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Abstract

The emergence of antibiotic-resistant Staphylococcus aureus and its capacity for biofilm formation pose significant
challenges in healthcare. Eugenol, a natural phenolic compound, has demonstrated potential as an antimicrobial agent,
but its clinical application is hindered by issues like poor solubility and volatility. Advances in nanotechnology have
addressed these limitations by functionalizing nanoparticles with eugenol, enhancing its stability, bioavailability, and
antimicrobial efficacy. This systematic review critically examines the synergistic effects of eugenol-functionalized
nanoparticles (EFNPs) against S. aureus, focusing on their potential to combat antibiotic resistance and disrupt biofilm
formation. The analysis reveals that EFNPs significantly lower minimum inhibitory concentrations (MICs) and in-
crease zones of inhibition compared to free eugenol. Additionally, EFNPs demonstrate strong antibiofilm activity,
effectively preventing the formation of new biofilms and disrupting existing ones. Mechanistic insights suggest that
EFNPs disrupt bacterial membranes, generate reactive oxygen species (ROS), and downregulate biofilm-associated
genes, contributing to their antimicrobial and antibiofilm efficacy. With minimal cytotoxicity and no observed re-
sistance development in S. aureus, EFNPs present a promising adjunct or alternative to conventional antibiotics. How-
ever, further research, including in vivo studies and clinical trials, is necessary to fully realize their potential in com-
bating resistant bacterial infections.
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Introduction

The increasing prevalence of antibiotic-resistant
bacterial strains has emerged as a critical chal-
lenge in modern medicine. Among these, Staphy-
lococcus aureus stands out due to its notorious
ability to develop resistance against multiple
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classes of antibiotics, leading to the failure of
conventional treatments and resulting in persis-
tent and difficult-to-treat infections. This patho-
gen is particularly problematic in hospital set-
tings, where it can cause severe infections associ-
ated with surgical sites, implants, and other
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medical devices (1). One of the most concerning
aspects of S. aureus infections is its capacity to
form biofilms—structured communities of bacte-
ria encased within a self-produced extracellular
matrix. Biofilms provide a protective environ-
ment that significantly enhances the bacteria's re-
sistance to antibiotics and the host immune re-
sponse (2,3). This biofilm-associated resistance
is a major factor in the persistence of chronic in-
fections and the difficulty in eradicating S. aureus
from infected tissues (4).

The disruption of biofilm formation can occur
through several mechanisms, including the inhi-
bition of bacterial adhesion to surfaces, interfer-
ence with quorum sensing pathways that regulate
biofilm development, and the degradation of ex-
tracellular polymeric substances that stabilize the
biofilm structure. Targeting these pathways not
only prevents the establishment of mature bio-
films but also enhances bacterial susceptibility to
antibiotics and host defenses, offering a promis-
ing strategy for combating persistent S. aureus in-
fections (3,4).

In the quest for alternative antimicrobial strate-
gies, natural compounds like eugenol have gained
considerable attention. Eugenol is a phenolic
compound predominantly found in clove oil and
is known for its broad-spectrum antimicrobial ac-
tivity against various pathogens, including S. au-
reus (5). However, its clinical application is lim-
ited by factors such as its volatility, poor water
solubility, and the need for high concentrations to
achieve effective antimicrobial action (6). These
limitations have driven research into novel deliv-
ery systems that can enhance the efficacy and sta-
bility of eugenol.

Recent advancements in nanotechnology offer a
promising avenue for overcoming the limitations
of eugenol. Nanoparticles (NPs), due to their
small size and large surface area, can be engi-
neered to improve the delivery and bioavailability
of drugs, including natural compounds like euge-
nol (7,8). Functionalizing nanoparticles with eu-
genol has been shown to significantly enhance its
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antimicrobial potency by increasing its stability,
solubility, and targeted delivery to bacterial cells.
These eugenol-functionalized nanoparticles (EF-
NPs) not only improve the antimicrobial efficacy
of eugenol but also exhibit synergistic effects that
can disrupt biofilm formation and combat antibi-
otic-resistant strains of S. aureus (8-10).

This review aims to explore the synergistic ef-
fects of eugenol-functionalized nanoparticles on
Staphylococcus aureus, particularly focusing on
their potential to address the challenges posed by
antibiotic resistance and biofilm formation. We
will delve into the mechanisms by which these
nanocomposites enhance the antimicrobial activ-
ity of eugenol, review the latest studies on their
efficacy, and discuss their potential applications
in clinical settings

Methodology

This systematic review was conducted with the
goal of evaluating the synergistic effects of euge-
nol-functionalized nanoparticles (EFNPs) against
Staphylococcus aureus, focusing on their poten-
tial to combat antibiotic resistance and biofilm
formation. The methodology was structured as
follows:

Literature Search

A comprehensive search strategy was imple-
mented across multiple scientific databases, in-
cluding PubMed, Scopus, and Web of Science, to
identify relevant studies published from 2010 on-
wards. The search was conducted using specific
keywords: "eugenol," "nanoparticles," "Staphy-
synergistic effects,” "antibi-
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lococcus aureus,
otic resistance," and "biofilm formation." Bool-
ean operators (AND, OR) were used to refine the
search and ensure that studies addressing the
combined effects of eugenol and nanoparticles on

S. aureus were included.

Inclusion and Exclusion Criteria

To maintain the relevance and quality of the re-
view, specific inclusion and exclusion criteria
were applied: Inclusion Criteria: a) Studies
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published from 2010 to the present. b) Research
that specifically investigated the combined ef-
fects of eugenol and nanoparticles on Staphylo-
coccus aureus. ¢) Studies that evaluated the anti-
microbial, antibiofilm, and cytotoxic properties
of EFNPs. d) Peer-reviewed articles, including
both in vitro and in vivo studies.

Exclusion Criteria: a) Studies that focused solely
on the effects of eugenol or nanoparticles inde-
pendently, without exploring their combined ef-
fects. b) Articles with methodological flaws, such
as insufficient controls or incomplete data report-
ing. c¢) Reviews, meta-analyses, and opinion
pieces that did not contribute original experi-
mental data.

Data Extraction

Relevant data were meticulously extracted from
the selected studies to ensure a comprehensive
analysis. Key variables included: I) Study De-
sign: Type of study (in vitro, in vivo). II) Nano-
particle Characterization: Details such as size,
shape, surface modification, and concentration.
III) Eugenol Concentration: Methods of incorpo-
ration into nanoparticles. IV) Antimicrobial Met-
rics: Minimum inhibitory concentration (MIC),
zone of inhibition, bacterial reduction rates. V)
Antibiofilm Activity: Inhibition and disruption of
biofilm formation. VI) Cytotoxicity Evaluations:
Toxicity assessments using assays like MTT or
LDH release. VII) Mechanisms of Action: In-
sights into how EFNPs exert their antimicrobial
and antibiofilm effects.

Data Synthesis and Analysis

Data from the selected studies were synthesized
to identify common patterns and trends. The anal-
ysis focused on: 1) Comparative Efficacy: Com-
paring the efficacy of EFNPs to conventional
treatments. 2) Mechanistic Insights: Understand-
ing the mechanisms by which EFNPs enhance an-
timicrobial and antibiofilm properties. 3) Re-
sistance Development: Assessing whether S.
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aureus developed resistance to EFNPs during
prolonged exposure.

Quality Assessment

The quality of the included studies was assessed
using standardized criteria, focusing on aspects
like randomization, blinding, sample size, and the
reproducibility of methodologies. Potential bi-
ases were critically evaluated to ensure the relia-
bility of the findings.

Ethical Considerations

All studies involving human or animal subjects
were required to have appropriate ethical approv-
als. Ethical guidelines were strictly followed
throughout the review process.

Results

Overview of Selected Studies

This systematic review critically examined 12
studies that explored the synergistic effects of eu-
genol-functionalized nanoparticles (EFNPs)
against Staphylococcus aureus, focusing on their
potential to overcome antibiotic resistance and
biofilm formation. The comprehensive analysis
provided detailed insights into the enhanced anti-
microbial efficacy, antibiofilm activity, mecha-
nisms of action, cytotoxicity, and resistance de-
velopment associated with EFNPs.

Antimicrobial Efficacy

Determination of Minimum Inhibitory Con-
centration (MIC) Across the studies reviewed,
EFNPs demonstrated significantly lower MIC
values compared to free eugenol or nanoparticles
alone. For example, in Yadav et al. (2015) (11),
the MIC of eugenol-functionalized nanoparticles
was reduced by up to 60%, indicating a marked
increase in antimicrobial potency against Staphy-
lococcus aureus. This enhanced efficacy was also
observed in Wang et al. (2021)(12), where MIC
values were 4 to 6 times lower for EFNPs com-
pared to non-functionalized nanoparticles,
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showcasing the significant advantage of nanopar-
ticle functionalization(13,14).

Quantification of Bacterial Reduction EFNPs
consistently achieved higher bacterial reduction
rates compared to other treatments. In the studies
by El-Far et al. (2021) (15) and Ghosh et al.
(2014) (16), EFNPs showed substantial bacteri-
cidal activity, with reductions in S. aureus popu-
lations by up to 99%, highlighting their effective-
ness in eliminating bacterial cells.

Assessment of Zone of Inhibition The zone of
inhibition, a key indicator of antimicrobial activ-
ity, was notably larger for EFNPs across the re-
viewed studies. For instance, El-Far et al. (2021)
(15) reported that the inhibition zones for EFNPs
were 25% larger than those observed with free
eugenol, underscoring the enhanced antimicro-
bial action provided by nanoparticle functionali-
zation(17).

Evaluation of Resistance Development
Long-term exposure studies, such as those by
Dehkordi et al. (2019) (18), revealed that Staphy-
lococcus aureus did not develop resistance to EF-
NPs even after prolonged treatment, unlike with
conventional antibiotics. This finding is crucial
for the potential use of EFNPs as a sustainable
antimicrobial strategy.

Antibiofilm Efficacy

Inhibition of Biofilm Formation EFNPs were
highly effective in preventing the formation of
biofilms by S. aureus. Dehkordi et al. (2019) (18)
documented an 85% reduction in biofilm for-
mation when using EFNPs, significantly outper-
forming both free eugenol and non-functional-
ized nanoparticles(13).

Disruption of Established Biofilms In studies
like those by Sethuram et al. (2021) (19) and
Ghosh et al. (2014) (16), EFNPs were shown to
disrupt established biofilms by up to 70%. This
disruption is vital for treating chronic infections
where biofilms protect bacteria from conven-
tional treatments (17)

Herbal Medicines Journal. 2025, 10(2)

Biofilm Imaging and Structural Analysis Ad-
vanced imaging techniques, such as confocal la-
ser scanning microscopy, were employed to visu-
alize the disruption of biofilm structure by EF-
NPs. Thanh Chi et al. (2017) (20) demonstrated
significant alterations in biofilm architecture,
confirming the physical disruption caused by EF-
NPs.

Cytotoxicity Assessment

Cell Viability Testing In vitro cytotoxicity assays
consistently showed that EFNPs exhibit minimal
cytotoxic effects on human cell lines at concen-
trations effective against S. aureus. For example,
El-Far et al. (2021) (15) found that EFNPs were
non-toxic to human cells, indicating their poten-
tial safety for clinical use(14).

Evaluation of Membrane Integrity Studies
such as those by Ghosh et al. (2014) (19) assessed
the impact of EFNPs on the integrity of bacterial
and human cell membranes. The results showed
that EFNPs selectively disrupted bacterial mem-
branes while preserving the integrity of human
cell membranes, a crucial factor in their antimi-
crobial efficacy and safety profile.

Mechanistic Insights

Disruption of Bacterial Membranes EFNPs
primarily exert their antimicrobial effects by dis-
rupting the bacterial cell membrane, leading to in-
creased permeability and leakage of cellular con-
tents. This mechanism was consistently high-
lighted in studies like El-Far et al. (2021) (15) and
Wang et al. (2021) (12), where EFNPs caused sig-
nificant membrane damage, resulting in bacterial
cell death. In Staphylococcus aureus, which lacks
an outer membrane, EFNPs specifically target the
cytoplasmic membrane composed mainly of
phospholipids such as phosphatidylglycerol, car-
diolipin, and lysyl-phosphatidylglycerol. Interac-
tion of EFNPs with these negatively charged li-
pids alters membrane fluidity, induces depolari-
zation, and compromises the integrity of the lipid
bilayer. This disruption facilitates uncontrolled
ion flux, particularly the leakage of potassium
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ions, ATP, and other intracellular components. In
addition, EFNP-induced oxidative stress acceler-
ates lipid peroxidation, further destabilizing the
membrane and ultimately leading to cell lysis.
Electron microscopy studies have corroborated
these findings, showing morphological defor-
mation and rupture of the bacterial surface after
exposure to eugenol-functionalized nanostruc-
tures

Induction of Reactive Oxygen Species (ROS)
The generation of ROS was another key mecha-
nism by which EFNPs exerted their effects. Stud-
ies by Thanh Chi et al. (2017) (20) and Ghosh et
al. (2014) (16) demonstrated that EFNPs induce
oxidative stress in bacterial cells through ROS
production, leading to damage of vital cellular
components and ultimately bacterial death.

Modulation of Gene Expression EFNPs were
also found to modulate the expression of genes
associated with biofilm formation and antibiotic
resistance. For instance, Dehkordi et al. (2019)
(18) observed downregulation of key biofilm-as-
sociated genes in S. aureus treated with EFNPs,
inhibiting the bacteria's ability to form biofilms
and resist antibiotic treatment.

Comparative Analysis with Conventional Ther-
apies

Analysis of Synergistic Effects The studies re-
viewed consistently reported synergistic effects
when EFNPs were used in combination with con-
ventional antibiotics. For example, Ghosh et al.
(2014) (16) found that EFNPs significantly en-
hanced the efficacy of antibiotics, reducing the
required dosage and potentially mitigating the de-
velopment of resistance.

Assessment of Resistance Development As
mentioned earlier, resistance development was
notably absent in S. aureus when treated with EF-
NPs over prolonged periods, as observed in stud-
ies by Dehkordi et al. (2019) (18) and Sethuram
etal. (2021) (19). This contrasts with the rapid re-
sistance development often seen with traditional
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antibiotics, highlighting the potential of EFNPs
as a long-term antimicrobial strategy.

Discussion

The findings from this systematic review illumi-
nate the promising role of eugenol-functionalized
nanoparticles (EFNPs) in addressing the pressing
challenges of antibiotic-resistant Staphylococcus
aureus and biofilm-related infections. The syn-
thesis of data across multiple studies reveals not
only the enhanced antimicrobial and antibiofilm
properties of EFNPs but also provides critical in-
sights into the mechanisms that drive their effi-
cacy, the minimal cytotoxicity associated with
their use, and their potential to mitigate the grow-
ing issue of antibiotic resistance.

Multifaceted Antimicrobial and Antibiofilm
Properties

The consistently superior antimicrobial activity
exhibited by EFNPs across the reviewed studies
marks a significant advancement in the fight
against S. aureus. By lowering the minimum in-
hibitory concentration (MIC) and enlarging the
zones of inhibition, EFNPs demonstrate a robust
ability to combat bacterial infections at lower
doses than traditional treatments. This reduction
in required dosage is particularly beneficial in
minimizing potential side effects and reducing
the selective pressure that drives antibiotic re-
sistance. Studies such as those by Yadav et al.
(2015) (1), Wang et al. (2021) (2), and Fu et al.
(2022) (25) provide strong evidence of the en-
hanced potency of EFNPs, which is attributed to
the increased stability, solubility, and targeted de-
livery that nanoparticle functionalization confers
upon eugenol. Furthermore, recent research has
confirmed that eugenol-conjugated nanostruc-
tures improve antimicrobial efficacy against mul-
tidrug-resistant pathogens (Ali et al., 2023) (27).
The antibiofilm capabilities of EFNPs are espe-
cially noteworthy given the challenges posed by
biofilm-associated infections, which are notori-
ously difficult to treat due to their inherent
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resistance to antibiotics and the host immune sys-
tem. The ability of EFNPs to both inhibit the for-
mation of new biofilms and disrupt existing ones
represents a dual-action approach that could sig-
nificantly improve outcomes in chronic and per-
sistent infections. The work by Dehkordi et al.
(2019) (4), Sethuram et al. (2021) (9), and Ha-
shem et al. (2021) (29) underscores the im-
portance of this capability, highlighting how EF-
NPs can reduce biofilm formation by up to 85%
and disrupt established biofilms by 70%, offering
a promising solution where conventional treat-
ments often fail.

Mechanistic Insights and Their Implications
The review also sheds light on the underlying
mechanisms through which EFNPs exert their ef-
fects. The primary mode of action involves the
disruption of bacterial membranes, leading to in-
creased permeability and subsequent bacterial
cell death. This membrane disruption, coupled
with the generation of reactive oxygen species
(ROS), creates an inhospitable environment for
bacteria, further enhancing the bactericidal ef-
fects of EFNPs. Studies like those by El-Far et al.
(2021) (5), Thanh Chi et al. (2017) (13), and
Kowalewska et al. (2023) (30) highlight the mul-
tifaceted approach of EFNPs, which not only
physically damages the bacteria but also bio-
chemically disrupts essential cellular processes.
The downregulation of biofilm-associated and
antibiotic resistance genes in S. aureus treated
with EFNPs, as observed in studies by Ghosh et
al. (2014) (11), Dehkordi et al. (2019) (4), and Ali
etal. (2023) (27), is another crucial aspect of their
efficacy. By targeting the genetic foundations of
resistance and biofilm formation, EFNPs inhibit
the bacteria's ability to adapt and survive, thus
preventing the recurrence of infections and reduc-
ing the likelihood of resistance development.

Safety Profile and Resistance Prevention

An essential consideration in the development of
any new therapeutic agent is its safety profile.
The studies reviewed consistently reported
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minimal cytotoxicity associated with EFNPs,
even at concentrations effective against S. aureus.
This low toxicity is crucial for potential clinical
applications, as it suggests that EFNPs could be
used safely in a wide range of patients, including
those with compromised immune systems. The
studies by Ghosh et al. (2014) (18), El-Far et al.
(2021) (15), and Prabuseenivasan et al. (2006)
(28) provide reassuring data on the biocompati-
bility of EFNPs, making them a viable candidate
for further development.

Equally important is the observed lack of re-
sistance development in S. aureus following pro-
longed exposure to EFNPs. In contrast to tradi-
tional antibiotics, where resistance can develop
rapidly, the multifaceted mechanisms of EFNPs
appear to overwhelm the bacteria's ability to
adapt. This finding, reported in studies by
Dehkordi et al. (2019) (18), Sethuram et al.
(2021) (19), and Yadav et al. (2015) (26), sug-
gests that EFNPs could serve as a long-term solu-
tion in the ongoing battle against antibiotic-re-
sistant infections.

Future Directions and Clinical Implications

The results of this systematic review underscore
the significant potential of EFNPs as a next-gen-
eration antimicrobial agent, particularly in the
context of antibiotic-resistant S. aureus and bio-
film-associated infections. The enhanced effi-
cacy, combined with low cytotoxicity and the
ability to prevent resistance development, posi-
tions EFNPs as a compelling candidate for inte-
gration into clinical practice. However, while the
preclinical data is highly promising, the transla-
tion of these findings into clinical settings will re-
quire rigorous in vivo studies and clinical trials to
validate their safety and efficacy in human popu-
lations (13, 29).

Future research should focus on optimizing the
formulation and delivery methods of EFNPs to
maximize their therapeutic potential. Addition-
ally, exploring the applicability of EFNPs to a
broader range of bacterial species, including
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other multi-drug-resistant pathogens, could fur-
ther expand their utility in modern medicine. The
potential for EFNPs to serve as an adjunct to ex-
isting therapies, enhancing the efficacy of tradi-
tional antibiotics while reducing the risk of re-
sistance, represents an exciting avenue for future
exploration (30).

Conclusion

Eugenol-functionalized nanoparticles (EFNPs)
show significant promise as an effective strategy
against Staphylococcus aureus, particularly in
overcoming antibiotic resistance and biofilm for-
mation. The enhanced antimicrobial efficacy,
coupled with robust antibiofilm activity, positions
EFNPs as a powerful tool in treating persistent in-
fections. The multifaceted mechanisms of ac-
tion—membrane disruption, ROS generation,
and gene expression modulation—help prevent
resistance development, a critical advantage over
traditional antibiotics. Given their low cytotoxi-
city and potential for clinical application, EFNPs
could play a pivotal role in the future of antimi-
crobial therapy, though further in vivo and clini-
cal validation is needed.
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