. Due to their nanoscale
droplet size, NEs have improved features including
increased surface area, better solubility of hydrophobic
medicines, and efficient penetration of biofilms.

Antimicrobial drugs that are hydrophilic or lipophilic

can be encapsulated in these systems, allowing for their
targeted and prolonged release at the wound site
[181,182]. For example, biodegradable NEs loaded with
2 antimicrobials have shown synergistic benefits,
efficiently breaking down biofilms and encouraging
tissue regeneration [183]. NEs can be designed to react
to certain stimuli in the wound microenvironment,

facilitating the regulated release of therapeutic
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medicines [184]. The use of nanoemulsion-based
delivery methods in wound care boosts antibacterial
effectiveness while facilitating the natural wound
healing process by diminishing inflammation and
encouraging re-epithelialization [185]. Nonetheless,

issues including the durability of NEs, possible

shbdaay
w* =
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Figure 6 Nanoemulsion-based drug delivery.

Hydrogel and scaffold-based delivery systems

Hydrogels, defined by their 3-dimensional,
hydrophilic polymer networks, have been thoroughly
investigated for their potential to encapsulate and
release bioactive substances in a regulated fashion
[187]. Their elevated water content and adjustable
characteristics provide them optimal candidates for the
delivery of hydrophobic compounds, including
terpenes. These improvements highlight the capability
of hydrogels to provide prolonged terpene release for
diverse biological applications [188]. Zagoérska-Dziok et
al. [189] have created a hydrogel-based delivery system
that provides an innovative method for wound healing
by incorporating cannabidiol (CBD) and a-terpineol
(TER) into a polymeric matrix. These hydrogels
facilitate regulated drug release, exhibit significant
antioxidant and anti-inflammatory actions, and possess
antibacterial characteristics, therefore establishing an
optimum environment for tissue regeneration. By
blocking collagenase and elastase activity, they
maintain skin integrity and expedite the healing process.
This novel technology offers a promising, multimodal
approach to enhanced wound treatment [189]. In tissue
engineering, bioactive scaffolds are essential for
supporting and augmenting the body’s inherent wound
healing mechanisms [190]. These scaffolds, typically
made from biocompatible materials, offer structural

cytotoxicity, and the scalability of production must be
resolved to fully harness their therapeutic potential.
Current research aims to optimise formulations and
investigate innovative biocompatible materials to
address these constraints and enhance the use of

nanoemulsion-based therapeutics in wound care [186].

oil
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support and can be modified with bioactive chemicals to
enhance cellular functions critical for tissue healing
[191]. The application of ovine forestomach matrix
(OFM) as a biomaterial scaffold has demonstrated
potential in soft tissue healing, offering a natural
extracellular matrix that facilitates cell infiltration and
tissue integration. Recent breakthroughs in the design
and application of bioactive scaffolds are facilitating
more profitable and effective treatments for wound

regeneration [192].

Microneedle and smart drug delivery systems
Microneedles (MNs) have emerged as a
revolutionary technique in wound healing, namely for
the administration of therapeutic drugs to address
biofilm-associated illnesses (Figure 7) [193]. MNs can
infiltrate these biofilms and the underlying tissue,
enabling targeted and effective administration of
medicines directly to the afflicted region. This focused
strategy not only improves therapeutic effectiveness but
also reduces systemic adverse effects often linked to
traditional antibiotic therapies [194]. Integrating
stimuli-responsive mechanisms into microneedle
designs enhances medication release patterns in
accordance with certain wound microenvironments. For
example, pH-responsive microneedles have been
engineered to utilise the acidic characteristics of chronic
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wound environments. These MNs are designed with
coatings that maintain stability at the physiological skin
pH of 4.5 but swiftly disintegrate and release their
payload upon exposure to the higher pH values (about

—

7.5) characteristic of infected wounds. These advanced
delivery methods guarantee the exact release of
therapeutic substances at the appropriate time and
location, hence improving treatment efficacy [195,196].

T o Drug
\ W \i 4
{ 1 .| | Epidermis
o 7 7 =

Figure 7 Microneedle drug delivery.

One noteworthy advancement is the application of
self-assembling nanoreactors that respond to biofilm
microenvironments. To initiate therapeutic responses,
these systems take advantage of the hydrogen peroxide-
rich and acidic conditions characteristic of biofilm
habitats. One example is the use of copper-doped
polyoxometalate clusters (Cu-POM) in chemodynamic
treatment to transform endogenous hydrogen peroxide
into hydroxyl radicals. This mechanism causes bacterial
mortality by metabolic disruption, effectively
dismantling biofilms. Furthermore, these nanoreactors
can reactivate macrophage immune responses,
improving the elimination of planktonic bacteria that
may evade dissolving biofilms [197]. The use of
microneedles for terpene administration in wound
healing remains under investigation, however the
potential of these systems is considerable. Terpenes,
recognised for their antibacterial and anti-inflammatory
properties, may be efficiently administered using
microneedle platforms to address biofilm-associated
illnesses. Further study is required to comprehensively
clarify the efficacy and safety of terpene-loaded

microneedles in clinical environments [198].

Preclinical and clinical insights into terpene-based
biofilm therapy

In a study conducted by Dalleau ef al., researchers
evaluated the antibiofilm effectiveness of ten terpenes
against 3 species of Candida: Candida albicans,

Candida parapsilosis, and Candida glabrata. Their

Dermis

Hypodermis

research indicated that the application of carvacrol,
geraniol, or thymol at a concentration of 0.06% to 24-
hour-old C. albicans biofilms led to more than 80%
suppression of biofilm development. Carvacrol at 0.03%
consistently attained a minimum of 75% inhibition,
regardless of the biofilm age. Furthermore, carvacrol at
a concentration of 0.125% demonstrated more than 75%
suppression of biofilms formed by C. parapsilosis and
The

antibiofilm efficacy of certain terpenes,

C. glabrata. results emphasise the strong
notably
carvacrol, geraniol, and thymol, against Candida
species, highlighting their potential as antifungal agents
[199]. This

mechanisms of phenolic and aldehydic terpenes against

study investigated the antibiofilm
Cryptococcus neoformans. Their findings demonstrated
that these terpenes not only successfully reduced biofilm
established C.

neoformans biofilms. The research offered significant

development but also destroyed
insights into the molecular basis of their antibiofilm
action, revealing that these terpenes undermine the
structural integrity and survival of fungal biofilms [200].

This study assessed the effectiveness of orange
terpene (OT) in eradicating Escherichia coli biofilm
cells on beef and several food contact surfaces,
including stainless steel (SS), silicone rubber (SR),
polyethylene terephthalate (PET), and low-density
polyethylene (LDPE). The results indicated that OT had
substantial antibiofilm efficacy on all examined surfaces
at 37 °C, significantly diminishing E. coli biofilm cells.
The findings indicate that OT may serve as a viable
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natural disinfectant for managing E. coli biofilms in
food processing settings, presenting a possible
alternative to traditional sanitisation techniques [201].
Rresearch examined the effects of specific terpenes: (—)-
(S)-cis-Verbenol, (S)-(-)-
Limonene, (R)-(+)-Limonene, and Linalool, along with

trans-Caryophyllene,

their combinations, on biofilm formation in 2 clinical
isolates of Staphylococcus aureus (ST30-t019 and ST5-
t311). The results indicated that all terpene
combinations suppressed biofilm formation by more
than 50% without hindering bacterial growth. The most
effective combination (—)-trans-Caryophyllene and
Linalool, both at a dosage of 500 pg/mL attained an
outstanding 88% inhibition. This formulation decreased
the expression of genes related to initial cell adhesion
and quorum sensing (sdrD, spa, agr, and hld), while
increasing the expression of genes linked to capsular
polysaccharide synthesis (cap5B and cap5C). The
results underscore the potential of particular terpene
combinations as effective anti-biofilm drugs aimed at
the first phases of S. aureus biofilm formation [202].

Optimizing terpene-based formulations for
enhanced antimicrobial efficacy

Improving the antimicrobial effectiveness of
terpene-based formulations necessitates  strategic
optimisation methods that enhance their stability,
bioavailability, and penetration into target areas.
Cyclodextrin complexation is one of the more
efficacious methods, involving the encapsulation of
terpenes  within  cyclodextrin  molecules.  This
incorporation enhances water solubility, diminishes
volatility, and alleviates possible cytotoxicity, hence
improving the therapeutic profile while preserving
prolonged  antibacterial ~ efficacy. = Cyclodextrin
complexes safeguard terpenes against environmental
degradation, so ensuring sustained effectiveness and
regulated release, rendering them suitable for medicinal
and cosmetic uses [203]. Additionally, terpenes serve as
natural penetration enhancers, rendering them
advantageous for transdermal and topical antibacterial
uses [204]. By compromising the lipid architecture of
the stratum corneum, they enhance the deeper and more
effective penetration of active medicinal compounds.
This characteristic is especially beneficial for addressing
localised infections, since improved skin absorption can

boost treatment results [205]. Terpenes capacity to

regulate membrane fluidity positions them as possible
enhancers of medication transport across bacterial cell
membranes, hence augmenting their antimicrobial
efficacy [206]. The antibacterial effectiveness of
terpenes is mainly due to their capacity to damage
microbial cell membranes. Moreover, several terpenes
have been identified as inhibitors of bacterial efflux
pumps, hence augmenting the efficacy of traditional
antibiotics against resistant species [138]. Terpenes
enhance membrane permeability by integrating into
lipid bilayers, resulting in the leaking of cellular

contents and eventual cell death [207].

Synergistic effects of terpenes and photodynamic
therapy for antimicrobial treatment

Szymczak et al. [208] performed a comprehensive
study on the antibacterial efficacy of zinc (II)
phthalocyanine regioisomers conjugated with menthol,
a monoterpene alcohol. Their research indicated that the
incorporation of menthol markedly improved the
phototoxic reaction of the photosensitiser against
Staphylococcus aureus. This enhancement is ascribed to
menthol’s capacity to compromise bacterial membrane
integrity, therefore promoting greater diffusion of the
photosensitiser into bacterial cells. Upon internalisation,
the photosensitiser produces ROS when activated by
light, resulting in oxidative stress-induced cellular
damage. This work highlights the significance of
terpenes in enhancing PDT results by facilitating
improved interactions between photosensitisers and
bacteria, hence augmenting the efficacy of bacterial
elimination.

Kossakowska-Zwierucho et al. [209] investigated
the function of farnesol, a sesquiterpene alcohol, in
augmenting the effectiveness of photodynamic
inactivation (PDI) against Staphylococcus aureus. Their
research demonstrates that farnesol markedly enhances
the bactericidal efficacy of TMPyP, a cationic porphyrin
photosensitiser triggered by red light. The research
demonstrated that farnesol pre-treatment enhanced
bacterial cell vulnerability to photodynamic injury by
compromising lipid bilayers, therefore increasing
membrane permeability to the photosensitiser. The
augmented permeability enabled more infiltration of the
photosensitiser into bacterial structures, resulting in
heightened ROS production and consequent oxidative
damage following light exposure. The findings strongly
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indicate that farnesol-induced membrane disruption is a
crucial element in enhancing the efficacy of PDT-based
antimicrobial approaches.

Li and Wu [210] examined the synergistic effects
of S5-aminolevulinic acid (ALA), carvacrol, and blue
light on the eradication of polymicrobial biofilms. Their
research highlighted the efficacy of carvacrol, a
monoterpenoid phenol derived from oregano and thyme,
in improving PDT results. Carvacrol was seen to
compromise the structural integrity of biofilms by
disrupting the EPS matrix, thereby enhancing the
penetration of ALA, a precursor to the endogenous
photosensitiser protoporphyrin IX (PpIX). When
exposed to blue light, PpIX experiences photochemical
excitation, producing cytotoxic ROS that efficiently
eliminate bacterial cells within biofilms. The research
indicates that carvacrol’s antibacterial efficacy, when
paired with photodynamic therapy (PDT), can markedly
enhance biofilm disintegration, presenting a viable
strategy for addressing persistent biofilm-related
illnesses.

Lu et al. [211] elucidated the antibacterial
activities of carvacrol in combination with
photodynamic  therapy (PDT). Their research
concentrated on carvacrol’s capacity to augment the
photodynamic response when exposed to blue light
irradiation. The study revealed that carvacrol has
intrinsic antibacterial properties and functions as a
potentiator of photodynamic therapy by enhancing ROS
production in bacterial cells. This dual mechanism leads
to heightened oxidative stress, lipid peroxidation, and
cellular injury, finally resulting in bacterial cell death.
The results highlight the efficacy of integrating
carvacrol into PDT methods to more efficiently target
multidrug-resistant bacteria [211-212].

Future perspectives and challenges

Personalized and precision medicine
approaches

The human microbiome is crucial in health and
illness, affecting medication metabolism and treatment
results. Recent breakthroughs in microbiome research
have shown the possibility of altering microbial
assemblages to improve therapeutic success. A study
examines the impact of gut microbiota on the
progression of infectious illnesses and cancer,

highlighting the swift advancement of microbiome-

based therapeutic interventions designed to enhance
host health. This highlights the necessity of evaluating
individual microbiome profiles in the formulation of
terpene-based medicines, since the microbiome’s
makeup can profoundly influence the therapeutic
efficacy of these chemicals [213].

Artificial intelligence (AI) and machine learning
(ML) are being used in healthcare to improve predictive
analytics and therapeutic approaches. In the domain of
biofilm-associated infections, AI has demonstrated
potential in forecasting biofilm development and
enhancing treatment strategies. Research underscores
the use of Al in antimicrobial stewardship, revealing its
capacity to enhance decision-making and patient
outcomes through the analysis of intricate information
to forecast antibiotic resistance trends. Utilising Al and
ML, doctors may formulate more efficacious,
individualised strategies to prevent and manage biofilm-
associated illnesses [214,215].

Integration with regenerative medicine

The integration of stem cell treatment with
bioactive chemicals such as terpenes presents
considerable potential in regenerative medicine.
Research has concentrated on creating biomimetic
scaffolds that enhance stem cell survival and
differentiation. For instance, a paper describes the
production of nanofibrous scaffolds made of
polycaprolactone-collagen that have been loaded with
terpene-rich Arnebia euchroma extract. These scaffolds’
potential for tissue engineering applications was
suggested by their increased stem cell proliferation and
preservation of stemness. Thus, by offering both
structural support and bioactive stimulation, terpene-
based bioactives may improve regeneration outcomes
when included into scaffolds loaded with stem cells
[216].

By encouraging tissue remodelling, cell migration,
and proliferation, growth factors play a crucial role in
coordinating the wound healing process. Because
terpenes have anti-inflammatory and antibacterial
qualities, their use in wound healing techniques has been
investigated. A review highlights the potential of several
growth factors to improve tissue repair while discussing
their involvement in wound healing. Although there
aren’t many research directly combining terpenes and

growth factors, the advantages of terpenes on their own
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in lowering inflammation and fighting microbial
infections imply that their incorporation into growth
factor-mediated treatments may improve wound healing
results [217].

Overcoming biofilm resistance while enhancing
patient compliance in terpene-based therapies

The durability of biofilms is mostly attributed to
their thick structure, which obstructs the entry of
therapeutic agents, together with a microenvironment
capable of neutralising the effectiveness of these
substances. The acidic and hydrogen peroxide-laden
environment within biofilms might reduce the efficacy
of certain antimicrobials, enabling bacterial survival
despite therapeutic interventions [218] Innovative
techniques are being studied to reduce bacterial
resistance development in biofilms. A potential strategy
is the use of biofilm microenvironment-responsive
nanoreactors capable of inducing bacterial cell death via
processes akin to cuproptosis pathways. These
nanoreactors not only compromise the biofilm
architecture but also augment the immune response,
resulting in more effective elimination of biofilm-
associated illnesses [219]. In the context of patient
compliance and acceptability, especially in chronic
wound treatment, the sensory attributes and possible
discomfort associated with terpene formulations are
essential factors to consider. Extracellular vesicles
(EVs) generated from plants, namely those extracted
from Aloe saponaria, exhibit anti-inflammatory and
pro-angiogenic characteristics while maintaining little
cytotoxicity. It has been demonstrated that these EVs
induce angiogenesis, improve cell migration, and
encourage fibroblast proliferation all of which are
critical for efficient wound healing. Crucially, their
biocompatibility and natural origin may lower the
likelihood of irritation and sensory pain, increasing

patient compliance with chronic wound care [220].

Conclusions

In the fight against infections linked to biofilms in
wound healing, terpene-based phytochemicals provide a
potential new avenue. Their diverse antibacterial, anti-
inflammatory, and antioxidant activities break robust
biofilm formations and expedite tissue regeneration,
fostering an environment conducive to fast wound

closure. Terpenes become natural, strong, and

biocompatible therapeutic agents by encouraging host
tissue regeneration and focussing on important
microbial virulence pathways. Utilising modern drug
delivery methods and synergistic formulations to
maximise their potential might transform wound
management practices, leading to safer, more effective,
and sustainable therapies. Terpene-based
phytochemicals are promising antibiofilm agents for
chronic wound management. Their efficacy is enhanced
when combined with conventional antibiotics and
advanced delivery systems. Future studies should
concentrate on improving their clinical applicability and
pharmacokinetics in order to fully realise their

therapeutic promise in contemporary medicine.
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