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ABSTRACT

The aim of this study was to explore the antimicrobial and antibiofilm activities of essential oils (EOs)
obtained from Salvia sclarea L, Lavandula angustifolia Mill, and Mentha pulegium L, using in vitro and in silico
experiments. Additionally, the study to evaluate the synergistic effects of these EOs in combination with cer-
tain conventional antibiotics against Staphylococcus aureus isolated from urinary tract infections.
The EOs used in this study were obtained by hydrodistillation, and their chemical compositions were ana-
lyzed using gas chromatography-mass spectrometry. Antibacterial activity was assessed using the disk diffu-
sion method and modified broth microdilution method, whereas antibiofilm effects were evaluated using
the microtiter plate biofilm formation method. The synergies effects between antibiotics with three EOs
against S. aureus isolates were assessed using a checkerboard titration assay. The AutoDock Vina program
was used to perform molecular docking and to calculate the predictive binding affinities of four major vola-
tile compounds to five proteins essential for antibiotic resistance and biofilm formation. In addition, drug
similarity properties were predicted using SwissADME, while toxicity was predicted using ProToxIl.
The major components of S. sclarea L, L. angustifolia Mill, and M. pulegium L EOs were linalyl acetate, 1,8-cine-
ole, and pulegone, respectively. These EOs showed excellent antibacterial activity against methicillin-suscep-
tible and-resistant S. aureus strains. Surprisingly, the fractional inhibitory concentration index showed that
mixing EOs with antibiotics had a significant synergistic antibacterial effect. All EOs showed potent antibio-
film activity against biofilm-forming S. aureus strains at subinhibitory concentrations.
Molecular docking results revealed that 1,8-cineole, camphor, linalyl acetate, and pulegone of the three EOs
have significant potential to inhibit target proteins involved in adhesion, biofilm formation, and antibiotic
resistance. In addition, SwissADME prediction results showed that all four components satisfied the rule of
five and had acceptable drug-like characteristics.
In vitro and in silico studies have highlighted the EOs of S. sclarea L, L. angustifolia Mill, and M. pulegium L as
promising natural sources of antibacterial and antibiofilm agents that could be effective in combination with
antibiotic therapies, thereby minimizing the impact of antibiotic resistance and combating infectious diseases.
© 2025 SAAB. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al
training, and similar technologies.

* Corresponding author.

1. Introduction

Staphylococcus aureus is a coagulase-positive staphylococcus
and a relatively uncommon cause of urinary tract infections (UTIs)
in the general population, with a prevalence rates of 0.5%-6% (You-
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population groups, such as elderly patients with urinary catheters
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or those with S. aureus bacteremia (Hashemzadeh et al., 2021;
Rafik et al., 2021).

The global rise of multidrug-resistant (MDR) uropathogenic S.
aureus strains represents a substantial healthcare challenge. Studies
indicate that more than half of S. aureus strains are resistant to peni-
cillins and cephalosporins, leading to the emergence of methicillin-
resistant S. aureus (MRSA) (Hashemzadeh et al., 2021). MRSA is con-
sidered a high-priority bacterial pathogen because of its resistance to
a broad range of commonly used antibiotics, such as tetracyclines,
macrolides, aminoglycosides, and fluoroquinolones (Piechota et al.,
2018). MRSA infections, including UTIs, are associated with high mor-
bidity and mortality owing to their ability to produce a multitude of
virulence factors that contribute to bacterial invasion, including those
involved in adhesion and biofilm formation (Manandhar et al., 2018).

Biofilm formation is a key factor in the persistence of over 80% of
infections, including UTIs (Piechota et al., 2018). The biofilm matrix
created by S. aureus facilitates cell to cell interactions and promotes
the horizontal transfer of resistance and virulence genes, exacerbat-
ing the spread of these traits (Aguila-Arcos et al., 2017). These bio-
films present a critical obstacle to treatment, as bacteria within
biofilms exhibit increased tolerance to antimicrobial agents com-
pared with planktonic forms (Aguila-Arcos et al., 2017).

Given these challenges, researchers are investigating novel thera-
peutic approaches to mitigate S. aureus resistance and to manage bio-
film formation. Among these emerging strategies, phytotherapy
based on natural antimicrobials, such as essential oils (EOs), has gar-
nered attention. EOs are secondary metabolites of aromatic plants
and are utilized in various fields, including aromatherapy, food pres-
ervation, and medicine. Notably, recent studies have demonstrated
the antimicrobial properties of EOs, with findings indicating that they
can inhibit or eradicate a wide range of bacterial pathogens (Bolouri
et al,, 2022). While there is substantial evidence supporting the effi-
cacy of EOs against planktonic bacteria (Abers et al., 2021; Iseppi et
al.,, 2020), fewer studies have explored their impact on biofilm-
embedded bacteria or their ability to eliminate bacterial adhesion on
surfaces (Cutro et al., 2023; Walsh et al., 2019).

This gap underscores a significant research challenge: While EOs
have shown promise, their antibiofilm activity, especially against
MDR pathogens such as S. aureus, remains underexplored. The nov-
elty of recent studies lies in their examination of EOs not only as bac-
tericidal agents, but also as potential disruptors of biofilm integrity,
which could offer alternative therapeutic strategies in the era of ris-
ing antimicrobial resistance.

Our study builds on these findings by evaluating the antimicrobial
and antibiofilm activities of EOs derived from Lavandula angustifolia
Mill, Salvia sclarea L, and Mentha pulegium L against S. aureus strains.
Additionally, we investigated the potential synergistic effects of these
EOs when combined with conventional antibiotics (gentamicin, van-
comycin, and ciprofloxacin) to enhance their efficacy. We conducted
an in silico analysis to predict the mechanisms of action of EOs com-
ponents using molecular docking and absorption, distribution,
metabolism, excretion, and toxicity (ADMET) profiling, offering
insights into their possible roles in antibiofilm and antimicrobial
activities.

2. Materials and methods
2.1. Plant material

Aerial parts (leaves, stems, and flowers) of L. angustifolia Mill, M.
pulegium L, and S. sclarea L were collected from the Taounate region
of Morocco. The plants were harvested at the flowering stage in
accordance with the AFNOR standard (2000) (Didier, 2000), and the
guidelines published by Lkhoumsi et al., on good collection practices
for aromatic and medicinal plants (Lkhoumsi et al., 2004). Botanical
identification of the three species was carried out at the National
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Institute of Medicinal and Aromatic Plants, Sidi Mohamed Ben Abdel-
lah University, Fez, Morocco. Authenticated voucher specimens
(USMBA/L-22/023 for L. angustifolia Mill, USMBA/M-22/026 for M.
pulegium L and USMBA/S-22/028 for S. sclarea L) have been placed in
the herbarium of this institute.

2.2. Extraction of EOs

The hydro-distillation method was used to extract the EOs. First,
the plants were air dried at room temperature. One hundred grams
(100 g) of the each dried sample was submitted to extraction for
three hours using a Clevenger apparatus, following the method
described in the European Pharmacopoeia (Council of Europe, Euro-
pean Pharmacopoeia Commission, 2007). This method is highly rec-
ommended for the extraction of EOs, as it is a simple, faster, low-cost
method in comparison to the other extraction techniques with low
cost and has minimum environmental impact compared to other
extraction techniques. It also allows for a high yield and recovery of
the EO compounds (Ma et al., 2023). The EOs were then collected in
vials containing anhydrous sodium sulphate (0.5-2 g) and stored at
4°C in dark glass vials until further use. The yields of the EOs
extracted from the different plants were calculated based on dry bio-
mass. All the extractions were performed in triplicate.

2.3. Chemical analysis

Gas chromatography coupled with mass spectrometry (GC-MS)
was used to identify the chemical compounds in the studied EOs. The
analysis was performed using a Shimadzu (TQ-8040) series GC-MS
system (Shimadzu, Tokyo, Japan) equipped with an AOC-20i Plus
auto-injector. The column used was a Rxi-5MS capillary column (30
m x 0.25 mm i.d., 0.25 pm). The oven temperature was initially pro-
grammed at 50 °C for 5 min, then increased to 250 °C at a rate of 4 °C/
min, and maintained isotherm for 10 min. The injector and detector
temperatures were maintained at 280°C, with helium was used as
the vector gas at a flow rate of 1.4 mL/min. Electron impact ionization
was applied with an ionization energy of 70 eV. The GC-MS Solution
ver.4 software (Shimadzu, Tokyo, Japan) was used to manage the sys-
tem, set the parameters for both the GC and mass spectrometry, col-
lect data, and process it.

The compounds were identified by a comparing of their mass
spectra with data from the 11th Edition of NIST 2017 and the Adams
terpene library (Adams, 2017). Each analysis was conducted in tripli-
cate.

2.4. S. aureus isolates

The S. aureus strains used in this study included two ATCC strains
(ATCC 25923 and ATCC 43300, American Type Culture Collection,
Manassas, Virginia, USA) and 20 non-duplicated uropathogenic
strains forming biofilm, which include MRSA (n = 9) and MSSA
(n = 11). Following hierarchical clustering analysis, these clinical
strains were grouped into four categories based on antibiotic resis-
tance, genes associated with biofilm formation, and biofilm formation
intensity. The phenotypic and genotypic characteristics of the clinical
strains are summarized in Table 1 and have been previously pub-
lished (Aniba et al., 2024).

2.5. Screening for antibacterial activity of EOs

2.5.1. Agar disk diffusion

The antibacterial activity of EOs was evaluated using the disk dif-
fusion method, as described previously (Mollea et al., 2022). After
inoculating S. aureus strain (0.5 McFarland) onto the surface of a
Mueller-Hinton plate (Bio-Rad, Marnes-la-Coquette, France), steril-
ized discs (6 mm in diameter) impregnated with 10 uL of each EO
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Table 1
Phenotypic and genotypic characteristics of antibiotic resistance and biofilm formation in the S. aureus strains used in this study.
Group Strain Methicillin  Resistance pattern® Biofilm formation  Genotypic profile of
resistance ability biofilm production*®
Group 1 Usa 300822 MSSA P, Te Weak Genotype 6
Usa 080421 P, FA, Vn, Tei Moderate Genotype 2
Usa 210321 P, FA Genotype 3
Usa 150421 P, E, Te, FA, Vn, Tei, F
Usa 161121 P, Te
Usa 260322 P, Te, F Genotype 5
Usa 040521 P, FA Strong Genotype 1
Usa 181121 P,E,CL Genotype 3
Usa 180222 P, Te Genotype 4
Group2  Usa101121 MRSA P, Te Moderate Genotype 7
Usa 010422 P, Te Genotype 8
Usa 220822 P, Te Strong
Group3  Usa271221 P, Tm, E, Te, Tg, FA, Vn, Tei, F,CL  Moderate Genotype 8
Usa 200422 P, E, Te, FA, F, CL
Usa 060722 P, E, Te, FA, Tei, F Strong Genotype 8
Usa 220321 P, Tm, G, E, Te, Tg, FA, Tei, F, Le Genotype 4
Group4  Usa 080722 P, Tm, G, E, FA, SXT, F Weak Genotype 8
Usa 210921 P, Tm, E, Te, Tg, FA, F, CL Moderate Genotype 4
Usa 191121 P, Tm, G, E, Te, Tg, FA, Tei, F, Le Genotype 9
Usa 290822 P, Tm, G, E, Tei, FA, F, Le Strong Genotype 8

A P: Penicillin G; FA: Fusidic Acid; Te: Tetracycline; E: Erythromycin; F: Fosfomycin; Tm: Tobramicin; Tei: Teicoplanin; G: Genta-
micin; CL: Clindamycin; Tg: Tigecycline; Le: Levofloxacin; Vn: Vancomycin; SXT: Trimethoprim-sulfamethoxazole; Ln: Linezolid.
*Genotype 1: spa, clfA, fnbB, icaR; Genotype 2: spa, clfA, fnbB,bap, icaA, icaR; genotype 3: spa, clfA, fnbB, bap, fnbA, icaA, icaR;
Genotype 4: spaq, clfA, fnbB, bap, fnbA, icaA, icaB; Genotype 5: spa, clfA, fnbB, bap, fnbA; Genotype 6: spa, clfA, fnbB, bap, fnbA, icdA;
Genotype 7: spa, clfA, fnbB, bap, fnbA, icaA, icaB, icaR; Genotype 8: spa, clfA, fnbB, bap, fnbA, icaA, icaB, icaD; Genotype 9: spa, clfA,

fnbB, bap, fnbA, icaA, icaB, icaD, icaR

were placed on the plate (The EO stock concentration was 1000 mg/
mL). Gentamicin disks (10 @g) and disks containing 10 uL of
dimethyl sulfoxide 1% (v/v) (DMSO) were used as the positive and
negative controls, respectively. After incubation at 35+2°C for 20+
4h, the inhibition zone diameter (IZD) of each EO was measured and
interpreted using the following criteria: no activity, IZD less than 6
mm; weak activity, IZD between 6 and 12 mm; moderate activity,
I1ZD between 12 and 20 mm; strong activity, IZD greater than 20 mm.
All experiments were conducted in triplicate.

2.5.2. The modified broth microdilution method

The minimum inhibitory concentration (MIC) and the minimum
bactericidal concentration (MBC) of the selected EOs were deter-
mined using the Clinical and Laboratory Standards Institute (CLSI)
guidelines to evaluate their antibacterial activities against all S. aureus
isolates (CLSI, 2018).

With some modifications, the resazurin-based 96-well plate
microdilution method was used to determine the EOs’ MICs (Elshikh
et al., 2016). A 96-well microtiter plate containing 88 wL of Muller
Hinton broth (MHB, Oxoid, Thermo Scientific™) was used to prepare
serial dilutions of EOs ranging from 16 to 0.0062 mg/mL. To ensure
solubility in the culture medium, 1% (v/v) DMSO was added. We
grew the isolates on mannitol salt agar (MSA, Biokar Diagnostics,
Beauvais, France) agar media and incubated them at 35+2°C for 20+
4h. We then adjusted the concentration to 0.5 McFarland (108 col-
ony-forming units (CFU)/mL) and added 10 uL to each well to get a
final concentration of 5 x 10° CFU/mL per well. Under aerobic condi-
tions, the microtiter plates were incubated at 35+2°C for overnight.
Then, 5 L of a 1% aqueous resazurin solution (Sigma, Darmstadt,
Germany) was put into each well and left to sit for two hours at 35+
2°C. The appearance of a red color was used to determine bacterial
growth.

The MBC was determined in wells containing extract concentra-
tions with no visible bacterial growth. Ten microliters of each well
were inoculated on MSA agar medium and incubated at 35+2°C for
20+4h. The MBC was defined as the lowest concentration of EOs
needed to eliminate 99.9% of the bacteria examined (no visible
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colonies). All tests were performed in triplicate, and gentamicin
(Sigma-Aldrich, St. Louis, MO, USA) was used as a positive control.

To determine the effect of EOs, the MBC/MIC ratio was calculated.
If the MBC/MIC ratio was less than 4, the EO was considered bacteri-
cidal. If the MBC/MIC ratio was greater than 4, the EO was considered
bacteriostatic (Jaber et al., 2021).

2.6. Determination of pharmacodynamical interaction between EOs in
combination with antibiotics

2.6.1. Choice of antibiotics and EOs

The selection of antibiotics was based on the list provided by the
CLSI recommendations (CLSI, 2018) and the availability of these drugs
during laboratory handling. One antibiotic from each family (amino-
glycosides, fluoroquinolones, and glycopeptides) was selected. Gen-
tamicin, levofloxacin and vancomycin were purchased from Sigma
Aldrich (St. Louis, MO, USA) and tested at different concentrations in
accordance with CLSI recommendations for each drug family. L.
angustifolia Mill, S. sclarea L, and M. pulegium L EOs were chosen to
study their interaction with antibiotics because of their high antimi-
crobial potential against S. aureus strains, as well as the availability of
sufficient quantities during the tests.

2.6.2. Checkerboard assay

A checkerboard titration assay was performed to evaluate the sus-
ceptibility of S. aureus isolates to mixtures of an antibiotic (gentami-
cin, levofloxacin, and vancomycin) and three EOs (L. angustifolia Mill,
S. sclarea L, and M. pulegium L) against four clinical isolates. The frac-
tional inhibitory concentration index (FICI) was determined as
described in a previous study (Sreepian et al., 2022). Briefly, various
concentrations of EOs, ranging from 16 to 0.0062 mg/mL, were pre-
pared by serial dilution in sterile tubes. Similarly, different concentra-
tions of antibiotics were prepared, ranging from 0.0062 to 16 pg/mL.
One hundred microliters of each EO, tested in combination with anti-
biotics (v/v) at different concentrations, were added to the wells. Ten
microliters of bacterial inoculum (10> CFU/mL) were added to each



R. Aniba, A. Ramzi, A. Dihmane et al.

well of the microtiter plates. Under aerobic conditions, the microtiter
plates were incubated at 35+2°C for 20+4h.
The FICI was calculated using the following formula:

FICI = MlcEOcombination IVHCATB combination
MICeo atone MICatg atone

MICE0 combination: MIC of EO in combination; MICgg aione: MIC of EO
alone; MICATE combination: MIC of antibiotic in combination; MICarg
alone: MIC of antibiotic alone.

The results were analyzed according to the following FICI criteria:
The combination was considered synergistic when FICI < 0.5, addi-
tive when 0.5 < FICI < 1, indifferent when 1 < FICI< 2 et antagonistic
when FICI > 2 (Sreepian et al., 2022).

2.7. Anti-biofilm activity

All biofilm-forming S. aureus isolates were selected to test the
ability of EOs to inhibit biofilm formation using the microtiter plate
biofilm formation method. The experiment was conducted on sterile
96-well polystyrene plates. The strains were incubated with EOs at
MIC/2, MIC/4, MIC/8, and MIC/16, supplemented in brain heart infu-
sion broth (Oxoid, Thermo Scientific™) and 1% DMSO, at 35+2 °C for
48h without agitation. A negative control well, containing neither
EOs nor bacteria, was included. After incubation, biofilm formation
was quantified using 1 % crystal violet staining. The tests were per-
formed three times. An automatic micro-ELISA reader (BioTek EL x
800, USA) was used to measure the optical density (OD) of adherent
and stained bacteria by measuring absorbance at 590 nm.

The formula used to calculate the percentage inhibition of biofilm
formation was determined as follows (Morshdy et al., 2022):

ODc - ODt y
ODc

ODc: Optical density of the biofilm formed without EOs.
ODt: Optical density of biofilm formation in the presence of an EO.

Inibition biofilm formation (%) = 100

2.8. Molecular docking analysis of the main identified compounds
Molecular docking was used to investigate the binding energy and

mechanism, and to predict the toxicity of the major constituents
extracted from EOs, as well as several common antibacterial targets

(Fig. 1).
L LK
\”/

o
Linalyl acetate

=S

Camphor

1,8-cineole

Pulegone

Fig. 1. Chemical structures of the major components of L. angustifolia Mill (1,8-cineole
et camphor), S. sclarea L (linalyl acetate), and M. pulegium L (pulegone) EOs.
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2.8.1. Protein preparation

Seven S. aureus proteins were targeted in this study: penicillin-
binding protein (PLP2a), responsible for methicillin resistance, and
several proteins involved in adhesion and biofilm formation, includ-
ing biofilm-associated protein (Bap), fibronectin-binding protein A
and B (FnbA and B), clumping factor A (CIfA), intercellular adhesion
proteins (IcaA, IcaB, and IcaD), and poly-8 (1,6)-N-acetyl-p-glucos-
amine (PNAG). The crystal structure of these proteins were
retrieved from the RCSB Protein Data Bank (RCSB PDB) (https://
www.rcsh.org/) and downloaded as a PDB file with the following
PDB IDs: PLP2a (PDP ID: 1VQQ), Bap (PDB ID: 7C7U), FnbA (PDB ID:
2RKZ), FnbB (PDB ID: 2RKZ), CIfA (PDB RID: 1N67), IcaA (PDB
ID:4P7R), IcaB (PDB ID: 4W(J), IcaD (PDB ID:1F2R), and PNAG (PDB
ID:7T8N).

All protein structures were prepared by removing original inhibi-
tors and water molecules. Energy minimization was performed prior
to docking simulation using the PyMOL 3.0 (Schrodinger, Portland,
USA) and AutoDock Tools of the Vina program. The protein structures
were then saved in the PDBQT format for further analysis.

2.8.2. Ligand preparation

The crystal structures of four major chemical compounds iden-
tified in the L. angustifolia Mill, S. sclarea L, and M. pulegium L EOs
(1,8-cineol, camphor, linalyl acetate, and pulegone) were retrieved
from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/).
Their three-dimensional (3D) structure was downloaded in the
SDF format and converted into the Protein Data Bank (PDB) format
by using PyMOL. AutoDock Tools was used to convert the ligands
into the PDBQT format, preparing them for molecular docking sim-
ulations.

2.8.3. Molecular docking analysis of the isolated compounds

Molecular docking analysis of all selected phytocompounds
against bacterial receptors was conducted using AutoDock Vina
software. The PDBQT ligands were docked into the receptor bind-
ing sites using AutoDock Vina's standard parameters. The Vina
Score, representing the predicted binding free energy (kcal/mol),
was calculated and analyzed. To identify hydrogen bonds, BIOVIA
Discovery Studio Visualizer (San Diego, CA, USA, 2021) was used,
and the interacting residues were visualized in the ball-and-stick
model.

2.8.4. Drug-likeness

Drug likeness, physicochemical and pharmacokinetic characteris-
tics, as well as ADME analysis of the selected phytocompounds were
carried out using SwissADME software (http://www.swissadme.ch/).
The 3D structures of the shortlisted compounds were obtained in
canonical simplified molecular input line entry system (SMILES) for-
mat from the PubChem database and uploaded to SwissADME for
analysis.

2.8.5. Toxicity prediction

The Pro-Tox-II webserver tool (https://tox-new.charite.de/pro
tox3/) was used to predict the toxicity class and the predicted median
lethal dose (LD50in mg/kg body weight) of the four ligands.

2.8.6. Statistical analysis

Data were collected using a Microsoft Excel spreadsheet
(Microsoft Corp., Redmond, WA, USA, 2016), and analyzed with
IBM SPSS Statistics 26 (IBM, Armonk, NY, USA). The antibacterial
activity for the EOs data was analyzed using Dunnett’s test, while,
data on the biofilm formation inhibition were compared using the
nonparametric Kruskal-Wallis test. Statistical significance was set
atp <0.05.
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3. Results
3.1. Extraction yield and chemical characterization

The yield of EOs varied between plants. The extraction of L. angus-
tifolia Mill resulted in a yield of 3.20+0.14%, Salvia sclarea L yielded
1.984+ 0.61%, and Mentha pulegium L provided 2.5 4+ 0.23%. GC-MS
analysis revealed chemical variability among the tested EOs (Supple-
mentary Table 1).

Nineteen chemical compounds were identified in the L. angustifo-
lia Mill EO, accounting for a total of 98.24+0.2%. This EO was rich in
oxygenated monoterpenes (88.4440.13%), with the ether compound
1,8-cineole being the major constituent (50.8+0.19%), followed by
camphor, a ketone (18.12+0.45%).

In the S. sclarea L EO, ten compounds were identified, representing
97.28+0.10% of the total composition. This EO was also rich in oxy-
genated monoterpenes (90.25+0.16%), with hydrocarbon com-
pounds accounting for only 5.53+£0.14%. The most abundant
constituent was the monoterpene ester linalyl acetate (63.6240.2%),
followed by camphor (11.444-0.16%), and linalool (9.64-0.1%).

For the M. pulegium L EO, 18 compounds were identified, repre-
senting 98.94+0.18%. GC-MS analysis revealed a predominance of oxy-
genated monoterpenes (94.09+0.21%), with the monoterpene ketone
pulegone being the main bioactive constituent (73.3340.18%), fol-
lowed by piperitenone (11.814+0.12%) and cis-isopulegone (3.16+
0.31%).

3.2. Antibacterial properties of L. angustifolia Mill, S. sclarea L, and M.
pulegium L

The in vitro antibacterial activity results of the three EOs against S.
aureus isolates using the disk diffusion method are summarized in
Table 2. The results are expressed as I1ZD, which depends on the EOs
examined and the sensitivity of the different strains tested to the
EOs. In the current study, 15% of S. aureus strains were most sensitive
to L. angustifolia Mill, with an IZD greater than 20 mm, followed by
65% of strains that were moderately sensitive to an IZD between 6
and 12 mm. However, 20% of the strains showed low sensitivity.
Additionally, S. sclaree L showed moderate and low antibacterial
activity against S. aureus strains of 25% and 75%, respectively.
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M. pulegium L exhibited moderate antibacterial activity against
75% of S. aureus strains, with IZDs between 6 and 12 mm. The IZDs of
L. angustifolia Mill. and M. pulegium L EOs were significantly greater
against MSSA strains than against MRSA (p< 0.05) (Figs. 2 and 3).

The results obtained from the disk diffusion test were confirmed
by the quantitative antibacterial effects of EOs (MBC and MIC)
(Table 3). The MICs obtained in our experiments were between 0.5
and 4 mg/mL, 4 and 16 mg/mL, and 0.5 and 16 mg/mL for L. angustifo-
lia Mill, S. sclarea L, and M. pulegium L EOs, respectively. S. sclarea L
and M. pulegium L EOs had a bactericidal effect on 90% of S. aureus
strains. In contrast, L. angustifolia Mill EO showed a bacteriostatic
effect against 60% of S. aureus strains and a bactericidal effect against
40% of the strains.

The MICs of L. angustifolia Mill and M. pulegium EOs were signifi-
cantly lower against MSSA strains than those of MRSA (p< 0.05)
(Fig. 4).

The antibacterial properties of L. angustifolia Mill, S. sclarea L, and
M. pulegium L in relation to phenotypic and genotypic traits of antibi-
otic resistance and biofilm formation in S. aureus indicated that S.
aureus group 1 was highly sensitive to L. angustifolia Mill and M. pule-
gium L EOs, with an average I1ZD of 16.9 mm and 13 mm, respectively
(p< 0.05), and with an average MIC value of 0.94 mg/mL and
1.94 mg/mlL, respectively (p< 0.05) (Figs. 5 and 6).

3.3. Antibacterial activity of antibiotics in combination with EOs

The L. angustifolia Mill EO showed synergistic interactions with
gentamicin and vancomycin against all the tested S. aureus strains
(Usa210921 MRSA: “gentamicin” FICI=0.25; “vancomycin”
FICI=0.375; Usa101121 MRSA: “gentamicin” FICI=0.375; “vancomy-
cin” FICI=0.282; Usa220321 MSSA: “gentamicin” FICI=0.313; “vanco-
mycin” FICI=0.156; Usa260322 MSSA: “gentamicin” FICI=0.281;
“vancomycin” FICI=0.313).

Similarly, we observed a synergistic effect in the following combi-
nations: the S. sclarea L EO with gentamicin against three S. aureus
strains (Usa101121 MRSA: FICI=0.375; Usa220321 MSSA: FICI=0.313;
and Usa260322 MSSA: FICI=0.376), the S. sclarea L EO with levofloxa-
cin against two MSSA isolates (Usa220321 MSSA: FICI=0.267; and
Usa101121 MSSA: FICI=0.375), and the S. sclarea L EO with vancomy-
cin against all tested S. aureus isolates (Usa101121 MRSA: FICI=0.25;

Table 2

Antimicrobial effects of L. angustifolia Mill, S. sclarea L, and M. pulegium L EOs.
EOs L. angustifolia Mill S.sclareaL M. pulegium L Gentamicin
Strains IZD(mm) MBC(mg/mL)]  IZD(mm) MBC (mg/mL)/ 1ZD (mm) MBC (mg/mL) 1ZD (mm) MBC (mg/L)

MIC (mg/mL) MIC (mg/mL) | MIC (mg/mL) | MIC (mg/L)

Usa 220321 1241 8/1 840.5 16/2 840.5 4/2 10+0.5 32/16
Usa 040521 10+1.5 4/1 8+0.5 16/8 12+1 4/0.5 22+1 2/1
Usa 080421 16+0.5 4/1 11+1 16/8 14+1.75 8/4 26+1 0.5/0.25
Usa 210321 16+1 8/1 11+£2 8/4 15+£1.5 4/2 3042 0.5/0.25
Usa 150421  21+0.75 2/1 10+1.75 8/4 14+0.5 4/2 26+0.5 0.5/0.25
Usa 210921 10+1 16/4 10+1 16/8 12+1 16/8 24+1 0.5/0.25
Usa 101121 12+0.5 8/2 84+0.5 16/8 12405 4/2 26+1 1/0.5
Usa 191121 16+0.5 16/4 11+1 32/16 10+1.75 16/8 12405 64/16
Usa 161121 16+1 8/1 1542 16/8 12+1.5 8/4 28+1 1/0.5
Usa181121  22+0.75 2/1 8+1.75 16/2 14+0.5 4/2 30+1.5 0.5/0.25
Usa 271221 10+1 8/1 10+1 8/4 1241 4/2 26+0.5 0.5/0.25
Usa010422 12405 8/1 10+0.5 8/4 12+0.5 4/2 24+1 2/1
Usa 180222 151 8/1 12+0.5 8/4 10+0.5 2/0.5 22+1 0.5/0.5
Usa 260322  15+0.5 8/1 10+0.5 16/8 12+0.75 4/2 20+0.5 0.5/0.5
Usa200422  14+1 8/1 12+1.5 16/8 8+1 4/2 28+1.5 1/0.5
Usa 060722  10+1.15 8/1 12+0.75 16/4 12+0.5 16/4 30+2 0.5/0.25
Usa 080722 12+0.5 16/2 11+£0.5 16/8 10+2 32/16 8+1 64/16
Usa 220822  16+0.5 8/1 10+0.75 8/4 12+1 8/4 2441 2/1
Usa290822 14405 16/4 8+1 16/8 12+0.5 8/4 10+1 64/16
Usa 300822 21+1 4/0.5 14+0.5 16/4 14+0.5 4/0.5 24405 2/1
ATCC43300 12+0.5 8/2 10+0.5 16/8 10+0.5 4/2 8+0.5 >64/16
ATCC25923  21+0.75 2/1 10+1.75 8/4 14+0.5 4/2 22+1 11

MIC: Minimum inhibitory concentration; MBC: Minimum bactericidal concentration; IZD: Inhibition zone diameter; EO: Essential oil
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Fig. 2. Zone of inhibition (mm) of L. angustifolia Mill (M), S. sclarea L (S), M. pulegium L (M), gentamicin (GN), and dimethyl sulfoxide (1%) (D) against uropathogenic S. aureus on

Mueller Hinton agar. Usa 161121 MSSA (A) and Usa 210921 MRSA (B).
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Fig. 3. Antibacterial activity of EOs was determined by disc diffusion assays. Signifi-
cance was determined using the Dunnett’s test. * p< 0.05, ** p< 0.01, *** p< 0.001.

Usa101121 MRSA: FICI=0.258; Usa220321 MSSA: FICI=0.375, and
Usa260322 MSSA: FICI=0.258).

Additionally, there was an additive effect for the combination of
the M. pulegium L EO and gentamicin against the tested MRSA strains
(Usa210921 MRSA and Usa 101121 MRSA: FICI=0.5), while a syner-
gistic effect for the tested MSSA (Usa220321 MSSA: FICI=0.313, and
Usa260322 MSSA: FICI=0.375) (Table 3). Based on the checkerboard
method, there were no antagonistic interactions when combining of
the three EOs and conventional antibiotics.

3.4. Antibiofilm properties of EOs

We analyzed the antibiofilm activity of the L. angustifolia Mill, S.
sclarea L, and M. pulegium L EOs separately against S. aureus strains at
various concentrations (MIC, MIC/2, MIC/4, MIC/8, and MIC/16). The
presence of each EOs reduced biofilm formation on polystyrene sur-
faces in all strains. Additionally, the effect of each EOs on biofilm for-
mation diminished as the concentration decreased (in a dose-
dependent manner). At MIC, MIC/2, MIC/4, MIC/8, and MIC/16 con-
centration, L. angustifolia Mill, S. sclarea L, and M. pulegium L EOs
were found to disrupt the biofilm biomass compared with the control
(Table 4). It is interesting to note that the three EOs evaluated in this
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study showed a greater reduction in the biofilm formation of S. aureus
strains than gentamicin (Table 4).

Furthermore, treatment with MIC/2, MIC/4, and MIC/8 of L. angus-
tifolia Mill, S. sclarea L and M. pulegium L EOs significantly reduced
biofilm formation compared with untreated S. aureus (Fig. 7).

The antibiofilm properties of L. angustifolia Mill, S. sclarea L, and M.
pulegium L EOs in relation to the phenotypic and genotypic traits of
antibiotic resistance and biofilm formation in S. aureus, clearly dem-
onstrated that these EOs reduced biofilm formation on polystyrene
surfaces for all strains, regardless of their antibiotic resistance profiles
or biofilm formation characteristics (Table 5).

3.5. Molecular docking

The two-dimensional (2D) and (3D) interaction patterns of the
receptor-ligand complexes revealed significant binding interactions
between the ligands and the receptor binding site. The In silico dock-
ing results showed that for PLP2a, several amino acids were involved
in interactions with the ligands. Specifically, 1.8-cineole formed alkyl
interactions with Leu34, Ile120, Leu124, and Val37, while camphor
interacted with Val37 and Leu34, and pulegone formed interactions
with Leu89 and Ala129 (Fig. 8). The stability of pulegone within the
binding site is enhanced by Pi-sigma interactions with Phe133, which
facilitate charge transfer and help stabilize the ligand within the
PLP2a receptors (Fig. 8).

As shown in Fig. 9 (C), the oxygen atoms of pulegone and camphor
participate in hydrogen bonding with GIn203 of the FnbB protein,
while 1,8—cineole engages in hydrophobic (Pi-Alkyl) interactions
with Tpr237. Camphor forms three Pi-alkyl bonds with Ala409,
Trp518, and Val411 in CIfA protein, as well as additional Pi-sigma
interactions with Trp52 (Fig. 9 (B)). Pulegone interacts with the Bap
protein via a conventional hydrogen bond with DG13 and two Pi-
alkyl bonds with DT11 and DC12. Camphor also interacts with the
Bap protein through two conventional hydrogen bonds with DC6 and
D5 (Fig. 9 (A)).

Docking analysis further revealed that pulegone forms a Pi-sigma
binding interaction with the active site of the IcaB protein via Tyr74,
while 1,8—cineole interacts with IcaB protein through Pi-alkyl inter-
action via Tyr (Fig. 10 (B)). For the IcaA protein, four amino acids
(Leu7, Phe4, Tyr310, and Val307) interact with 1,8—cineole, while
camphor interacts with three amino acids (Tyr181, Ile185, and
Pro164) (Fig. 10 (A)).

As depicted in Fig. 10 (C), 1,8—cineole forms two Pi-alkyl bonds
with Phe24 and 86 and one conventional hydrogen bond with Ser89
in the IcaD protein. Camphor binds to the IcaD protein via a single
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Activity of L. angustifolia Mill, S. sclarea L, and M. pulegium L EOs in combination with gentamicin, vancomycin, and levofloxacin against selected S.

aureus strains.

Antibacterial Agent  FICI: Fractional inhibitory concentration index

L. angustifolia Mill ~ Type of Interaction  S.sclareal  Type of Interaction = M. pulegiumL  Type of Interaction
Usa 210921 MRSA
Gentamicin 0.250 Synergistic 0.625 Additive 0.50 Additive
Levofloxacin 0.375 Synergistic 0.5 Additive 0.375 Synergistic
Vancomycin 0.375 Synergistic 0.25 Synergistic 0.25 Synergistic
Usa 101121 MRSA
Gentamicin 0.375 Synergistic 0.375 Synergistic 0.50 Additive
Levofloxacin 0.2675 Synergistic 0.502 Additive 0315 Synergistic
Vancomycin 0.282 Synergistic 0.258 Synergistic 0.282 Synergistic
ATCC 43300
Gentamicin 0.282 Synergistic 0.375 Synergistic 0.531 Additive
Levofloxacin 0.375 Synergistic 0.375 Synergistic 0313 Synergistic
Vancomycin 0.258 Synergistic 0.284 Synergistic 0.258 Synergistic
Usa 220321 MSSA
Gentamicin 0313 Synergistic 0313 Synergistic 0313 Synergistic
Levofloxacin 0.531 Additive 0.267 Synergistic 0.284 Synergistic
Vancomycin 0.156 Synergistic 0.375 Synergistic 0.313 Synergistic
Usa 260322 MSSA
Gentamicin 0.281 Synergistic 0.376 Synergistic 0.375 Synergistic
Levofloxacin 0313 Synergistic 0.375 Synergistic 0.313 Synergistic
Vancomycin 0313 Synergistic 0.258 Synergistic 0.282 Synergistic
ATCC 25923
Gentamicin 0313 Synergistic 0313 Synergistic 0.376 Synergistic
Levofloxacin 0.156 Synergistic 0.267 Synergistic 0.284 Synergistic
Vancomycin 0.258 Synergistic 0.375 Synergistic 0.282 Synergistic

conventional hydrogen bond with Ser89 and a single Pi-sigma bond
with Phe24.

Additionally, 1-8 cineole forms four Pi-alkyl interactions with the
active site of the PNAG protein, involving Trp318, Phe240, Trp314,
and Arg237. In contrast, camphor binds to the PNAG active site
through three Pi-alkyl bonds (Phe240, His342, and Arg237) and a Pi-
sigma bond with Tyr317 (Fig. 11).

3.6. ADMET and drug-likness prediction

The absorption, distribution, metabolism, excretion, and toxicity
(ADMET) properties of a drug are crucial factors for therapeutic use
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Fig. 4. MICs of EOs against MRSA and MSSA using the Modified Broth Microdilution
Method. Significance was determined using Dunnett’s test. * p< 0.05, ** p< 0.01, ***
p<0.001.

716

in living organisms. To assess the drug-likeness of the four major
compounds in L. angustifolia Mill, S. sclarea, and M. pulegium EOs, we
applied Lipinski’s five rules. According to these rules, ligands should
have a partition coefficient (log P) <5, fewer than 10 hydrogen bond
acceptors, fewer 5 hydrogen bond donors, and no more than one vio-
lation of the rules. Additional molecular parameters, such as the log P
and topological polar surface area (TPSA), can be used to predict the
oral bioactivity of compounds.

The in silico analysis of the selected ligands showed good compli-
ance with Lipinski’s rules (Table 6), indicating they were soluble and
lipophilic. The log P values for the four compounds 1,8—cineole, cam-
phor, linalyl acetate, and pulegone were 2.67, 2.37, 3.24, and 2.62,
respectively. All the ligands, except for linalyl acetate (TPSA: 26.3 A2),
had a TPSA value of less than 20 A2 Additionally, all selected com-
pounds predicted to have excellent gastrointestinal, high absorption
(bioavailability score: 0.55), and were not likely to cross the blood-
brain barrier. None of the compounds were found to be substrates for
P-glycoprotein, suggesting that they are likely to be well absorbed in
the body.

Toxicity predictions that all the ligands were non-toxic to organs,
with toxicity class values ranging from 4 to 6 (Table 7). The predicted
LD50 values for 1,8—cineole, camphor, linalyl acetate, and pulegone
were 2480, 775, 12,000, and 470 mg/kg, respectively.

3.7. Boiled-egg

The drug-like properties and gastrointestinal absorption of the
selected compounds; 1,8-cineole, camphor, linalyl acetate, and pule-
gone from L. angustifolia Mill, S. sclarea L, and M. pulegium L EOs were
assessed by using the boiled-egg prediction (Fig. 12) and bioavailabil-
ity radar graph (Fig. 13). All compounds fell within the yellow region,
indicating good permeability across the blood-brain barrier, human
gastrointestinal absorption, and high bioavailability.

4. Discussion
Numerous scientific studies have demonstrated that the overuse

and misuse of antibiotics have led to the development of antibiotic-
resistant bacteria, complicating the treatment of infectious diseases
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Fig. 5. The antibacterial activity of L. angustifolia Mill, S. sclarea L, and M. pulegium L EOs by disk diffusion correlated with the phenotypic and genotypic characteristics of antibiotic
resistance and biofilm formation in S. aureus strains. Error bars indicate standard deviation. Significance was determined using the Kruskal-Wallis test. * p< 0.05, ** p< 0.01, *** p<

0.001.

and imposing stringent limitations on patient care (Kirci et al., 2024).
Antibiotic resistance is widely regarded as a major global health
issue, contributing to increased illness, death, and financial burden.
To address this problem, it is necessary to develop new, potent anti-
microbial compounds that reduce dependence on existing antibiotics
and the severity of infections.

Given the scarcity of new antibiotics, EOs have emerged as a
promising alternative due to their powerful broad-spectrum antibac-
terial activity, environmental safety, and minimal toxicity to humans.
For these reasons, the antimicrobial and anti-biofilm properties of L.
angustifolia Mill, S. sclarea L, and M. pulegium L were evaluated
against S. aureus strains in this study. However, a challenge in using
EOs is that the doses required may exceed what consumers are will-
ing to tolerate. To address this issue, we explored the possibility of
combining EOs with conventional antibiotics to enhance their effi-
cacy and reduce the required doses.

18
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To our knowledge, this study the first to examine the antimicro-
bial and anti-biofilm properties of L. angustifolia Mill, S. sclarea L and
M. pulegium L EOs, as well as the antimicrobial efficacy of these EOs
in combination with antibiotics commonly prescribed to treat S.
aureus UTIs.

The results of our chemical characterization are not entirely con-
sistent with those of other studies, which report different predomi-
nant compounds in the various Lavandula oils studied. In the study
by El-Akhal et al., the EO of L. angustifolia was characterized by a high
level of the monoterpene alcohol linalool (32.23%), which was not
identified in our sample. Other key compounds included linalyl ace-
tate (14.23%), geraniol (5.8%), lavandulyl acetate (4.8%), and camphor
(4.21%), while the 1,8-cineole detected in a high amount in our EO
was only present as a minor constituent (2.25%) (EI-Akhal et al.,
2021). Similarly, in a study of L. angustifolia subsp from South Africa,
linalool and linalyl acetate were the main compounds, linalool and
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Fig. 6. Correlation between the MICs of EOs of L. angustifolia Mill, S. sclarea L, and M. pulegium L using the Modified Broth Microdilution Method, as well as the phenotypic and
genotypic characteristics of antibiotic resistance and biofilm formation against S. aureus strains. Error bars indicate the standard deviation. Significance was determined using Krus-

kal-Wallis’s test. * p< 0.05, ** p< 0.01, *** p< 0.001.
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Table 4
Rate of inhibition in biofilm formation (%).

South African Journal of Botany 180 (2025) 710—726

Strain L. angustifolia Mill S.sclarea L M. pulegium L Gentamicin
MIC/2 MIC/4 MIC/8 MIC/16 MIC/2 MIC/4 MIC/8 MIC/16 MIC/2 MIC/4 MIC/8 MIC/16 MIC/2 MIC/4 MIC/8
Usa220321 269 218 191 94 223 126 98 4.7 223 173 145 85 253 10.09 3.80 +3.1°
+23 412 +18 +08 +31 423 +£15 409 +1.8 421 +19 +15 +1.7 +2.9
Usa 040521 711 657 595 223 628 615 122 38 670 616 553 265 159 10.2 17.5
+31 435 436 412 +42 4+45 421 13 +42 439 +34 43 +1.5 +1°5 +1.35
Usa 080421 609 598 538 333 555 544 484 332 55.5 544 485  27.8 52.1 65.7+2.55  843145°
+26 4£29 432 425 +35 428 +18 431 +36 441 +36 £2 +2.1°
Usa210321 295 251 24 1.7 222 179 978 39+ 222 193 120 3241 667 27.7 57.7
+3.1  4£23 421  +08 +14  4+21 +£21 21 +32 428 14 +1.8° +3.8°5 +1.5°
Usa 150421 264 17.7 148 42 167 8.1 516 13 168 148 42 23 5.57 27 34.1
+15 426 +18 +09 +18 +12 422 +05 +19 424 +08 +05 +1.1° +2.8° +3.5°
Usa210921 481 419 395 7.7 419 358 315 138 51.1 450 383 16 94.1 74.2 39.5
+19 428 425 +13 +23 4£25 423 421 +35 423 426 07 +5.1 +2.8 +1.1°%
Usa101121 535 55 471 343 464 407 328 142 493 421 343 214 259 5.2 12.5
+21 437 +18 428 +21  4+28 +£16 +17 +36 431 +21 42 +2.9 +14° +3.35
Usa191121 447 216 381 164 373 179 104 22 396 328 246 9 27.1 3934415 574
+24  +£16 +31 12 +1.8  +£19 +13 12 +32 432  +£31 15 +2.3° +52°%
Usa161121 512 505 323 126 366 286 25 6.0 439 432 396 199 29.7 35.034+2.85 4928 +1.9°
+26 4£27 429 +08 +1.1  +£15 432  +13 +3.1 425 £29  +1 +2.3°5
Usa181121 692 661 629 29 513 393 232 111 683 634 598 156 329 6.2 22,5
+27 432 436 12 +13  +£28 +34 +18 +41  #37 £23  £2 +2.1 +19° +3.3°
Usa271221 444 414 321 283 367 336 244 205 375 329 290 152 6.72 21 -51.7 £5.8°
+32 428 425 424 +1.3 431  +£25 24 +28 421 £31  +1 +1.5° +3.28
Usa010422 445 413 321 283 402 209 119 87 415 293 184 12 7.92 34.38 4236+1.5°
+39 425 424 427 +2.1  £2 +1.7  +13 +24 416 +21  +09 +1.8 +4.15
Usa180222 61.7 295 275 138 497 255 234 97 589 319 295 11 285 8.01 1.50 +2.85
+41 +£24 +19 +18 +19 423  +31 +14 +35 431 419 +08 +1.8 +0.9
Usa260322 617 296 275 138 406 264 193 109 490 445 342 27 77.78 £55 81.60+39 8125436
+42  4£21 421  +16 +2 +3.1 436  +21 +3.8 436 +21 12
Usa200422 524 183 136 29 457 136 116 75 438 116 56 49 7110435 57.50 +4.15 57.1
+24 +£15 +18 +18 +14 +18 +21 +16 +34 412 +£35 425 +2.51
Usa 060722 574 531 286 185 541 497 152 118 541 491 326 139 58.16 538 4355  29.26+3.15
+32 423 416 +19 +23 421 £1.0 +15 +36 441 +23 43 +3.5
Usa080722 175 119 109 44 25 1563 156 0.6 466 241 109 34 527 17.7 35.7
+1.8 +£12 +18 07 +23  +15 +21 +06 +41 423  £19 06 +2.8° +2.8° +4.5°
Usa220822 708 688 396 45 674 654 195 78 728 698 494 125 447 17 24.2
+36 3 +23  +06 +18 445 +25 +09 +56 +33 423 +1 +1.1° +3.8° +2.5°
Usa290822 113 177 104 67 286 1768 304 121 204 131 140 85 64.1 54.1 29.5
+13  +£28 +£15 407 +23  +12 +18  +12 +19 419 +21  +12 +5.1 +2.8 +2.1°
Usa300822 342 282 188 68 230 1111 769 427 427 368 154 6 15.9 32 6.5
+23  +14 +18 +13 +18 +18 +14 +13 +36 423  +17 +13 +2.1 +14° +3.3°
ATCC43300 404 394 321 253 397 356 254 215 365 299 280 182 17.8 294+215 474
+32 425 425 428 +23 431 +£15 +14 +1.8  +19 +21 +1.8 +23°5 +42°5
ATCC25923 687 306 285 16.1 436 236 203 116 480 451 332 21 39.7 25.034+2.8 19.28 £1.9
+42 4£21 +£16 +18 +1.5  £2 +26  +1.1 +23 436 +£11 432 +2.3

S: Increased biofilm formation; MIC: Minimum inhibitory concentration.

linalyl acetate were the major components, with linalyl acetate con-
tributing 36.7% and linalool 31.4%. (de Rapper et al., 2016), Notably,
both linalool and linalyl acetate are typical constituents of lavender
EOs and are often among the top ten major components in the EOs of
fresh flowers of many Ukrainian L. angustifolia cultivars, where cam-
phor and 1,8—cineole are absent (Pokajewicz et al., 2021). This find-
ing is contrasts with that of Nurzynska et al., who found that the EO
of Lavandula angustifolia Mill extracted from leaves was rich in epi-
«-cadinol (17.8%), cryptone (10.4%), 1,8—cineole (7.3%), and caryo-
phyllene oxide (7.2%), while the EO obtained from flowers was domi-
nated by linalyl acetate (32.1%) and linalool (29.9%) (Nurzynska-
Wierdak and Zawislak, 2016).

Regarding the chemical composition of S. sclarea L, our results
align with those reported by Kacaniova et al., who identified 99.6% of
the bioactive compounds in the EO of S. sclarea grown in Slovakia.
The majority of the compound belonged to the oxygenated monoter-
pene class (82.4%), with linalyl acetate (49.1%) and linalool (20.6%)
being the most abundant (Kacdniova et al., 2023). Generally, the EO
of S. sclarea L contains numerous compounds from different classes,
including monoterpene esters (linalyl acetate and neryl acetate),
monoterpene alcohols (linalool and «-terpineol), sesquiterpene
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hydrocarbons (germacrene-D, ¢-humulene, and caryophyllene), and
oxygenated sesquiterpenes (caryophyllene oxide)(Hans et al., 2023).

The pulegone has been also been identified as the main com-
pound in the volatile profile of Moroccan pennyroyal EO (74.03%),
with carvone (5.45%) and dihydrocarvone (3.66%) present in lower
amount (Ramzi et al., 2022). Conversely, the EO of another species of
M. pulegium L was dominated by piperitenone (32.9%) and pulegone
(32.8%) (Gourich et al., 2022). It is worth noting that the pennyroyal
EO typically belongs to the “pulegone” chemotype (>70%), as com-
monly reported in the literature (Aimad et al., 2021; Messaoudi et al.,
2022). However, the EO extracted from Tunisian M. pulegium exhib-
ited a significant variation in its chemical profile, with a higher abun-
dance of esters and alcohol such as 1,8—cineole (14,60%) and
menthol (8,76%), as well as the ketones like p-menthan-3-one
(14,9%), and piperitenone (11,4%) (Chaaban et al., 2019). A more
recent study by Yakhlef et al. also found a high level of sesquiterpene
(36.03%) in the EO of M. pulegium from Algeria, with piperitenone
oxide (35.49) and caryophyllene oxide (35.27) as the major constitu-
ents (Yakhlef et al., 2020).

Several factors can influence the quantitative and the qualitative
composition of EOs, including geographical location, climatic
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Fig. 7. Inhibition of biofilm formation by sub-MIC of L. angustifolia Mill, S. sclarea L, and M. pulegium L EOs for S. aureus isolates, with results reported in comparison with the con-
trol for that isolate in the absence of EOs. Error bars indicate standard deviation. Significance was determined using Dunnett’s test. * p< 0.05, ** p< 0.01, *** p< 0.001.

conditions (temperature, relative humidity, sunlight, air movement
and precipitation during plant development), as well as agronomic
factors such as fertilization and irrigation (Li et al., 2020).
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Fig. 8. 2D and 3D interactions of major chemical compounds extracted from L. angusti-
folia Mill, S. sclarea L, and M. pulegium L EOs with PLP2a protein receptors.
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These EOs showed antibacterial activity against all of the tested S.
aureus strains. Interestingly, the L. angustifolia Mill and M. pulegium L
EOs showed significant antibacterial efficacy against MSSA compared
with MRSA. These differences may be explained by variations in the
rate at which the EOs constituents penetrate the cell wall and mem-
brane structures.

The antibacterial properties of EOs are generally attributed to
their chemical composition. The mechanism of action of each com-
pound may vary depending on the biochemical reactions that occur
in bacterial cells and the type of bacteria targeted (Badr et al., 2021).
The antimicrobial properties of the M. pulegium L EO are attributed to
their pulegone, menthone, and neomenthone components, which
cause bacterial lysis by altering cell membrane permeability and dis-
rupting the structure of various polysaccharides, fatty acids, and
phospholipids in the bacterial cell membrane (Oualdi et al., 2023).
Furthermore, we suggest that the antibacterial and antibiofilm activi-
ties of the L. angustifolia Mill are associated with high concentrations
of 1,8-cineole. The broad-spectrum antimicrobial potency of these
oxygenated monoterpenes has been well documented in previous
studies and reviews (Blazekovic et al., 2018). The structural proper-
ties of 1,8-cineole enable it to disrupt bacterial membrane integrity
and membrane-associated functions such as permeability, membrane
transport, energy production, and cell signaling (Blazekovi¢ et al.,
2018). In addition, 1,8—cineole inhibits biofilm formation and quo-
rum sensing, making it a promising candidate for the development of
new and effective antibacterial and antibiofilm agents (Blazekovi¢ et
al., 2018). However, it is clear that this antimicrobial activity cannot
be attributed only to the major compound (1,8-cineole), because an
EO is a complex mixture of many volatile constituents. Other minor
compounds present in the studied EOs, such as ketones and naphtha-
lenes, could contribute to this activity (Magaji et al., 2023).

The antimicrobial activity of the S. Sclerae L EOs could be attrib-
uted to the high concentration of linalyl acetate. This finding is in line
with previous reports revealing that this acyclic monoterpenoid plays
a crucial role in the antibacterial activity of the S. Sclerae EO against S.
aureus strains (Acimovic et al., 2022; Kwiatkowski et al., 2020).
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Table 5

Correlation between the rate of inhibition of biofilm formation by L. angustifolia Mill, S. sclarea, and M. pule-
gium EOs and phenotypic and genotypic characteristics of antibiotic resistance and biofilm formation by S.
aureus strains.

Essential oils Sub-MIC  Group 1 Group 2 Group 3 Group 4 P value
L. angustifolia Mill ~ MIC/2 51.77+£146  56.27+9.6 4528+9.63  30.4+16 0.756
MIC/4 41444169  55.03+9.1 33.654+13.6 23284931  0.715
MIC/8 33.28+169  39.60+5 23.35+7 2473+14.1 0943
MIC/16 15.28+8.61  22.37+11.9  14.78+8.63  8.8+3.8 0.955
S.sclarea L MIC/2 39.82+13.5  51.33+10.7  39.7+10.2 33.246.40 0.989
MIC/4 30.31+14.2  4233+153 27381142  21.7+7.02 0.315
MIC/8 19354947 214476 15.25+4.58  11.63+9.94  0.631
MIC/16 9.35+6.11 10.23+2.6 11.13+£5.03  4.45+4.67 0.732
M. pulegium L MIC/2 47.14+£140  54.53+12.1  3943+9.53  3943+9.51  0.693
MIC/4 41.1+£13.6 47.07+£15.1  27.73£132  28.75+£102 0913
MIC/8 33174159  34.03+104  2043+104  21.95+9.5 0.994
MIC/16 15.48+8.76  15.3+4.07 10.58+3.88  5.63+3.13 0.332
MIC: Minimum inhibitory concentration
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receptors.

We observed synergistic interactions between the L. angustifolia
Mill, S. sclarea L, and M. pulegium L EOs, and conventional antibiotic
agents used to treat S. aureus UTIs. The combination of the L. angusti-
folia Mill EO and gentamicin showed the greatest synergistic antibac-
terial effects against MSSA and MRSA. Some studies have also
suggested that this result may be due to the positive interactions
between the main constituents of EOs, in particular, oxygenated
monoterpenes, and antibiotics (Adaszynska-Skwirzynska et al.,
2023).

Combination of the M. pulegium L EO with levofloxacin and vanco-
mycin showed significant synergistic effects against both MSSA and
MRSA. Some studies have emphasized the significant synergistic
effects of M. pulegium L EO when used in combination with various
classes of antibiotics, including penicillin, cephalosporins, carbape-
nems, and aminoglycosides, against MDR bacteria (Bekka-Hadji et al.,
2022). In general, many mechanisms can lead to pharmacological
synergy between EOs and antibiotics, including multi-target effects,
in which compounds target different sites in the bacterial cell; phar-
macokinetic or physicochemical effects (improved solubility or

bioavailability); and targeting of a specific bacterial resistance mech-
anism (Langeveld et al., 2014).

The persistence of MDR-S. aureus cells in biofilm is a significant
factor in the global burden of severe infections. Biofilms, which form
on both biotic and abiotic surfaces, pose a serious public health chal-
lenges, including antibiotic resistance and chronic infections. Conse-
quently, there is an urgent need for novel strategies to either
eliminate preformed biofilms or to prevent biofilm formation alto-
gether, particularly through the use of natural, alternative antimicro-
bial agents. These alternative strategies represent innovative and
promising solutions for biofilm management.

In the current study, the L. angustifolia Mill, S. sclarea L, and M.
pulegium L EOs showed significant antibiofilm activity against S.
aureus strains across a range of concentrations (MIC, MIC/2, MIC/4,
MIC/8 and MIC/16). We observed the most notable reductions in bio-
film were observed at MIC/2, MIC/4, and MIC/8, compared with
untreated S. aureus. These results can be attributed to the inhibition
of gene expression that essential for the synthesis of proteins and lip-
opolysaccharides in the bacterial outer membrane. These genes are
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tein receptors.

critical for the initial adhesion of bacterial cells to both abiotic and
biotic surfaces and for the subsequent development of biofilm struc-
ture.

Moreover, the components of these EOs appear to play a role in
regulating of the expression of flagellar genes, genes associated with
nutrient absorption systems, and stress defense and motility genes.
This suggests that exposure to these EOs induces significant stress in
S. aureus strains, potentially disrupting key cellular processes
required for biofilm formation.

Comprehensive transcriptomic analysis can offer new insights
into potential molecular targets for combating antibiotic resistance
and biofilm formation, providing promising avenues for further
research in fight against this pathogenic bacterium.

In addition, biofilms are notoriously difficult to eliminate with
standard antibiotic treatments due to their heightened resistance to
these agents compared to planktonic cells (Rosato et al., 2020). In this
study, we demonstrated that antimicrobial EOs can more effectively
eradicate bacteria in biofilms than some commonly used antibiotics,
making them promising candidates for biofilm treatment.

The compounds primarily found in L. angustifolia Mill, S. sclarea L,
and M. pulegium L EOs, including 1,8-cineole, camphor, linalyl ace-
tate, and pulegone, were analyzed by molecular docking to deter-
mine their probable mode of action and binding efficiency with
various receptors.

Docking analysis revealed that the interaction of 1,8—cineole and
camphor with the intercellular adhesion active site residues, respon-
sible for the synthesis of intercellular polysaccharide adhesin (IPA),
including IcaA, IcaB, and IcaD, as well as bacterial adhesion proteins
(Bap, FnbB, and CIfA), and exopolysaccharide biofilm-associated mol-
ecule (PNAG), were mediated by hydrophobic interactions and
hydrogen bonds. These hydrogen bonds strengthen and stabilize the
bonds between the target and the ligand, thereby contributing to the
potent antibacterial and antibiofilm activities of L. angustifolia Mill EO
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(Sharma and Kaur, 2022). Furthermore, the antibacterial and antifilm
activity of M. pulegium L against S. aureus is attributed to the intermo-
lecular interactions, such as pi-sigma and pi-alkyl bonds, detected
between pulegone and the PLP2a, Bap, CIfA, IcaA, IcaB, IcaD and
PNAG proteins.

The major constituents of L. angustifolia Mill, S. sclarea L, and M.
pulegium L EOs are non-toxic, well-absorbed, and have excellent
ADME profiles, which makes the promising candidates for further
investigation in therapeutic contexts.

While this study provides valuable insights into the antimicrobial
and anti-biofilm activities of these EOs, certain limitations need to be
addressed in future research. Expanding the scope of research to
include more comprehensive, multi-faceted approaches could pro-
vide a deeper understanding of their therapeutic potential and facili-
tate their clinical applications. It should be noted that this study was
conducted in vitro, which does not account for the complexity of in
vivo conditions, including the immune system, pharmacokinetics,
and tissue penetration. Therefore, future studies should evaluate the
efficacy of these EOs in animal models to confirm their potential ther-
apeutic effects under realistic biological conditions.

Additionally, the composition of EOs can vary based on factors
such as the plant source, harvest time, and extraction method. This
variability may influence the reproducibility of results. Standardiz-
ing of the extraction procedures and providing detailed chemical
profiles of the EOs would enhance the reliability and comparability
of the findings across studies. Furthermore, while in silico molecu-
lar docking studies provide valuable insights, they do not always
capture the full complexity of biological interactions. It is recom-
mended that these studies be to molecular dynamics simulations
and that predictions be validated through laboratory experiments.
such approaches will strengthen the evidence supporting the
mechanism of action of EOs and improve their potential for thera-
peutic use.
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Table 6
ADMET properties of bioactive compounds used as ligands.
ADME Ligand
1,8-cineole Camphor Linalyl acetate Pulegone

Physicochemical Properties

Formula Ci1oH150 C1oH160 Ci1oH150 Ci1oH160

Molecular weight 154,25 g/mol 152,23 g/mol 196,29 g/mol 153,23 g/mol

Num. heavy atoms 11 11 14 12

Num. arom. heavy atoms 0 0 0 0

Fraction Csp3 1.00 0.90 0.58 0.73

Num. rotatable bonds 0 0 6 0

Num. H-bond acceptors 1 1 2 1

Num. H-bond donors 0 0 0 0

Molar Refractivity 47.12 45.64 60.17 52.60

TPSA 9.23 A? 17.07 A? 26.30 A2 17.07 A%

Lipophilicity

Log Po/w (iLOGP) 2.58 2.12 3.08 2.53

Log Po/w (XLOGP3) 2.74 2.19 3.93 3.37

Log Po/w (WLOGP) 2.74 2.40 3.24 2.96

Log Po/w (MLOGP) 2.45 2.30 2.95 2.49

Log Po/w (SILICOS-IT) 2.86 2.85 2.98 2.84

Consensus Log Po/w 2.67 2.37 3.24 2.84

Water Solubility

Log S (ESOL) -2.52 -2.16 -3.14 -2.99

Solubility 4.63x10" ' mg/mL; 1.04 mg/mL; 1.43x107! mg/mL; 1.69x 10" 'mg/mL;
3x103mol/L  6x10~> mol/L 7.30x10~*mol/L 1.01x10>mol/L

Class Poorly Soluble Moderately Soluble Poorly Soluble Moderately Soluble

Log S (Ali) -2.59 -2.18 -4.18 -3.41

Solubility 3.98x10" ! mg/mL; 1mg/mL; 1.29x1072 mg/mL; 6.58x10™>  6.52x1072 mg/mL;
2.58x10> mol/L 6.57x10~> mol/L mol/L 3.92x10~% mol/L

Class Soluble Soluble Moderately soluble Soluble

Log S (SILICOS-IT) -2.45 -2.60 -2.52 -2.55

Solubility 5.45x10" ' mg/mL; 3.83x107'mg/mL;2.52x10>  5.97x10 ' mg/mL; 3.04x10~>  4.73x10" ! mg/mL;
353x10> mol/L  mol/L mol/L 2.84x107> mol/L

Pharmacokinetics

Gastrointestinal absorption  High High High High

Blood-brain barrier permeant Yes Yes Yes Yes

Permeability-glycoprotein No No No No

CYP1A2 inhibitor No No No No

CYP2(19 inhibitor No No No No

CYP2(C9 inhibitor No No No No

CYP2D6 inhibitor No No No No

CYP3A4 inhibitor No No No No

Log Kp (Skin permeation) -5.30 cm/s -5.67 cm/s -4.71 cm/s -4.92 cm/s

Drug likeness

Lipinski Yes; 0 violation Yes; 0 violation Yes; 0 violation Yes; 0 violation

Ghose No No Yes Yes

Veber Yes Yes Yes Yes

Egan Yes Yes Yes Yes

Muegge No; 2 violations No; 2 violations No; 1 violation No; 2 violations

Bioavailability 0,55 0,55 0,55 0,55

Medicinal Chemistry

PAINS 0 alert 0 alert 0 alert 0 alert

Brenk 0 alert 0 alert 1 alert: isolated_alkene 1 alert: michael_acceptor_1

Leadlikeness No; 1 violation No; 1 violation No; 2 violations No; 1 violation

Synthetic accessibility 3.65 3.22 2.75 3.12

Phonic absorption High High High High

TPSA: Topological polar surface area; log P: Partition coefficient.

Table 7

Toxicity estimation performed by the ProToxll 3.0 package.
Ligand 1,8-cineole Camphor Linalyl acetate Pulegone
Predicted toxicity class V v VI v
Predicted LD50 (mg/kg) 2480 775 12000 470
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Fig. 12. The predictive Egan Boild-Egg model of four chemical compounds extracted from L. angustifolia Mill, S. sclarea L, and M. pulegium L EOs.
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Fig. 13. A radar plot of four chemical compounds extracted from L. angustifolia Mill, S. sclarea L, and M. pulegium L EOs. POLAR (polarity), LIPO (lipophilicity), INSOLU (solubility),
FLEX (flexibility), and IN-SATU (saturation).

5. Conclusion levels of various bioactive compounds, mainly 1,8-cineole (L. angusti-
folia Mill), linalyl acetate (S. sclarea L), and pulegone (M. pulegium L),

In this study, we evaluated the chemical composition, and antimi- which are the main contributors to the antibacterial and antibiofilm
crobial and antibiofilm characteristics of the of L. angustifolia Mill, S. activities of these EOs. Additionally, various combinations of conven-
sclarea L, and M. pulegium L EOs in vitro and in silico. We used hydro- tional antibiotics and EOs showed promising synergistic interactions

distillation to extract the EOs. GC/MS analysis of the EOs showed high with MSSA and MRSA strains. Our finding indicate that these EOs
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merit further exploration for their potential applications in combina-
tion with antibiotic therapy to reduce the minimum effective dose of
drugs and combat the emergence of drug-resistant bacteria.
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