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Abstract

Multidrug-resistant (MDR) pathogens and biofilm-associated infections represent a major
global health concern, particularly in the context of medical devices such as catheters,
tubing, and blood sampling devices. Biofilms, responsible for up to 85% of human in-
fections, confer a high level of microbial resistance and compromise device performance
and patient safety. In this study, the antibiofilm potential of Syzygium aromaticum (clove)
essential oil was investigated through an in vitro assay. GC–MS analysis revealed eugenol
(72.77%) as the predominant compound, accompanied by β-caryophyllene (14.72%) and
carvacrol (2.09%). The essential oil exhibited notable antimicrobial activity, producing
inhibition zones of 30.5 ± 4.5 mm against Staphylococcus aureus, 24.5 ± 0.5 mm against
Micrococcus luteus, 16.0 ± 2.0 mm against Escherichia coli, 13.0 ± 1.0 mm against Pseudomonas
aeruginosa, 23.5 ± 1.5 mm against Candida albicans, and 24.0 ± 2.0 mm against C. glabrata.
A marked reduction in biofilm biomass observed on polyvinyl chloride (PVC) surfaces.
The application of clove essential oil as a coating for PVC-based medical devices remains a
future possibility that requires formulation and in vivo testing. This strategy is proposed
as potentially eco-safe, although environmental toxicity and biocompatibility have not
yet been evaluated. It could contribute to the prevention of biofilm formation in arterial
sampling systems and other healthcare-related materials, thereby enhancing device safety
and longevity.

Keywords: Syzygium aromaticum; clove essential oil; eugenol; biofilm inhibition; PVC
surfaces; medical device coatings; blood sampling device; antimicrobial resistance

1. Introduction
Multidrug-resistant (MDR) pathogens represent a major global health challenge, high-

lighting the urgent need for novel antimicrobial agents that are both effective and safe
for human use. Their pathogenicity relies on multiple virulence mechanisms such as
surface hydrophobicity, hemolysin production, and, most critically, biofilm formation,
which together enhance tissue invasion and enable immune system evasion [1]. Biofilm
formation typically proceeds through distinct stages, beginning with microbial adhesion to
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a surface, followed by maturation into a structured community encased in an extracellular
polymeric matrix, and culminating in cell dispersion that enables colonization of new
sites. While bacterial and fungal biofilms share this general architecture, fungal biofilms,
such as those formed by Candida species, are often thicker, with a more complex hyphal
network and higher resistance to antifungal agents. These mechanisms are particularly
problematic in healthcare-associated infections (HAIs), which remain a central concern in
modern medicine. Device-associated infections account for 50–70% of all HAIs and are
strongly linked to biofilm development on artificial surfaces [2]. Indeed, biofilms are esti-
mated to play a role in up to 85% of human infections [3]. By embedding microorganisms
within a protective matrix, they confer resistance up to 1000-fold higher than planktonic
forms, thereby limiting the efficacy of antimicrobial therapy and complicating disinfection
strategies. In light of these limitations, attention has increasingly turned toward natural
alternatives such as essential oils (EOs). Defined by the European Pharmacopoeia as com-
plex mixtures obtained by distillation or mechanical processes from plant material, EOs are
rich in volatile secondary metabolites that display broad-spectrum antimicrobial, antiviral,
and antifungal activities [4]. Unlike conventional antibiotics that generally act on a single
target, EOs exert multifactorial effects, disrupting several cellular processes simultaneously.
This polypharmacological action substantially reduces the likelihood of resistance develop-
ment [5,6]. Among the most promising EOs, clove oil (Syzygium aromaticum) has received
particular interest due to its high content of eugenol (70–95%), a phenolic compound with
well-documented antimicrobial and antibiofilm properties. Eugenol was found to inhibit
biofilm formation against clinically relevant pathogens such as Escherichia coli O157:H7,
Listeria monocytogenes, Staphylococcus aureus, Candida albicans, and to inhibit quorum sens-
ing of Pseudomonas aeruginosa [7]. Its multi-target mechanism is reinforced by synergistic
contributions from other oil constituents, including β-caryophyllene, eugenol acetate, and
various monoterpenes, which further enhance its bioactivity [8]. Nevertheless, a critical
limitation of current research lies in the variability of EO chemical composition, influenced
by botanical origin, plant part used, cultivation conditions, and extraction techniques. This
heterogeneity contributes to discrepancies across studies and complicates reproducibility.
Moreover, although the antimicrobial and antibiofilm activities of clove oil and eugenol are
well established, their effects on inert medical materials such as polyvinyl chloride (PVC),
a material widely used in hospital devices, remain poorly explored. Direct comparative
assessments across Gram-positive bacteria, Gram-negative bacteria, and yeasts under iden-
tical experimental conditions are also still scarce. To bridge this gap, the present study
investigates the antibiofilm potential of clove essential oil through an in vitro approach
on PVC surfaces colonized by Pseudomonas aeruginosa, S. aureus, E. coli, C. albicans, and
C. glabrata. The antibacterial and antifungal properties of clove essential oil are largely
attributed to its major constituent, eugenol, whose structure and reactivity underpin its
bioactivity [9]. Chemically, eugenol is a phenolic compound with an aromatic ring substi-
tuted by a hydroxyl group and an allyl chain, conferring both hydrophobic and reactive
properties that promote membrane penetration.

Unlike conventional antibiotics that target a single cellular process, eugenol exerts
a multifactorial mechanism of action. Its lipophilic nature enables it to integrate into
microbial membranes, leading to structural disorganization, ion leakage, loss of membrane
potential, and metabolic collapse, resulting in cell death. Ribeiro et al. demonstrated a rapid
membrane disintegration of Staphylococcus aureus exposed to eugenol, with ATP leakage
and global metabolic disruption [10]. Similarly, Chen et al. observed membrane rupture
in Klebsiella pneumoniae resistant to carbapenems, associated with increased intracellular
reactive oxygen species (ROS) [11].
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In addition, eugenol interferes with quorum sensing, the bacterial communication
system regulating biofilm formation. A study published in Frontiers in Pharmacology
demonstrated that eugenol inhibited quorum-sensing signaling in Pseudomonas aeruginosa,
preventing the formation of mature biofilms [12]. Eugenol also weakens the extracellular
polymeric matrix, reducing exopolysaccharide synthesis, extracellular DNA accumulation,
and matrix protein content [11,12]. Furthermore, eugenol-based nanoemulsions have been
shown to reduce extracellular polymer production and interfere with bacterial signaling in
Listeria monocytogenes, confirming its multi-target antibiofilm activity [13].

Touati et al. synthesized these findings in a comprehensive review, highlighting that
essential oils, including eugenol, act through multiple pathways, primarily via biofilm
matrix destabilization [14]. At higher concentrations, eugenol induces oxidative stress by
generating ROS, leading to DNA and protein oxidation, organelle dysfunction, and cell
cycle arrest in pathogenic yeasts [15].

A promising strategy to combat bacterial infections focuses on targeting bacterial ultra-
structures or metabolites essential for pathogenicity. These include secretion systems, spe-
cialized membrane components, siderophores, and quorum-sensing molecules. By disrupt-
ing these targets, bacterial virulence can be reduced without killing the bacteria, minimizing
selective pressure for resistance and complementing traditional antibiotic therapies [16].

Antibiotic resistance has emerged as a major global health problem, particularly in
Gram-negative bacteria, which often harbor multiple resistance mechanisms that render
most major drug classes ineffective. Novel approaches are urgently needed, yet the de-
velopment of entirely new agents faces significant challenges. A potential solution is
to adapt existing antibiotics by chemically linking them to siderophores—iron-chelating
molecules that exploit bacteria’s innate need for iron. This “Trojan Horse” approach allows
the antibiotic to gain entry into the bacterial cell, potentially overcoming resistance, curent
developments and applications of this strategy are increasingly being explored [17]. For
instance, the review published by Ribeiro et al. details how polymer-based nanomaterials
optimize targeted drug delivery and maintains effective antimicrobial concentrations, thus
opening new perspectives for controlling biofilms and multidrug-resistant bacteria [18]. In
continuity with earlier studies working on incorporation of clove essential oil or its major
component, eugenol, on PVC surfaces and reduce microbial adhesion [19,20], this study
aims to evaluate the antibiofilm potential of clove essential oil emulsions when in contact
with PVC surfaces, as a preliminary step toward the development of functional coatings
for medical devices.

2. Materials and Methods
2.1. Preparation and Extraction of Essential Oil

Dried flower buds of Syzygium aromaticum (clove) were purchased from a local herbal-
ist in Oujda-Morocco, clove plants are locally cultivated in Oujda-Morocco as well. Essential
oil was extracted by hydrodistillation using a modified Clevenger-type apparatus. Approx-
imately 100 g of clove buds were placed in a round-bottom flask containing 1 L of distilled
water. The hydro distillation process was carried out for three hours under gentle boiling.
The obtained essential oil was separated from the aqueous phase, dried over anhydrous
sodium sulfate, and stored in amber glass vials, tightly sealed, protected from light, and
kept at 4 ◦C until use.

The extraction yield was calculated as a percentage (v/w) relative to the initial dry
weight (at 25 ± 2 ◦C, with a relative humidity of approximately 50–55%) of plant material.
To prevent alteration of volatile constituents, all manipulations were performed at room
temperature in an environment protected from direct light.
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2.2. Identification of Volatile Compounds by Gas Chromatography–Mass Spectrometry (GC–MS)

A gas chromatograph coupled with a mass spectrometer was used to identify and
separate the compounds of the Syzygium aromaticum essential oil. The specific system
used was a Shimadzu GC with a QP2010 MS (Shimadzu Corporation, Kyoto, Japan). The
capillary column utilized was a BPX25 (SGE Analytical Science, Victoria, Australia), which
was coated with 95% dimethyl diphenylpolysiloxane. This column had a length of 30 m, an
internal diameter of 0.25 mm, and a film thickness of 0.25 µm. Pure helium with a purity
of 99.99% was used as the carrier gas, and it maintained a constant flow rate of 3 mL per
minute. The experimental conditions were as follows: the injection temperature, ion source
temperature, and interface temperature were all set at 250 ◦C. The column oven remained
at a temperature of 50 ◦C for 1 min at the beginning. The sample components were ionized
by electron impact (EI) at 70 eV. The mass of the ions was analyzed within the range of
40–300 m/z. The essential oil samples were introduced into the chamber at a volume
of 1 µL and diluted with an appropriate solvent. Then, 1 µL of the prepared essential
oil was injected into the system using the split mode, with a split ratio of 90:1. Three
evaluations were conducted for each sample to ensure the accuracy and reproducibility of
the results. The identification of the compounds in the EO was accomplished by comparing
their retention times and mass spectra with standards and references available in the NIST
database. Finally, the Laboratory Solutions software (v2.5) was employed to collect and
analyze the data.

2.3. Antioxidant Activity Protocol

The antioxidant potential of EO was assessed using two complementary methods:
Total Antioxidant Capacity (TAC) and the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging assay. In both tests, ascorbic acid served as the reference antioxidant. All
concentrations were analyzed in triplicate to ensure accuracy and reproducibility.

For the DPPH assay, a methanolic DPPH solution was prepared at a concentration of
0.1 mM. EO samples were tested at concentrations of 0.2, 0.4, 0.5, 0.7, 0.8, and 1 mg/mL.
Each reaction mixture was prepared by combining 2.5 mL of DPPH solution with 0.5 mL of
the EO sample at the desired concentration. After incubation in the dark for 30 min at room
temperature, absorbance was measured at 517 nm against a blank [21,22]. Ascorbic acid was
included as the positive control [23]. The total antioxidant capacity of EO was determined
using the phosphor-molybdenum methodology as described in reference [24,25]. According
to this technique, the sample extract/standard solution was mixed with a reagent solution
containing 0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium molybdate.
The mixture was then incubated at 95 ◦C for 90 min and subsequently cooled to room
temperature. The absorbance of the resultant solution was measured at 695 nm, and the
results were expressed as ascorbic acid equivalents using a standard curve established with
ascorbic acid [26]. A blank solution, containing all reagents except the test sample, was
included in the experiments, which were performed in triplicate to ensure precision and
repeatability of the results.

2.4. Tested Microorganisms

A panel of microorganisms representative of the species most frequently involved
in medical device-associated infections was selected to evaluate the antibiofilm activity
of clove essential oil. The panel included: Gram-positive bacteria (Staphylococcus au-
reus ATCC® 6538PTM, Micrococcus luteus 14110), Gram-negative bacteria (Escherichia coli
ATCC® 10536TM and Pseudomonas aeruginosa ATCC® 15442TM) and yeasts (Candida albi-
cans and Candida glabrata). The strains were maintained at the Bioresources, Biotechnology,
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Ethnopharmacology and health Laboratory of the Faculty of Sciences, Mohammed Premier
University, Oujda.

Bacteria were cultured in Mueller-Hinton broth at 37 ◦C for 18 to 24 h, while yeasts
were incubated in Sabouraud broth (Biokar Diagnostics, Paris, France) at 25 ◦C for 24 h. Af-
ter incubation, cell suspensions were adjusted to an optical density of 0.5 on the McFarland
scale, corresponding to approximately 1 × 108 CFU/mL.

These microbial suspensions were subsequently used for biofilm formation, inhibition,
and eradication assays. All manipulations were carried out under strict aseptic conditions.
Each experiment was performed in triplicate to ensure reproducibility and reliability of
the results.

- Staphylococcus aureus ATCC® 6538PTM
- Escherichia coli ATCC® 10536TM
- Pseudomonas aeruginosa ATCC® 15442TM
- Micrococcus luteus 14110
- Candida albicans
- Candida glabrata

The antimicrobial activity of the EO was assessed using a modified version of
Joshi et al.’s method [27]. Our study involved evaluating the inhibitory effects of the
EO on various microbial strains obtained from the Laboratory of Microbial Biotechnology
at the Mohamed First University in Oujda, Morrocco. The microbial strains tested included
two Gram-positive bacteria: Staphylococcus aureus (ATCC 6538) and Micrococcus luteus (LB
14110) as well as two Gram-negative bacteria; Escherichia Coli (ATCC 10536), and Pseu-
domonas aeruginosa (ATCC 15442). Additionally, Candida glabrata and Candida albicans were
also included in the protocol. For the bacteria, Mueller-Hinton agar (MHA) was used as the
growth medium, and the plates were incubated at 37 ◦C for 24 h. On the other hand, potato
dextrose agar (PDA) was used for the yeast strains, which were incubated at 25 ◦C for 48 h.
By conducting the experiments under these conditions, we were able to identify the efficacy
of the EO in inhibiting the growth of the tested microorganisms. Prior to the EO assays, the
concentrations of the bacterial and fungal strains were standardized. Bacterial suspensions
were adjusted to approximately 106 cells/mL, based on optical density measurements at
600 nm performed with a UV–visible spectrophotometer. To evaluate the antimicrobial
activity of the EO, the well diffusion method described by Joshi et al. [27] was employed.
100 µL of EO per well for test. As a negative control, DMSO was used. Additionally, as pos-
itive controls for bacterial and Yeasts strains, respectively, gentamicin and cycloheximide
(both obtained from Sigma Aldrich, St. Louis, MO, USA) were used. Petri dishes remained
at 4 ◦C for 15–30 min then are incubated in an oven 18 h. The estimate of the antibacterial
activity is achieved by measuring the clear zones (halos) in mm which form around the
wells using a caliper. A product is considered active if the diameter of the inhibition zone is
greater than 8 mm.

2.4.1. Determination of the Minimum Inhibitory Concentration (MIC)

To evaluate the antibacterial potential of clove essential oil, its minimum inhibitory
concentration (MIC) was determined using the broth microdilution technique in sterile
96-well microplates. The procedure was carried out according to the methods described
by Remmal et al. [28] and Yahyaoui et al. [29]. Serial two-fold dilutions of the EO (16, 8, 4,
2, 1, 0.5, 0.25, 0.125, 0.0625, 0.0315, 0.0156% v/v) were prepared in Mueller–Hinton broth
supplemented with 0.15% agar to ensure homogeneous dispersion of the oil with a final
volume of 200 µL per well [30]. Each well was inoculated with a standardized bacterial
suspension adjusted to approximately 106 CFU/mL.
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The microplates were incubated at 37 ◦C for 24 h under static conditions. Subsequently,
15 µL of resazurin solution (0.015%) was added to each well as a colorimetric growth
indicator, and the plates were further incubated for 2 h at 37 ◦C. The MIC was defined as
the lowest EO concentration that prevented the resazurin color shift from blue to pink, thus
indicating complete inhibition of microbial growth. All experiments were performed in
triplicate to ensure the accuracy and reproducibility of the results.

2.4.2. Biofilm Formation and Disruption Assay

- Mature Biofilm Disruption Test.

The following step was designed to evaluate the ability of clove essential oil to disrupt
pre-formed and stabilized biofilms on abiotic surfaces. The protocol was adapted from the
recommendations of the Clinical and Laboratory Standards Institute (CLSI, M26-A) and
the methodology described by Douichi et al. [31].

Microbial strains were inoculated into sterile 96-well (Figure 1) flat-bottom microtiter
plates (Nunc™, Thermo Scientific™, Thermo Fisher Scientific, Waltham, MA, USA), each
well containing 100 µL of a standardized microbial suspension prepared in media opti-
mized for adhesion: Tryptic Soy Broth (TSB) supplemented with 1% glucose for bacterial
strains, Sabouraud broth supplemented with 1% glucose for yeast strains. The plates were
incubated under static conditions for 24 h at 37 ◦C (or 30 ◦C for yeasts) to allow stable
biofilm formation. Following incubation, wells were gently washed three times with ster-
ile distilled water to remove non-adherent planktonic cells, leaving only the established
biofilm attached to the well surface.

 
Figure 1. Biofilm formation assay in 96-well microplates (T: Without EO, H: With EO).

After the removal of planktonic cells, 100 µL of clove essential oil, diluted in 1% Tween
80 (to ensure homogeneity), was added at concentrations ranging from 0.125% to 2% (v/v)
in fresh medium [32]. The plates were then incubated again for 24 h under the same
conditions. Following incubation, the wells were gently washed with sterile distilled water
to remove residual compounds, and the remaining biofilm biomass was quantified using
crystal violet staining (Figure 2), as described in standard protocols [32].

Absorbance measurements at 570 nm, obtained after crystal violet staining, were
used to evaluate the ability of clove essential oil to inhibit biofilm formation in different
microbial strains.

- Assessment of Biofilm Formation on PVC Microplates (Figure 3).

Twelve-hour cultures of each strain were grown in TSB and then transferred into
10 mL of fresh TSB, mixed, and dispensed (100 µL per well, approximately 108 CFU/mL)
into 96-well microplates made of polyvinyl chloride (PVC) (Thermo Lab Systems, Helsinki,
Finland, Cat. No. 95096), as described by Djordjevic et al. [33] Eight wells contained sterile
TSB as negative controls, and eight wells were inoculated with the test strain, serving as
positive controls.
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Figure 2. Treatment of pre-formed biofilms with clove essential oil and quantification by crystal violet
staining (T: Without EO, H: With EO).

 

Figure 3. Biofilm formation assay on polyvinyl chloride (PVC) coupons placed in 96-well microplates
and stained with crystal violet for biomass quantification. The arrow indicates the position of the
PVC coupon placed at the bottom of each well. After incubation with microbial suspensions and
treatment with various concentrations of Syzygium aromaticum essential oil, residual biofilm biomass
was visualized by 1% crystal violet staining. The intensity of the purple coloration reflects the density
of the adherent biofilm on the PVC surface, with lighter wells corresponding to greater antibiofilm
activity of the essential oil.

The duplicate plates were incubated at 37 ◦C for bacteria and 25 ◦C for yeasts for
24 and 48 h, respectively. The essential oil was added to each well at different concentra-
tions together with the standardized microbial suspension prior to incubation, in order to
evaluate its effect on biofilm formation. Control wells containing only the culture medium
without essential oil were used as negative controls. After incubation, wells were washed
five times with 150 µL of distilled water to remove loosely attached cells. Following wash-
ing, PVC coupons remained in the original wells and plates were air-dried for 45 min.
Coupons were then stained in situ with 150 µL of 1% crystal violet in water for 45 min.
A second series of five washes with distilled water was performed to remove excess dye.
Subsequently, 200 µL of 95% ethanol was added to each well to solubilize the stain. Then,
100 µL from each well was transferred to a corresponding well of a new microtiter plate,
and absorbance was measured at 595 nm using a microplate reader (Bio-Tek Instruments,
Inc., Winooski, VT, USA). The absorbance of the control wells (TSB) was determined and
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subtracted from that of the inoculated wells to quantify biofilm formation. The inhibition
rate was calculated as follows:

Inhibition rate(%) =
OD o f control − OD o f sample

OD o f control
× 100

2.5. Antibiofilm Effect of Clove Essential Oil on PVC Surfaces

To evaluate the antibiofilm efficacy of clove essential oil on materials representative
of medical devices, polyvinyl chloride (PVC) coupons were used as the experimental
substrate. This polymer is commonly found in invasive devices (tubing, catheters, probes)
and provides a surface conducive to biofilm formation, particularly in hospital settings.

PVC coupons (1.0 × 1.0 × 0.1 cm) were manually cut, washed with soapy water, rinsed
with sterile distilled water, and then immersed in 70% ethanol for 30 min before air-drying
under a sterile hood. The preparation method was adapted from Kunicka-Styczyńska
et al. [34]. Each coupon was placed at the bottom of a well in a 96-well microplate containing
1 mL of a standardized microbial suspension (1 × 108 CFU/mL) of one of the tested strains
(see above) prepared in MH (for Bacteria) and Sabouraud (for yeast). Plates were incubated
at 37 ◦C/25 ◦C for 24 h under static conditions to allow initial biofilm formation.

Following this phase, coupons were gently washed with sterile PBS to remove plank-
tonic cells. Different concentrations of clove essential oil (0.025%, 0.05%, 0.1%, 0.2%) were
then applied to determine the minimal biofilm inhibitory concentration on PVC (MIC-
biofilm-PVC), following a procedure analogous to microtiter plate assays.

Coupons were re-incubated at 37 ◦C/25 ◦C for 24 h, washed three times with PBS,
fixed at 60 ◦C for 1 h, and then stained with 0.4% crystal violet for 15 min. After rinsing,
each coupon was transferred to a new, clean 96-well plate for dye extraction. The retained
dye was solubilized in 200 µL of 95% ethanol, and absorbance was measured at 570 nm.
Positive controls (0.2% chlorhexidine treatment) and negative controls (untreated biofilm,
solvent-only treatment) were included to validate the results. The MIC-biofilm-PVC was
defined as the lowest concentration of essential oil, reducing biofilm density by more than
50% compared to the negative control, all experiments were performed in triplicate.

This approach allowed for a more physiologically relevant assessment of the an-
tibiofilm activity of clove essential oil on solid surfaces, mimicking real-world exposure
conditions of medical devices in clinical settings (Figure 3).

2.6. Statistical Analysis

All experiments were performed in triplicate, and results are expressed as
mean ± standard deviation (SD). Statistical analysis was performed using GraphPad
Prism software (version 9.0, San Diego, CA, USA). One-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was used to determine significant differences between
the clove essential oil and the control treatments. Differences were considered statistically
significant at p < 0.05.

3. Results and Discussion
3.1. GC Analysis of Essential Oil Components Syzygium aromaticum

The extraction yield of Syzygium aromaticum essential oil was 7.8 ± 0.2% (v/w), and
was found to contain 15 constituents (Table 1) (Figure 4), composed of 15 identified con-
stituents, which together represent the entire chemical profile of the oil. This sample was
predominantly composed of eugenol (72.77%), a phenolic compound widely recognized for
its antiseptic and anti-inflammatory properties, and the major bioactive constituent of clove
oil, widely recognized for its antiseptic and anti-inflammatory properties. Other notable
components included caryophyllene (16.58%), a sesquiterpene with anti-inflammatory
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potential, and carvacrol (2.09%), a monoterpenoid known for its antimicrobial effects.
Minor compounds such as thymol (0.68%) and chavicol (0.46%) were also detected, sug-
gesting possible chemotaxonomic affinities with aromatic plants from the Lamiaceae family
(e.g., thyme or basil).

Table 1. GC–MS analysis of the chemical compounds of Syzygium aromaticum essential oil.

N Consitutents RT (min) % of Air

1 m-Cymene 6.696 0.31

2 D-Limonene 6.763 0.42

3 Moslene 7.255 0.17

4 Chavicol 10.613 0.46

5 Thymol 11.121 0.68

6 Carvacrol 11.279 2.09

7 alpha.-Cubebene 11.848 0.38

8 Eugénol 12.050 72.77

9 Copaene 12.276 0.50

10 Caryophylline 12.949 16.58

11 Humulène 13.425 1.46

12 Germacrène D 13.784 0.12

13 alpha.-Farnesene 13.939 0.15

14 Iso-Eugénol 2 14.256 3.39

15 Solvanol 15.165 0.52
RT: retention time.

Figure 4. GC–MS chromatogram of S. aromaticum essential oil.

In a recent study conducted in Saudi Arabia, Abdelmuhsin et al., reported a more
complex chemical profile, identifying 21 compounds in S. aromaticum essential oil by GC–
MS analysis. The major constituents in their sample were eugenol (58.86%), caryophyllene
(14.72%), phenol (9.60%), humulene (3.62%), and eugenyl acetate (3.13%), and confirming
eugenol as the dominant component but also highlighting regional variability in secondary
metabolite composition [35].

3.2. Antioxidant Activity

In this study, the antioxidant potential of clove EO (Syzygium aromaticum) was assessed
using both the DPPH radical scavenging assay and the Total Antioxidant Capacity (TAC)
test, with ascorbic acid serving as the reference standard (Table 2). The clove oil exhibited
moderate antioxidant activity, with an IC50 value of 3.259 ± 0.035 mg/mL, indicating a
substantial, but not maximal, ability to neutralize free radicals. This activity is primarily
attributed to eugenol, the main bioactive phenolic compound in clove oil, known for
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its strong hydrogen-donating and radical-stabilizing properties, although other minor
constituents may also contribute to the overall effect.

Table 2. Evaluation of the antioxidant activity of the essential oils studied using the DPPH and
TAC assays.

Inhibitory Concentration (IC50) Test (Mean ± SD)

DPPH (mg/mL) TAC (mg AA/mL)
Syzygium aromaticum Essential Oil 3.259 ± 0.035 0.06 ± 0.041

DPPH: 2,2-diphenyl-1-picrylhydrazyl radical scavenging assay. TAC: Total antioxidant capacity. IC50: Inhibitory
concentration 50%. SD: Standard deviation.

These results are consistent with previous findings by Chaieb et al. [36] who reported
that the antioxidant capacity of clove oil can vary depending on the plant’s geographical
origin and chemical composition, while eugenol consistently remains its dominant con-
stituent. Such variations underline the influence of environmental and extraction factors
on the oil’s bioactivity.

Although clove oil did not exhibit the highest antioxidant performance among the sam-
ples tested, its relatively low IC50 value confirms a notable free-radical scavenging potential,
making it a promising candidate for natural antioxidant applications in pharmaceutical,
cosmetic, and food preservation formulations. These results thus highlight the important
role of eugenol as a key contributor to the overall antioxidant efficacy of clove essential oil,
while acknowledging the possible synergistic effects of other compounds present.

3.3. Minimum Inhibitory Concentration (MIC)

The determination of the MIC is a crucial step in assessing the potential applications of
essential oils in health, agriculture, and the agri-food sector. A key aspect of this evaluation
lies in establishing both the Minimum Inhibitory Concentration (MIC) parameters that are
essential for gauging their effectiveness as antibacterial agents.

The results presented in Table 3 clearly demonstrate the significant inhibitory activity
of clove essential oil against all tested bacterial strains, including Gram-positive bacteria
(Staphylococcus aureus and Micrococcus luteus) and Gram-negative bacteria (Escherichia coli
and Pseudomonas aeruginosa) (Table 3). These findings suggest that clove essential oil
(Syzygium aromaticum) exhibits promising antibacterial activity across a broad spectrum of
pathogenic microorganisms, highlighting its potential as a natural agent in the fight against
antibiotic-resistant infections.

Table 3. Inhibitory effect (inhibition zone in mm and MIC in %) of Syzygium aromaticum essential oil
on reference microbial strains.

Gram-Positive Gram-Negative Candida Species

Strains Micrococcus luteus Staphylococcus aureus Escherichia coli Pseudomonas aeruginosa Candida albicans Candida glabrata

Inhibition zone (mm) 24.5 ± 0.5 30.5 ± 4.5 16.0 ± 2.0 13.0 ± 1.0 23.5 ± 1.5 24.0 ± 2.0

MIC (%) 0.5 0.125 0.05 0.016 0.125 0.063

MIC: minimum inhibitory concentration.

Our experimental results, showing the progressive increase in absorbance in wells,
indicated a dose-dependent antibiofilm response, with inhibition decreasing at lower con-
centrations. These observations align with those of El Abed et al. who reported that eugenol
exhibited concentration-dependent inhibition of Pseudomonas aeruginosa biofilm, with up to
>90% reduction at higher-doses [37], and with Biernasiuk et al. [38] who observed complete
inhibition of Candida albicans biofilm at 0.2%, associated with structural disorganization
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under electron microscopy. Similarly, Kim et al. demonstrated optimal inhibition of E. coli
O157:H7 biofilm at 0.005% (v/v), beyond which the effect declined [7].

3.4. Assessment of Biofilm Formation and Disruption Assay

In this experiment, the concentrations used correspond to the minimum inhibitory
concentration (MIC) previously determined for each bacterial strain. These MIC-based
doses were applied to evaluate the antibiofilm activity of the essential oil under stan-
dardized and comparable inhibitory conditions. These results demonstrate a significant
reduction in biofilm biomass under certain conditions, indicating a clear dose-dependent
inhibitory effect of the essential oil on biofilm formation (Figure 5). The lowest absorbance
values, such as those recorded in wells, reflect strong inhibition of both cell adhesion and
extracellular matrix production, which are key steps in biofilm development. Among the
tested strains, E. coli showed the highest susceptibility to the essential oil, showing minimal
biofilm formation even at low EO concentrations (0.05%). P. aeruginosa demonstrated an
intermediate response, retaining partial biofilm activity at 0.016% EO, suggesting a mod-
erate level of tolerance. In contrast, M. luteus was the least affected, maintaining a high
mean absorbance value (0.697) at 0.5% EO, which reflects a pronounced resistance to the
antibiofilm activity of the essential oil.

Figure 5. Quantification of biofilm biomass by crystal violet staining in 96-well microplates (OD
595 nm) after exposure to increasing concentrations of clove EO (Normal: Control, PVC: Test on PVC).

Taken together, these results confirm the antibiofilm potential of clove essential oil,
while highlighting a clear strain-dependent gradient of susceptibility, ranging from highly
sensitive (E. coli) to strongly resistant (M. luteus).

4. Conclusions
This study demonstrates the preliminary antibiofilm potential of Syzygium aromaticum

(clove) essential oil, primarily attributed to its high eugenol content, against the specific
bacterial and yeast strains evaluated in this work. The observed inhibitory effect on biofilm
formation in microtiter plate assays provides initial evidence supporting its potential for
surface-coating applications. However, these results are limited to the tested strains and do
not include assessments of toxicity, allergenicity, long-term stability, or biocompatibility
under clinical conditions. Extrapolation to medical devices, including PVC tubing or sen-
sors used arterial sampling devices remains speculative and requires further investigation.
Future studies should focus on in vivo evaluation, toxicological assessments, formulation
development for coatings, and testing in more complex or clinically relevant models to
confirm safety and efficacy. In parallel, evaluating the antibiofilm activity of pure eugenol
will be essential to determine its specific contribution as the principal active component.
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