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Abstract 
Multi-drug-resistant (MDR) pathogens pose a significant global health challenge, under-

scoring the urgent need for novel antimicrobial agents with minimal toxicity to humans. 

This study investigated the in vitro and in silico antimicrobial and antibiofilm potentials of 

four essential oils (EOs): clove bud oil (CBO; Syzygium aromaticum L.), black seed oil 

(BSO; Nigella sativa L.), cinnamon bark oil (CNBO; Cinnamomum zeylanicum), and citro-

nella oil (CTLO; Cymbopogon nardus L.), against 19 selected human pathogens, includ-

ing MDR strains. Among the tested EOs, CBO, BSO, and CNBO exhibited the highest 

antibacterial activity against Staphylococcus epidermidis, with the mean zone of inhibi-

tion diameters (ZIDs) of 20.0 ±  0.2 mm, 46.0 ±  0.3 mm, and 32.0 ±  0.1 mm, respectively, 

at a concentration of 10 µL/disc, while CTLO displayed no antibacterial activity. CNBO 

demonstrated superior antifungal activity, with the mean ZIDs of 49.0 ±  0.3 mm and 36.0 

±  0.3 mm for Candida albicans and Aspergillus niger, respectively. Molecular docking 

analyses revealed robust interactions of key bioactive compounds—eugenol (EU) from 

CBO, thymoquinone (TQ) from BSO, cinnamaldehyde (CN) from CNBO, citronellal (CIT) 

and linalool (LIN) from CTLO—with microbial target proteins, substantiating their antimi-

crobial and antibiofilm potential. Notably, CTLO, despite limited in vitro activity, exhibited 

unique binding interactions in silico, suggesting potential niche applications. These find-

ings underscore the translational potential of EOs as alternative antimicrobial therapies 

against MDR infections, particularly biofilm-associated infections, and highlight the need 

for further in vivo studies to validate their efficacy and safety.

Introduction
MDR pathogens have emerged as a significant global threat, contributing to the high mortality 
rate worldwide [1]. Recent estimates suggest that antimicrobial resistance (AMR) accounts 
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for nearly 1.27 million deaths annually, with projections indicating up to 10 million deaths 
per year by 2050 if no effective measures are implemented. Conventional antibiotics are 
increasingly failing to combat bacterial infections, creating a pressing global health burden, 
particularly in low- and middle-income countries with limited healthcare infrastructure. MDR 
pathogens, such as Staphylococcus spp., Bacillus cereus (B. cereus), pathogenic Escherichia coli 
(E. coli) strains, Klebsiella spp., Pseudomonas spp., Salmonella spp., Shigella spp., Clostridium 
spp., and Aspergillus spp., are among the most common contributors to the rise in fatality 
rates associated with drug-resistant infections [1–7].

The overuse and misuse of antibiotics have significantly accelerated the emergence of 
resistant bacterial strains, rendering many conventional treatments ineffective. Furthermore, 
synthetic antimicrobial compounds are often associated with adverse effects on human health 
[3,8]. Consequently, understanding the antibiotic resistance patterns of bacterial and fungal 
pathogens is critical to developing effective control strategies and selecting appropriate thera-
pies for MDR infections.

Despite progress in antimicrobial research, there remains a substantial gap in identifying 
non-toxic, environmentally sustainable, and economically viable alternatives to antibiotics 
[9]. This gap highlights the need for exploring new antimicrobial solutions, particularly those 
derived from natural sources such as plants. Plants synthesize an array of secondary metabolites 
with potent antimicrobial properties, yet much of their potential remains untapped [3,9,10].

This study addresses this research gap by examining the antimicrobial and antibiofilm poten-
tial of four EOs—CBO, BSO, CNBO, and CTLO—against selected human pathogens, including 
MDR strains [10]. EOs are highly concentrated plant-derived products with documented anti-
bacterial, antifungal, antiviral, antiparasitic, and antioxidant activities [3,8,10–28]. These natural 
products are purer and potentially more effective than traditional plant extracts [29].

Rationale for EO Selection
The selection of these four EOs was guided by their traditional medicinal applications and 
reported antimicrobial properties:

•	 CBO: It is derived from the dried flower buds of S. aromaticum L. and has demonstrated 
antibacterial, antifungal, and antibiofilm activities, making it a potential candidate for treat-
ing bacterial infections resistant to conventional therapies [30].

•	 BSO: It is extracted from N. sativa L. seeds and has historically been used as a natural 
remedy in various cultures. Studies have highlighted its efficacy against bacterial and fungal 
pathogens [31].

•	 CNBO: It is sourced from the bark of C. zeylanicum L. Previous research has demonstrated 
that CNBO possesses significant antibacterial, antifungal, antiviral, and antibiofilm proper-
ties [32].

•	 CTLO: It is derived from the leaves of Cymbopogon nardus L., commonly known as citro-
nella grass and is relatively understudied compared to other essential oils. While known 
for its calming properties in aromatherapy, emerging research suggests it possesses limited 
antimicrobial activity [33].

Problem and study objective
The persistence of MDR pathogens and the inadequacy of existing treatments underscore 
the critical need for alternative therapies. This study aims to evaluate the antimicrobial and 
antibiofilm properties of four essential oils (EOs)—CBO, BSO, CNBO, and CTLO—using a 
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complementary approach that integrates in vitro and in silico methods. By coupling empirical 
evidence with molecular insights, this research provides a holistic understanding of these EOs’ 
potential to combat MDR pathogens and offers a pathway for developing alternative thera-
peutic strategies.

Materials and methods

Test organisms
A total of 19 pathogenic organisms were used in this study, i.e., 17 bacteria: Staphylococcus 
aureus (S. aureus) ATCC 29213; S. aureus-CI (clinical isolate); Methicillin-Resistant Staphy-
lococcus aureus (MRSA)-1; MRSA-2; Staphylococcus saprophyticus (S. saprophyticus) ATCC 
43867; Staphylococcus epidermidis (S. epidermidis) ATCC 12228; Streptococcus pyogenes 
(S. pyogenes)-(A) ATCC 19615, Streptococcus pneumoniae (S. pneumoniae) ATCC 49619, 
Enterococcus faecalis (E. faecalis) ATCC 29212, B. cereus ATCC 10876, E. coli ATCC 25922, 
Klebsiella pneumoniae (K. pneumoniae) ATCC 27736, Pseudomonas aeruginosa (P. aerugi-
nosa) ATCC 9027, Salmonella typhimurium (S. typhimurium) ATCC 13311, Shigella flexneri 
(S. flexneri) ATCC 12022, Proteus vulgaris (P. vulgaris) ATCC 6380, and Proteus mirabilis (P. 
mirabilis) ATCC 29906, and 02 fungi: Candida albicans (C. albicans) ATCC 10231, Aspergillus 
niger (A. niger) ATCC 6275. The bacterial strains were selected for their clinical relevance, 
especially as MDR pathogens associated with hospital-acquired infections. The fungal strains 
were chosen due to their prevalence in immunocompromised patients and their role in inva-
sive fungal infections. All ATCC strains were sourced from Microbiologics® (St. Cloud, MN, 
USA), while the S. aureus-CI, MRSA-1, and MRSA-2 strains were obtained from King Saud 
Hospital (Unayzah, Saudi Arabia).

Chemicals and reagents
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich (USA) or Oxoid 
Ltd. (UK). EOs were procured as follows:

•	 CBO: Loba Chemie Pvt. Ltd., Mumbai, India (CAS No: 8000-34-8, Eugenol content: ≥ 85% 
v/v).

•	 BSO: Al-Hussan Food Products Factory, Riyadh, Saudi Arabia (Purity: 100% v/v, Barcode 
No.: 6281102000134).

•	 CNBO and CTLO: Himani Herbal LLC, USA (Purity: 100% v/v, verified via vendor docu-
mentation and certificates of analysis).

To ensure reproducibility, EOs’ purities were verified through vendor documentation 
and certificates of analysis provided by registered suppliers. EOs’ dilutions were prepared 
in dimethyl sulfoxide (DMSO), which was included as a negative control in antimicrobial 
activity assays to confirm that it did not affect the stability or bioactivity of EOs throughout 
the study.

In vitro antimicrobial profiles of EOs
Preliminary antimicrobial activity.  The disc diffusion method [1,3,34,35] was used 

to evaluate the preliminary antimicrobial activities of the EOs. Modified Mueller-Hinton 
agar (MMHA) was used as a test medium [3]. Each test disc was prepared by dispensing 
10 µL of pure EO. The inoculum turbidity of each organism was calibrated (optical density 
0.08–0.12, equivalent to 0.5 McFarland standard) in sterile tryptic soy broth (TSB). On each 
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corresponding test medium plate, 100 µL of the respective calibrated inoculum was poured, 
and sterile swabs were used to spread the suspensions evenly. The prepared discs were placed 
on the inoculated plates. Then, bacterial and fungal plates were incubated at 35 ±  2°C for 24 
and 48 h, respectively. Following incubation, the ZIDs were measured in millimeters (mm). 
Three separate sets of experiments were conducted. The results are presented as mean ±  
standard deviation (SD).

Minimum Inhibitory Concentration (MIC) and Minimum Biocidal Concentration 
(MBC).  The MIC and MBC were determined using resazurin-based microbroth dilution 
and spot inoculation methods, respectively [3,35–37]. Stock solutions of EOs were prepared 
in DMSO at a concentration of 100 µL/mL, except for CTLO, which was prepared at 200 µL/
mL. Subsequently, 200 µL of the stock solution was transferred to each well of column 1, 
whereas each well of columns 2-10 contained 100 µL of TSB only. In column 11, 200 µL of 
standardized inoculum suspension served as a negative control (NC), whereas in column 12, 
200 µL of sterile TSB served as a sterility control (SC). A multichannel pipette was used to mix 
and transfer the EO from columns 1 to 10 to produce 100 μL/well of two-fold serial dilution.

Following Clinical and Laboratory Standards Institute (CLSI) standards, each test bacte-
rium inoculum was made in TSB, and ODs were adjusted to 0.08-0.12 at OD600 nm, resulting 
in ~ 1 ×  108 CFU/mL. The adjusted inocula were diluted in TSB by 1:100, resulting in approx-
imately 1 ×  106 CFU/mL. The inocula of the test fungi were prepared in potato dextrose broth 
(PDB) following CLSI guidelines; OD values were adjusted to 0.08-0.12 at OD600, and the 
resulting stock suspensions were equal to ~ 1 ×  106–5 ×  106 CFU/mL for C. albicans and 4 ×  
105–5 ×  106 CFU/mL for A. niger. A working C. albicans suspension was prepared by diluting 
the stock suspension 1:100, followed by a 1:20 dilution in PDB, resulting in ~ 5.0 x 102 to 2.5 x 
103 cells/mL.

In contrast, a working A. niger suspension was prepared by diluting the stock suspen-
sion 1:50 in PDB, resulting in ~ 0.8 x 104 to 1 ×  105 spores/mL. 100 µL of adjusted microbial 
inocula were dispensed in all the wells of columns 1-10, resulting in ~  5 ×  105 CFU/mL for 
bacteria, ~ 2.5 x 102 to 1.25 x 103 CFU/mL for C. albicans, and 0.4 x 104 to 5 x 104 CFU/mL for 
A. niger. The preparation and dispensing of the OD-adjusted microbial inocula took 15 min. 
All the inoculated bacterial and fungal plates were incubated at 35 ±  2 °C for 24 and 48 h, 
respectively. Next, 30 µL of sterile resazurin (0.015%, w/v) solution was added to each well 
and re-incubated for 1-2 h. MIC refers to columns that remained blue during the incubation 
period. After a two-fold serial dilution of columns 1-10, CBO, BSO, and CNBO had 50-0.098 
μL/mL EO concentrations, whereas CTLO had 100-0.195 μL/mL.

MBC was evaluated by inoculating the wells with concentrations from the MIC on sterile 
tryptic soy agar (TSA) and potato dextrose agar (PDA) plates for bacteria and fungi, respec-
tively. MBCs had the lowest EO concentrations and did not generate isolated colonies of the 
test organisms on inoculated agar plates.

Minimum Biofilm Inhibitory Concentration (MBIC) and Minimum Biofilm Eradication 
Concentration (MBEC).  MBIC is the lowest concentration of antimicrobial agent that prevents 
biofilm development in the tested organism. MBIC was performed on all microorganisms that 
were susceptible to EOs. The antibiofilm activity of EOs was assessed in a 96-well microtiter 
plate [3]. The inocula were prepared in TSB for bacteria and PDB for fungi at 0.5 MacFarland 
standard of (1–2 ×  108 CFU/mL for bacteria, 1 ×  106 –5 ×  106 CFU/mL for yeast, and 4 ×  105–5 
×  106 CFU/mL for mold). A 100 μL aliquot of the optimized inoculum was placed in each test 
well of a 96-well plate. Next, 100 μL of EO solutions of varying concentrations were added to 
each test well. Therefore, the MIC, 2 ×  MIC, and 4 ×  MIC were selected as the final doses for 
MBIC testing. The wells designated “blank controls” (BC) were administered 200 μL sterile TSB/
or PDB. The plates were incubated at 35 ±  2 °C for 24 h for bacteria and 48 h for fungi. After 
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incubation, the supernatant from each well was carefully removed by inverting the plates on a 
tissue paper bed. The plates were air-dried for 30 min, stained at room temperature for 30 min 
with 0.1% (w/v) crystal violet, and washed thrice with distilled water. Next, 200 μL of 95% 
ethanol was added to each test well to dissolve crystal violet. A microplate reader (xMarkTM 
Microplate Absorbance Spectrophotometer, Bio-Rad, USA) was used to measure absorbance at 
650 nm. The MBICs had the lowest concentrations of EOs at which the absorbance was equal 
to or less than that of BC. All experiments were performed in triplicates. The mean of the three 
separate trials was calculated. Data are presented as µL/mL.

The minimum concentration of an antimicrobial agent required to eliminate the biofilm of 
the test organism is defined as the MBEC [3]. Each test well of a flat-bottom 96-well microtiter 
plate was inoculated with 200 μL of inoculum equivalent to 0.5, MacFarland standard (1–2 ×  
108 CFU/mL for bacteria, 1 ×  106–5 ×  106 CFU/mL for yeast, and 4 ×  105–5 ×  106 CFU/mL 
for mold) of each test organism. For biofilm formation, the plates were incubated at 35 ±  2°C 
for 48 h for bacteria and 72 h for fungi. The contents of the test wells were removed after bio-
film formation by inverting the plates over a tissue paper bed to remove non-adherent cells. 
Various concentrations of EOs, including the MIC, 2 ×  MIC, and 4 ×  MIC, were applied to 
different test wells (200 μL/well). The inoculated plates were re-incubated for 24 h at 35 ±  2°C. 
After incubation, the plates were inverted on a tissue bed to remove contents from the test 
wells. After 30 min of air drying, 200 μL of sterile TSB/PDB was added to each test well. Each 
test well received 30 μL 0.015% (w/v) resazurin dye. The plates were then re-incubated for 
another 1-2 h. MBEC values were obtained after reincubation by observing the color change 
from blue to pink. A column in which the color did not change (blue resazurin remained 
unchanged) was scored as the MBEC.

Statistical analysis
The preliminary antimicrobial activities of the selected EOs were statistically analyzed using 
one-way analysis of variance (ANOVA) to determine the statistical differences in the mean 
antimicrobial values of the tested organisms. Post-hoc tests (Tukey’s method) were performed 
to determine the significance of the interactions between the selected EOs for the tested 
organisms, where p =  0.05 was considered statistically significant. Statistical analyses were 
performed using SPSS version 26.0 (IBM, USA) [1,38].

In silico molecular docking simulation
Five principal bioactive ingredients from these EOs were selected for molecular docking anal-
ysis based on a literature review (Table 1) [32,39–50].

Target protein selection.  Twenty-three druggable target proteins, comprising bacterial 
and fungal proteins associated with biofilm formation, multi-drug resistance mechanisms, 
or virulence, were selected based on their clinical and therapeutic relevance. The protein 
structures were retrieved from the Protein Data Bank (PDB) (S3 Table) [55,56]. The selection 
criteria included their documented roles in antimicrobial resistance and virulence pathways 
and their prior investigation as therapeutic targets in both in vitro and in vivo studies. Proteins 
with well-characterized functions and those linked to pathways targeted by the bioactive 
compounds under investigation were prioritized.

To ensure the reliability of docking simulations, the 3D structures of the selected proteins 
were filtered based on crystallographic resolution, with only structures having a resolution 
of ≤ 2.0 Å included. Additionally, free R values were considered, and only structures with an 
R-free value not exceeding 0.05 (resolution/10) were included to ensure structural accuracy 
[57]. Of the 23 target proteins, 14 were bacterial, and 9 were fungal proteins.
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The AlphaFold Protein Structure Database [58] was utilized for proteins with missing res-
idues in their chains to supplement the 3D structures. Proteins with a high confidence score 
(pLDDT >  90) in AlphaFold were included, ensuring structural completeness and accuracy 
for docking studies.

Docking protocol validation.  A thorough validation process was conducted to ensure the 
reliability and accuracy of the docking protocol. Re-docking experiments were performed by 
docking the co-crystallized ligands of the selected target proteins back into their binding sites. 
The root-mean-square deviation (RMSD) between the predicted and crystallographic poses 
was calculated, with RMSD values ≤ 2.0 Å indicative of successful validation.

Additionally, benchmark ligands with well-documented binding affinities were included 
in the study to validate the docking results’ consistency with experimental data. This step 
ensured that the docking protocol was robust and produced results aligned with established 
experimental evidence, reinforcing the reliability of the docking simulations used in this 
study.

Docking simulations.  Molecular docking simulations of the selected ligands were 
performed using the Molecular Operating Environment (MOE) V2022.02 software 
tool [59–64]. First, the protein structures of the targets were prepared by removing co-
crystallized ligands and water molecules. The 3D structures were corrected for missing 
chain residues by adding hydrogen atoms and assigning protonation states by generating 
conformers. Protonation was performed by adding 80% solvation at pH 7 and 300 K (default 
parameters). Subsequently, energy minimization was performed by computing the forcefield 
Amber10:EHT in the MOE [65–67]. The active site of the target proteins was defined by the 
residues containing the co-crystallized ligand or was located using the site finder tool in the 
MOE. The largest cavity was selected as the binding site based on a higher Propensity for 
Ligand Binding (PLB) score.

The chemical structures of the ligands were retrieved from the PubChem database [68,69], 
and their respective PubChem identification numbers are 3314 for EU, 10281 for TQ, 
637511 for CN, 7794 for CIT, and 6549 for LIN [3,38]. The 3D structures of the ligands were 
built through the Builder application by placing the canonical SMILES of the ligands, followed 

Table 1.  Major bioactive constituents of EOs and their reported antimicrobial activities.

EOs Major Constituents Structures Bioactivities References
CBO Eugenol •	 Antibacterial

•	 Antifungal
[39–42]

BSO Thymoquinone •	 Antibacterial
•	 Antifungal

[43,44]

CNBO Cinnamaldehyde •	 Antibacterial
•	 Antifungal

[32,45,46]

CTLO Citronellal
Linalool

•	 Antifungal [51–54]

https://doi.org/10.1371/journal.pone.0315663.t001

https://doi.org/10.1371/journal.pone.0315663.t001
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by energy minimization using the MMFF94X force field (with parameters 0.0001 gradient, 
10, and 12 cut-off values), and partial charges were applied [70] in MOE. Furthermore, the 
induced fit docking protocol [71] was applied using the default placement method (Triangle 
Matcher) and a scoring function (London dG). Molecular docking simulations were per-
formed with 30 poses generated per ligand, followed by refinement with a refinement number 
of 5. Based on the lowest binding energy value, the best pose for each ligand was selected for 
detailed protein-ligand interaction analysis.

Results

Preliminary antimicrobial activity
Preliminary antimicrobial activity showed that CBO, BSO, CNBO, and CTLO had substantial 
antimicrobial potential against the tested pathogens, except for CTLO, which only had anti-
fungal activity at 10 µL oil/disc. DMSO, the negative control (N), exhibited no antimicrobial 
activity against any tested microorganisms at 10 µL/disc; hence, diluting EOs for MIC, MBC, 
MBIC, and MBEC is acceptable.

The antibacterial activity revealed that CBO, BSO, and CNBO had mean ZIDs in ranges 
of 9.0-20.0 mm, 17.0-46.0 mm, and 13.0-32.0 mm, respectively, against the tested bacteria. 
Similarly, the mean ZIDs for the tested fungi were in ranges of 23.0-32.0 mm, 10.0-11.0 mm, 
36.0-49.0 mm, and 8.0-13.0 mm for CBO, BSO, CNBO, and CTLO, respectively. Furthermore, 
the results showed that S. epidermidis ATCC 12228 was the most susceptible test bacterium 
for CBO, BSO, and CNBO, with mean ZIDs of 20.0 ±  0.2 mm, 46.0 ±  0.3 mm, and 32.0 ±  
0.1 mm, respectively. Furthermore, results showed that P. aeruginosa ATCC 9027 is the least 
susceptible test bacterium for CBO and CNBO, with mean ZIDs of 9.0 ±  0.2 mm and 13.0 ±  
0.3 mm, respectively. In contrast, BSO did not affect Gram-negative bacteria at a concentra-
tion of 10 µL oil/disc (Figs 1–2).

The antifungal activity results showed that CNBO exhibited the most potent antifungal 
activity against the tested fungal strains, with mean ZIDs of 49.0 ±  0.3 mm and 36.0 ±  0.3 mm 
for C. albicans ATCC 10231 and A. niger ATCC 6275, respectively. CBO and BSO demonstrated 
moderate antifungal activity, with mean ZIDs of 32.0 ±  0.3 mm and 11.0 ±  0.3 mm against 
A. niger ATCC 6275, and 23.0 ±  0.3 mm and 10.0 ±  0.3 mm against C. albicans ATCC 10231, 
respectively. CTLO exhibited weaker antifungal activity, with mean ZIDs of 13.0 ±  0.3 mm 
against C. albicans ATCC 10231 and 8.0 ±  0.2 mm against A. niger ATCC 6275 (Figs 1–2).

The selective antifungal activity of CTLO may be attributed to its major components, CIT 
and LIN, which are known to disrupt fungal cell membranes by altering membrane fluidity or 
targeting fungal-specific sterols like ergosterol. However, these components might lack effi-
cacy against bacterial membranes, which possess structural differences such as peptidoglycan 
and lipopolysaccharides that require different disruption mechanisms. In contrast, CNBO’s 
superior antifungal activity can be linked to its high CN content, a phenolic compound with 
strong antimicrobial properties that target both bacterial and fungal membranes. These 
findings suggest that the chemical composition of EOs plays a crucial role in determining 
their spectrum of antimicrobial activity. Thus, based on the preliminary antimicrobial activity 
results, we conclude that CNBO is the most potent, CBO and BSO are moderate, and CTLO is 
the least potent antimicrobial essential oil.

MIC, MBC, MBIC, and MBEC
The MIC values for CBO, BSO, and CNBO against the tested bacteria ranged from 1.56 to 
25.0 µL/mL, 0.78 to 3.125 µL/mL, and 0.78 to 6.25 µL/mL, respectively. The corresponding 
MBC values were between 3.125 and 50.0 µL/mL, 1.56 and 6.25 µL/mL, and 1.56 and 12.50 
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Fig 1.  (A–S): Preliminary antimicrobial activity of EOs against tested microorganisms. This figure illustrates the antimicrobial activity of EOs, where disc A 
represents CBO, disc B represents BSO, disc C represents CNBO, disc D represents CTLO, and disc N represents the negative control (DMSO). The correspond-
ing figures depict the following microorganisms: A =  S. aureus ATCC 29213, B =  S. aureus-CI, C =  MRSA-1, D =  MRSA-2, E =  S. saprophyticus ATCC 43867, 
F =  S. epidermidis ATCC 12228, G =  S. pyogenes-(A) ATCC 19615, H =  S. pneumoniae ATCC 49619, I =  E. faecalis ATCC 29212, J =  B. cereus ATCC 10876, K 
=  E. coli ATCC 25922, L =  K. pneumoniae ATCC 27736, M =  P. aeruginosa ATCC 9027, N =  S. typhimurium ATCC 13311, O =  S. flexneri ATCC 12022, P =  P. 
vulgaris ATCC 6380, Q =  P. mirabilis ATCC 29906, R =  C. albicans ATCC 10231, and S =  A. niger ATCC 6275. Antimicrobial activity is demonstrated by clear 
zones of inhibition surrounding each disc.

https://doi.org/10.1371/journal.pone.0315663.g001

https://doi.org/10.1371/journal.pone.0315663.g001
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µL/mL. These findings are consistent with theoretical expectations that EOs with potent 
antimicrobial compounds, such as EU in CBO, TQ in BSO, and CN in CNBO, would exhibit 
significant inhibitory and bactericidal activities.

For the fungal strain C. albicans ATCC 10231, the MIC values of CBO, BSO, CNBO, and 
CTLO were found to be 0.195 µL/mL, 1.56 µL/mL, 0.195 µL/mL, and 1.56 µL/mL, respectively, 
with corresponding MBC values of 0.39 µL/mL, 3.125 µL/mL, 0.39 µL/mL, and 3.125 µL/mL. 
Similarly, for A. niger ATCC 6275, the MIC values for CBO, BSO, CNBO, and CTLO were 
0.195 µL/mL, 1.56 µL/mL, 0.195 µL/mL, and 0.78 µL/mL, respectively, while the MBC values 
were 0.39 µL/mL, 3.125 µL/mL, 0.39 µL/mL, and 1.56 µL/mL, respectively (Figs 3–6). These 
results align with the theoretical framework, suggesting that oils rich in antifungal compo-
nents, such as EU in CBO, TQ in BSO, CN in CNBO, and CIT in CTLO, are effective at low 
concentrations against fungal pathogens.

Fig 2.  Heatmap illustrating the preliminary antimicrobial activity of EOs and DMSO. This figure presents a 
heatmap showcasing the preliminary antimicrobial activity of EOs and the negative control, DMSO. A value of 6.0 ±  
0.0 indicates no zone of inhibition and, therefore, no antimicrobial activity.

https://doi.org/10.1371/journal.pone.0315663.g002

https://doi.org/10.1371/journal.pone.0315663.g002
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Moreover, the results of MBIC and MBEC demonstrate that these EOs effectively prevent 
biofilm formation and eradicate established biofilms. This is particularly relevant in clinical 
settings, where biofilms contribute to the persistence and resistance of infections. The MBIC 
and MBEC values reinforce the understanding that biofilms require higher concentrations of 
antimicrobial agents, and the oils tested in this study effectively address this challenge.

Statistical analysis
One-way ANOVA analyses revealed that there is a statistically significant difference (p <  
0.05) in the mean antimicrobial values between the groups of tested microbial strains for 
CBO, BSO, CNBO, and CTLO, i.e., CBO; F (18, 38) =  1042.982, p =  0.000, BSO; F (18, 38) =  
8652.648, p =  0.000, CNBO; F (18, 38) =  1796.748, p =  0.000, CTLO; F (18, 38) =  1028.889, p 

Fig 3.  Heatmap illustrating the antimicrobial activity of CBO. This figure presents a heatmap of the antimicrobial 
activity of CBO against test organisms, displaying MIC, MBC, MBIC, and MBEC values in μL/mL. The color gradient 
reflects the concentration, with darker shades indicating higher values while lower values represent greater potency.

https://doi.org/10.1371/journal.pone.0315663.g003

https://doi.org/10.1371/journal.pone.0315663.g003
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=  0.000 (S2 Table). Post-hoc analyses revealed that there is a statistically significant difference 
(p <  0.05) in the mean antimicrobial values between the tested compounds, except for BSO 
and CNBO for MRSA-2 and BSO and CTLO for the Gram-negative bacteria, i.e., BSO and 
CNBO for MRSA-2; p =  1.000 and BSO and CTLO for all the Gram-negative bacteria; p =  
1.000 (S3 Table).

Molecular docking simulation
Molecular docking analysis focused on the interactions between the five major bioactive com-
pounds from the selected EOs and 23 target proteins associated with the selected pathogens. 
Across all key target proteins, the bioactive compounds demonstrated significant overlap with 
critical residues, particularly those involved in catalytic or binding mechanisms, as observed in 

Fig 4.  Heatmap illustrating the antimicrobial activity of BSO. This figure presents a heatmap of the antimicrobial 
activity of BSO against test organisms, displaying MIC, MBC, MBIC, and MBEC values in μL/mL. The color gradient 
reflects the concentration, with darker shades indicating higher values while lower values represent greater potency.

https://doi.org/10.1371/journal.pone.0315663.g004

https://doi.org/10.1371/journal.pone.0315663.g004
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the co-crystal or standard ligand-docked structures. This overlap underscores the accuracy of 
our docking results and reinforces the importance of these interactions in maintaining protein 
function. The binding energies and specific interactions of each selected bioactive compound 
with their respective target proteins are shown in Figs 7 and Table 2. Below is the detailed 
breakdown of molecular docking results:

a)	 EU

•	 5MM8: EU exhibited a robust binding profile with a docking score of -10.48 kcal/mol, 
facilitated by key hydrogen bonds and extensive non-covalent interactions. These interac-
tions significantly contribute to the stability and specificity of the ligand-protein complex. 

Fig 5.  Heatmap illustrating the antimicrobial activity of CNBO. This figure presents a heatmap of the antimicro-
bial activity of CNBO against test organisms, displaying MIC, MBC, MBIC, and MBEC values in μL/mL. The color 
gradient reflects the concentration, with darker shades indicating higher values while lower values represent greater 
potency.

https://doi.org/10.1371/journal.pone.0315663.g005

https://doi.org/10.1371/journal.pone.0315663.g005
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Notably, an unfavorable interaction with Ser132 highlights a potential opportunity for 
ligand optimization to enhance binding efficiency. Furthermore, the hydrophobic pocket, 
reinforced by alkyl and π-alkyl interactions, provided additional stabilization to the ligand 
within the active site (Figs 7-8A, 9, and Table 2).

•	 5UIV: EU demonstrated strong interaction with a docking score of -10.66 kcal/mol, driven 
by critical hydrogen bonds, π-cation/anion interactions, and extensive van der Waals forces. 
Electrostatic and hydrophobic forces (via π-cation and π-alkyl interactions) were pivotal in 
maintaining binding stability. This interaction profile suggests that EU effectively binds to 
the 5UIV protein, highlighting these residues as critical for potential inhibitor design or the 
optimization of EU derivatives (Figs 7-8B, 10, and Table 2).

b)	 TQ

•	 5MM8: TQ exhibited stable and specific binding with a docking score of -9.32 kcal/mol, 
facilitated by key hydrogen bonds with Glu151 and Asn154, as well as significant alkyl and 
π-alkyl interactions with hydrophobic residues such as Pro120, Val4, and Phe149. The pres-
ence of van der Waals interactions with numerous residues further enhanced the stability of 
the ligand-protein complex, making this interaction robust. These diverse interaction types 
highlight a promising binding affinity, suggesting TQ’s potential as an effective inhibitor or 
modulator of the target protein’s function (Figs 7-8C, 11, and Table 2).

•	 5JPF: TQ showed a strong interaction profile with a docking score of -9.09 kcal/mol, sta-
bilized by key hydrogen bonds with residues such as Asn289, Arg386, Tyr437, and Arg261. 

Fig 6.  Heatmap illustrating the antimicrobial activity of CTLO. This figure presents a heatmap of the antimicro-
bial activity of CTLO against test organisms, displaying MIC, MBC, MBIC, and MBEC values in μL/mL. The color 
gradient reflects the concentration, with darker shades indicating higher values while lower values represent greater 
potency.

https://doi.org/10.1371/journal.pone.0315663.g006

https://doi.org/10.1371/journal.pone.0315663.g006
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The addition of π -cation and π-π interactions further contributed to the electrostatic and 
hydrophobic stability of the complex. The involvement of multiple van der Waals interac-
tions ensured the proper orientation of the ligand within the binding pocket. This combina-
tion of interactions suggests that TQ binds effectively to the 5JPF protein, making it a strong 
candidate for further exploration in drug design targeting this protein (Figs 7-8D, 12, and 
Table 2).

c)	 CN

•	 1LMH: CN formed a stable complex with the 1LMH protein, achieving a docking score 
of -8.13 kcal/mol. Key covalent bonds with Gln153 and Asp157 and non-covalent π-π 
T-shaped and π-alkyl interactions with residues such as Arg124 and His125 mediated this 
binding. Additionally, van der Waals interactions contributed to the stability and robustness 
of the ligand-protein complex. These findings suggest CN has a strong affinity for 1LMH, 
making it a promising candidate for further drug design exploration and biological activity 
studies (Figs 7-8E, 13, and Table 2).

Fig 7.  Heatmap illustrating the molecular docking scores of active compounds from EOs. This figure shows a 
heatmap of molecular docking scores (kcal/mol) for active compounds from EOs against target proteins. Lower scores 
indicate stronger binding. Target proteins and compounds are listed on the axes, and the color gradient represents the 
range of docking scores.

https://doi.org/10.1371/journal.pone.0315663.g007

https://doi.org/10.1371/journal.pone.0315663.g007
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Fig 8.   (A–H): 3D ligand-protein interactions in active-site pockets. These figures (A–H) depict the 3D ligand-protein interactions within the active-site pock-
ets of target proteins. The corresponding ligand-protein complexes are as follows: Fig A =  5MM8-EU, Fig B =  5UIV-EU, Fig C =  5MM8-TQ, Fig D =  5JPF-TQ, 
Fig E =  1LMH-CN, Fig F =  5JPF-CN, Fig G =  5UIV-CIT, and Fig H =  1EQP-LIN. All 3D and 2D docked images were generated and visualized using Biovia 
Discovery Studio Visualizer 2021 (https://discover.3ds.com).

https://doi.org/10.1371/journal.pone.0315663.g008

https://discover.3ds.com
https://doi.org/10.1371/journal.pone.0315663.g008
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•	 5JPF: The binding of CN to the 5JPF protein was primarily driven by π-cation interactions 
(with Arg386) and π-π T-shaped interactions (with His231), with a docking score of -7.11 
kcal/mol. Notably, a covalent interaction with Tyr437 suggests a strong and potentially 
irreversible binding event. Extensive van der Waals interactions provided additional stability 
and ensured proper ligand orientation within the binding pocket. The absence of conven-
tional hydrogen bonds indicates that non-covalent interactions are pivotal in maintaining 
the ligand’s binding. This interaction profile highlights CN as a stable and potentially strong 
binder to 5JPF, mainly due to its covalent interaction with Tyr437 (Figs 7-8E, 14, and Table 2).

d)	 CIT

•	 5UIV: CIT formed a stable complex with the 5UIV protein, achieving a docking score of 
-9.43 kcal/mol. This binding was mediated by critical hydrogen bonds with Tyr100, Gln167, 
and Arg92, which are essential for ligand specificity. Additionally, the combination of 
hydrophobic alkyl and π-alkyl interactions with residues such as Phe67, Tyr161, and Leu51 
contributed significantly to the ligand’s stability within the binding pocket. Van der Waals 
interactions further enhanced the orientation and positioning of the ligand. The overall 
interaction profile highlights CIT’s strong binding affinity to the 5UIV protein, making it a 

Fig 9.  2D molecular interactions between EU and 5MM8 (PDB). 2D interactions between EU and 5MM8, high-
lighting hydrogen bonds, van der Waals forces, alkyl, and π-alkyl interactions.

https://doi.org/10.1371/journal.pone.0315663.g009

https://doi.org/10.1371/journal.pone.0315663.g009
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promising candidate for further exploration in drug design and studies targeting this pro-
tein system (Figs 7-8F, 15, and Table 2).

e)	 LIN

•	 1EQP: LIN interacted with the 1EQP protein with a docking score of -8.89 kcal/mol, primarily 
mediated through π-alkyl and van der Waals interactions. The absence of conventional hydro-
gen bonds and covalent interactions suggests that LIN’s binding relies heavily on hydrophobic 
forces, particularly involving aromatic residues such as Phe144, Trp373, and Tyr29. Van der 
Waals interactions further contributed to the stability and proper positioning of the ligand 
within the binding pocket. This interaction profile indicates a moderate binding affinity driven 
by hydrophobic and weak non-covalent forces, making LIN a potential candidate for further 
studies targeting this protein system (Figs 7-8F, 16, and Table 2).

The 3D docking interactions (Fig 8) and 2D molecular interactions (Figs 9–16) visually 
demonstrate the bioactive compounds’ contribution to their antimicrobial properties by tar-
geting essential enzymes in pathogens, thereby inhibiting their growth and survival.

Fig 10.  2D molecular interactions between EU and 5UIV (PDB). 2D molecular interactions between EU and 5UIV, 
showing hydrogen bonds, van der Waals forces, π-cation, π-anion, and π-alkyl interactions.

https://doi.org/10.1371/journal.pone.0315663.g010

https://doi.org/10.1371/journal.pone.0315663.g010
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We validated our computational findings by comparing the binding interactions of the 
selected bioactive compounds with standard or co-crystallized ligands in their respective pro-
tein targets. For the 5MM8 target protein, benzamidine (BMD); for the 5UIV target protein, 
thymidine-5’-phosphate (TMP); for the 5JPF target protein, microcystin-LR (MLR); for the 
1LMH target protein, actinonin (ACT); and for the 1EQP target protein, laminaran (LAM) 
were used as standard ligands (S4 Table). The selection criteria for these ligands were based on 
either co-crystallization data or literature references. The results of this analysis are presented 
below [72–76]:

a)	 BMD with 5MM8: BMD demonstrates robust binding with the 5MM8 protein through con-
ventional hydrogen bonds involving Ser157 and Tyr130, significantly contributing to stabil-
ity. Hydrophobic interactions, including π-alkyl interactions with Pro120, Val4, and Val150, 
further enhance the ligand’s fit within the active site. Additionally, van der Waals interactions 
with Glu151, Ile116, Gly118, Val117, Tyr119, Glu131, Ser132, Lys5, and Phe149 stabilize 
the ligand within the binding pocket. Although an unfavorable donor-donor interaction 

Fig 11.  2D molecular interactions between TQ and 5MM8 (PDB). 2D molecular interactions between TQ and 
5MM8, showing van der Waals forces, conventional hydrogen bonds, alkyl, and π-alkyl interactions.

https://doi.org/10.1371/journal.pone.0315663.g011

https://doi.org/10.1371/journal.pone.0315663.g011


PLOS ONE | https://doi.org/10.1371/journal.pone.0315663  April 24, 2025 19 / 33

PLOS ONE Antimicrobial and antibiofilm potency of four essential oils

with Asn154 suggests potential local steric hindrance, the comprehensive interaction profile 
underscores strong and stable ligand binding (Table 3 and S1 Fig.).

b)	 TMP with 5UIV: The interaction between TMP and the 5UIV protein demonstrates a 
highly stable and specific binding profile, supported by a combination of hydrogen bonds, 
covalent interactions, π-cation and π-alkyl interactions, salt bridges, and van der Waals 
forces. The key residue Arg39 forms a critical hydrogen bond, while Tyr100, Ser96, and 
Glu159 play crucial roles through covalent interactions. Arg92, Lys17, Lys35, Asp13, and 
Asp91 are involved in π-cation interactions and salt bridges, stabilizing the phosphate 
group of TMP. Furthermore, Phe67, Leu51, and Pro37 contribute through π-alkyl and alkyl 
interactions. Van der Waals interactions with Glu162, Tyr161, Gln167, Phe36, and Arg14 
further stabilize the complex. These diverse interactions fine-tune TMP’s position within 
the binding pocket, highlighting its potential as a molecular probe or a promising candi-
date for drug design targeting 5UIV (Table 3 and S2 Fig.).

c)	 MLR with 5JPF: The interaction between MLR and the 5JPF protein is characterized by a 
diverse network of interactions, including hydrogen bonds, alkyl, π-alkyl interactions, salt 
bridges, and van der Waals forces. Critical hydrogen bonds formed by Tyr299, Tyr437, and 

Fig 12.  2D molecular interactions between TQ and 5JPF (PDB). 2D molecular interactions between TQ and 
5JPF, showing van der Waals forces, conventional and carbon-hydrogen bonds, π-cation, π-alkyl, and π-π T-shaped 
interactions.

https://doi.org/10.1371/journal.pone.0315663.g012

https://doi.org/10.1371/journal.pone.0315663.g012
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Glu385 are pivotal in anchoring the ligand within the binding pocket. Attractive charge 
interactions and salt bridges involving His231, Arg261, and Arg386 further stabilize the 
ligand. Val388, Trp371, Cys438, and Val415 contribute to hydrophobic alkyl and π-alkyl 
interactions. Additional van der Waals interactions with Asn367, Val360, Pro361, Asp362, 
Asn294, Gly387, Val298, Val295, Asn289, His290, and Phe441 further enhance the stability 
and precise orientation of the ligand. This comprehensive interaction profile underscores 
the strong binding affinity between MLR and 5JPF, highlighting its potential as a candidate 
for structural and drug design studies (Table 3 and S3 Fig.).

d)	 ACT with 1LMH: The interaction between ACT and 1LMH is driven by a combination 
of hydrogen bonds, carbon-hydrogen bonds, π-alkyl interactions, and van der Waals 
forces. Arg124 forms a critical hydrogen bond, while His98 and Ile95 participate in 
carbon-hydrogen bonding. π-Alkyl interactions involve His125, contributing to hydropho-
bic stability. Additionally, Val122, Asp157, Gln153, Asn160, Ile156, Lys94, Val96, Ser97, 
Glu102, His123, and His167 are involved in van der Waals interactions, further stabilizing 
the ligand within the binding pocket. This diverse combination of interactions ensures 
a robust binding profile, making ACT a promising candidate for further drug design or 
structural studies targeting the 1LMH protein (Table 3 and S4 Fig).

e)	 LIM with 1EQP: The binding of LIM to 1EQP is characterized by a network of strong 
hydrogen bonds formed by residues Asn146, Asp145, Glu192, Arg312, Tyr153, Arg309, 
Asp151, Leu304, and Glu292, which stabilize the polar groups of the ligand. Carbon-
hydrogen bonding involves Glu27 and Gly143, adding further stabilization. Van der 
Waals interactions with Tyr29, His135, Trp363, Tyr255, Trp373, Phe258, Asn305, Phe144, 
Arg150, Tyr317, and Phe229 contribute to the overall stability of the ligand in the active 

Fig 13.  2D molecular interactions between CN and 1LMH (PDB). 2D molecular interactions between CN and 
1LMH, showing van der Waals forces, carbon-hydrogen bonds, π-alkyl, and π-π T-shaped.

https://doi.org/10.1371/journal.pone.0315663.g013

https://doi.org/10.1371/journal.pone.0315663.g013
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site. This comprehensive interaction profile highlights a stable binding configuration, posi-
tioning LIM as a strong candidate for further ligand-protein interaction studies targeting 
1EQP (Table 3 and S5 Fig.).

Discussion

MDR pathogen
MDR pathogens have emerged as a significant global threat to public health, particularly in 
developing countries, owing to inadequate healthcare facilities and hygiene practices. These 
pathogens are characterized by their ability to resist the effects of several antibiotics, making 
them difficult to treat and increasing the risk of morbidity and mortality in infected individ-
uals. The increase in MDR pathogens is attributed to the overuse and misuse of antibiotics, 
which leads to the selection of resistant strains. The horizontal transfer of resistance genes 
between different bacteria and the lack of new antibiotics exacerbate this problem. MDR 
pathogens can cause various infections, including bloodstream infections, pneumonia, urinary 
tract infections, and wound infections, and they are associated with increased healthcare costs 
and prolonged hospital stays [1,77]. Thus, there is an urgent need to identify new strategies for 
controlling the spread of MDR infections.

Fig 14.  2D molecular interactions between CN and 1JPF (PDB). 2D molecular interactions between CN and 1JPF, 
showing van der Waals forces, π-cation, π-π T-shaped interactions, and π-donor hydrogen bonds.

https://doi.org/10.1371/journal.pone.0315663.g014

https://doi.org/10.1371/journal.pone.0315663.g014


PLOS ONE | https://doi.org/10.1371/journal.pone.0315663  April 24, 2025 22 / 33

PLOS ONE Antimicrobial and antibiofilm potency of four essential oils

Importance of EOs and mechanisms of action
Many reports have suggested that plant-based products like EOs have substantial antimi-
crobial potential and could treat various human infections, including MDR [22,41,78]. EOs 
exert antibacterial and antifungal effects through various mechanisms that disrupt the normal 
functioning of microbial cells. These mechanisms include:

•	 Cell Membrane Disruption: EOs contain compounds such as terpenes and phenols that 
can interact with the lipid bilayer of microbial cell membranes, causing increased perme-
ability. This leads to the leakage of essential cellular contents, ultimately resulting in cell 
death [79].

•	 Interference with Enzymatic Activity: Certain EO components can inhibit key enzymes 
involved in microbial metabolism. For instance, phenolic compounds such as EU (found in 
clove oil) can inhibit enzymes that are critical for cell wall synthesis or energy production, 
impeding the microorganism’s ability to survive [79].

Fig 15.  2D molecular interactions between CIT and 5UIV (PDB). 2D molecular interactions between CIT and 
5UIV, showing van der Waals forces, conventional hydrogen bonds, alkyl, and π-alkyl interactions.

https://doi.org/10.1371/journal.pone.0315663.g015

https://doi.org/10.1371/journal.pone.0315663.g015
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•	 Oxidative Stress Induction: EOs can generate reactive oxygen species (ROS) within 
microbial cells, leading to oxidative stress. This damages proteins, lipids, and DNA, further 
contributing to the antimicrobial action [80].

•	 Disruption of Quorum Sensing: EOs may also interfere with quorum sensing, a process by 
which bacteria communicate and coordinate their activities, including biofilm formation. 
By disrupting this communication, EOs can prevent the establishment and maintenance of 
biofilms, which are protective layers that render bacteria more resistant to antibiotics [79].

These multifaceted mechanisms contribute to the broad-spectrum antimicrobial and anti-
biofilm activities of EOs, making them promising agents against MDR pathogens.

Purpose of the study
In this context, the current study investigated the in vitro antimicrobial and antibiofilm poten-
tial of four EOs—CBO, BSO, CNBO, and CTLO—against 19 selected pathogens, including 
MDR pathogens. Additionally, molecular docking simulations of five active ingredients (CN, 
EU, TQ, CIT, and LIN) of these EOs were performed against 23 microbial target proteins to 
validate their bioactivities. To validate the findings of this study, the antimicrobial and antibio-
film activities of the tested EOs were compared with those reported in previous studies.

Fig 16.  2D molecular interactions between LIN and 1EQP (PDB). 2D molecular interactions between LIN and 
1EQP, showing van der Waals forces, alkyl, and π-alkyl interactions.

https://doi.org/10.1371/journal.pone.0315663.g016

https://doi.org/10.1371/journal.pone.0315663.g016
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Comparison to literature
Many studies have highlighted the substantial antimicrobial and antibiofilm potentials of 
CBO, BSO, CNBO, and CTLO against various human pathogens, including MDR strains 
[11,22,24,44,78,81–89]. For example, Gupta and Prakash reported that CBO exhibits notable 
antimicrobial activity against Streptococcus mutans, Streptococcus salivarius, Lactobacillus 
spp., Bacillus spp., Micrococcus spp., S. aureus, Halobacterium spp., Veilonella spp., P. aerugi-
nosa, Pseudomonas spp., A. niger, A. fumigatus, Aspergillus sp., Alternaria sp., Rhizomucor sp., 
Rhizopus sp., and Penicillium sp., with mean ZIDs ranging from 9.0 to 19.0 mm for bacteria 
and 28.0 to 42.0 mm for fungi using the well-diffusion method with 50 µL oil/well [90].These 
findings align with our results, where CBO exhibited ZIDs ranging from 9.0 to 20.0 mm for 

Table 3.  Co-crystallized/standard ligand-protein interaction analyses for the selected proteins.

Target Protein with 
Co-Crystallized/
Standard Ligand

Residues Involved in 
Conventional H-Bonds

Residues Involved in 
Covalent Interactions 
(C-C, C-O, C-H, and C-N)

Residues Involved in Non-Covalent Interac-
tions (Alkyl, Pi-Alkyl, Pi-Cation, Pi-Anion, 
Pi-Pi T Shaped, Pi-Sigma, Pi-Donor Hydrogen, 
and Pi-Sulphur)

Residues Involved in van der 
Waals Interactions

5MM8-BMD Ser157, Tyr130 – Pro120, Val150, Val4 Glu151, Ile116, Gly118, Val117, 
Tyr119, Glu131, Ser132, Lys5, 
Phe149

5UIV-TMP Arg39 Tyr100, Ser96, Glu159 Pro37, Leu51, Phe67, Arg92, Lys35, Lys17, 
Asp13, Asp91

Glu162, Tyr161, Gln167, Phe36, 
Arg14

5JPF- MLR Tyr 299, Tyr437, Glu385 – Val388, Trp371, Cys438, Val415, His231, Arg386, 
Arg261,

Asn367, Val360, Pro361, Asp362, 
Asn294, Gly387, Val298, Val295, 
Asn289, His290, Phe441

1LMH-ACT Arg124 His98, Ile95 His125 His123, His167, Val122, Asp157, 
Gln153, Asn160, Ile156, Lys94, 
Val96, Ser97, Glu102

1EQP-LAM Asn146, Asp145, Glu192, 
Arg312, Tyr 153, Arg309, 
Asp151, Glu292, Leu304

Gly143, Glu27 – Tyr29, Phe229, Tyr317, Arg150, 
Trp373, Asn305, Phe144, Phe258, 
Try255, Trp363, His135

https://doi.org/10.1371/journal.pone.0315663.t003

Table 2.  Ligand–protein interaction analyses for selected ligand-protein docked systems.

Target Protein 
with Selected 
Ligand

Residues Involved 
in Conventional 
H-Bonds

Residues Involved in 
Covalent Interactions 
(C-C, C-O, C-H, and C-N)

Residues Involved in Non-Covalent Interactions 
(Alkyl, Pi-Alkyl, Pi-Cation, Pi-Anion, Pi-Pi T Shaped, 
Pi-Sigma, Pi-Donor Hydrogen, and Pi-Sulphur)

Residues Involved in van der Waals 
Interactions

5MM8-EU Phe149 Ser157 Pro120, Val150, Val4, Tyr130, Ile116 Glu131, Asn154, Val117, Gly118, 
Tyr119, Glu151, Glu1

5UIV-EU Lys35 Asp13 Arg39, Glu159, Arg92, Tyr100 Gly157, Gly155, Glu162, Tyr161, Ser96, 
Lys17, Pro37, Phe36, Phe67, Leu51

5MM8-TQ Glu151, Asn154 – Pro120, Val4, Val150, Phe149 Glu1, Ile116, Glu131, Ser132, Val117, 
Gly118, Tyr119, Ser157, Tyr130

5JPF-TQ Asn289, Arg386, 
Arg261, Tyr437

His290, His413 Trp371, Tyr299, His231 His338, Asp257, Asp229, Phe432, 
Met441

1LMH-CN – Gln153, Asp157 Arg124, His125 Glu102, His123, His167, Ile156, Ile95
5JPF-CN – Tyr437 Arg386, His231 Val415, Met414, Phe432, Asp229, 

His413, His290, Asn289, Trp371, 
His338, Asp257, Val295, Arg261, Tyr229

5UIV-CIT Tyr100, Gln167, 
Arg92

– Phe67, Tyr161, Leu51 Gly97, Ser96, Arg71, Asp13, Glu162, 
Glu159, Arg39, Pro37

1EQP-LIN – – Phe144, Trp373, Tyr29, Leu304, Phe258, Tyr255, 
Phe229

Glu192, Trp363, Glu27, Asp145, 
Glu292, Asn146, His253

https://doi.org/10.1371/journal.pone.0315663.t002

https://doi.org/10.1371/journal.pone.0315663.t003
https://doi.org/10.1371/journal.pone.0315663.t002
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bacteria and 23.0 to 32.0 mm for fungi using the disc-diffusion method with 10 µL oil/disc. 
Similarly, Ahmad et al. demonstrated CBO’s antifungal activity against Candida albicans, 
corroborating our findings [89]. For E. coli, Mejía-Argueta et al. reported a mean ZID of 
15.59 mm using the disc-diffusion method with 10 µL oil/disc, comparable to our findings of 
a mean ZID of 14.0 ±  0.2 mm, along with MIC and MBC values of 3.125 µL/mL and 6.25 µL/
mL, respectively [30].

Naveed et al. demonstrated that CBO and CNBO exhibit potent antimicrobial activity 
against S. typhi, S. paratyphi-A, E. coli, S. aureus, Bacillus licheniformis, and Pseudomonas 
fluorescens (P. fluorescens), with CNBO outperforming CBO [84]. These results corroborate 
our study, where CNBO was found to have superior antimicrobial activity against all tested 
pathogens, including S. typhimurium and P. aeruginosa. Similarly, Aumeeruddy-Elalfia et al. 
highlighted CNBO’s efficacy against Acinetobacter sp., K. pneumoniae, P. vulgaris, E. faecalis, 
S. aureus, and S. epidermidis, with MIC values of 8.0 mg/mL, 2.0 mg/mL, 8.0 mg/mL, 4.0 mg/
mL, 0.5 mg/mL, and 1.0 mg/mL, respectively, consistent with our findings [91]. Mohammed 
et al. reported that BSO has substantial activity against Gram-positive bacteria, including S. 
aureus, MRSA, B. subtilis, and B. cereus, with ZIDs ranging from 6.75 to 15.75 mm using 100 
µL oil/well [31]. These findings align with our results, where BSO exhibited potent antimicro-
bial activity against Gram-positive bacteria, with ZIDs ranging from 17.0 to 46.0 mm using 10 
µL oil/disc. Forouzanfar et al. reported that BSO has substantial antimicrobial activity against 
S. aureus (ATCC 29737), E. coli (ATCC 8739), and various species of plant fungi [44]. These 
results partially corroborated our results. [44]. Regarding CTLO, Burt reported its antimicro-
bial activity against E. coli, S. typhimurium, and S. aureus, with MIC values between 0.6 and 
2.5 µL/mL [92]. In contrast, our study observed no antibacterial activity for CTLO but signifi-
cant antifungal activity against C. albicans and A. niger, with MIC values of 0.78–1.56 µL/mL.

The in vitro MBIC and MBEC results demonstrated the strong antibiofilm potential of the 
tested EOs against all pathogens, highlighting their ability to prevent biofilm formation and erad-
icate established biofilms. This aligns with the molecular docking results, which revealed robust 
interactions between the bioactive compounds and biofilm-associated proteins. For example, EU’s 
high binding affinity with 5MM8 (-10.48 kcal/mol) and 5UIV (-10.66 kcal/mol), driven by stabiliz-
ing hydrogen bonds and hydrophobic interactions, correlates with its superior in vitro antibiofilm 
activity. Similarly, CN exhibited strong docking interactions with 1LMH (-8.13 kcal/mol) and 5JPF 
(-7.11 kcal/mol), supporting its efficacy in biofilm disruption and eradication. TQ’s robust binding 
with 5JPF (-9.09 kcal/mol) further validates its ability to target biofilm-forming bacteria effectively. 
In contrast, CIT and LIN demonstrated moderate docking affinities, relying on hydrophobic inter-
actions, which align with their relatively lower antibiofilm activity observed in vitro. These findings 
provide a mechanistic explanation for the antibiofilm efficacy of these EOs, emphasizing the role of 
molecular interactions in their biofilm-targeting capabilities.

Regarding antibiofilm activity, Somrani et al. reported that CBO effectively inhibited 
biofilms of Listeria monocytogenes (L. monocytogenes) and Salmonella enteritidis (S. enter-
itidis) by up to 61.8% and 49.8%, respectively, at MIC concentrations (0.05 mg/mL for L. 
monocytogenes and 0.1 mg/mL for S. enteritidis) [93]. Similarly, our study demonstrated 
substantial antibiofilm activity for CBO against all tested pathogens, including Gram-positive 
and Gram-negative bacteria and fungi. For BSO, our study provides the first report of its anti-
biofilm activity against Gram-positive bacterial and fungal strains. Additionally, Jeong et al. 
reported CNBO’s antibiofilm efficacy against multispecies oral biofilms at a 5% (v/v) concen-
tration [94], corroborating our findings that CNBO exhibits robust antibiofilm activity across 
all tested organisms. In contrast, Guandalini et al. showed CTLO’s antibiofilm activity against 
S. aureus and C. albicans [95], which partially aligns with our findings, as CTLO exhibited 
antibiofilm activity only against fungal strains in our study.
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These results collectively highlight the broad-spectrum antimicrobial and antibiofilm 
potentials of CBO, BSO, and CNBO. However, CTLO’s efficacy appears limited to fungal 
pathogens, suggesting its activity is more specific and dependent on its chemical composition. 
This specificity reinforces the importance of understanding the molecular mechanisms and 
chemical profiles of EOs to optimize their applications against various pathogens.

These observed activities can be further explained by the molecular docking results, which 
provide insights into the specific mechanisms of action of the active ingredients.

Mechanistic insights and antifungal activity
The superior antimicrobial and antibiofilm activities of CNBO, CBO, and BSO can be 
attributed to their respective active ingredients, which showed strong molecular interactions 
with microbial targets.

•	 CN demonstrated high binding affinities with proteins like 1LMH (-8.13 kcal/mol) and 
5JPF (-7.11 kcal/mol). These interactions were mediated by π-cation, π-π T-shaped, and 
van der Waals forces, which target microbial enzymatic activity and disrupt cell walls. CN’s 
strong antibiofilm and antifungal activity are likely due to its ability to target fungal sterols 
like ergosterol and induce oxidative stress. This is supported by CNBO’s potent activity, 
with MIC values as low as 0.195 µL/mL against fungal strains like C. albicans and A. niger.

•	 EU exhibited robust binding with 5MM8 (-10.48 kcal/mol) and 5UIV (-10.66 kcal/mol) 
through hydrogen bonds and hydrophobic interactions, correlating with its strong anti-
biofilm activity. Its ability to disrupt quorum sensing and generate oxidative stress further 
supports its activity against biofilm-forming bacteria. CBO, which contains EU, showed 
substantial activity against Gram-positive and fungal strains, with MIC values ranging 
between 0.195–3.125 µL/mL.

•	 TQ showed strong binding to 5JPF (-9.09 kcal/mol) and 5MM8 (-9.32 kcal/mol), mediated 
by hydrogen bonds and van der Waals forces. Its ability to interact with biofilm-associated 
proteins and disrupt microbial metabolic pathways explains BSO’s efficacy, particularly its 
potent antibiofilm activity reported for the first time in this study.

•	 CIT demonstrated moderate binding affinities with 5UIV (-9.43 kcal/mol) through hydro-
gen bonds with key residues like Tyr100 and Arg92. Its relatively weaker activity against 
Gram-negative bacteria and biofilms aligns with its dependence on hydrophobic interac-
tions, which are less effective against bacteria with protective outer membranes.

•	 LIN showed weaker binding with proteins like 1EQP (-8.89 kcal/mol), relying on hydro-
phobic and van der Waals interactions. Its moderate antibiofilm activity corresponds to 
its inability to form strong hydrogen bonds or covalent interactions, limiting its efficacy 
compared to CN and EU.

These mechanistic insights connect the observed bioactivities of the EOs to the molecu-
lar interactions of their active ingredients, highlighting their potential for combating MDR 
pathogens and biofilm-associated infections.

Gram-negative bacteria susceptibility
Gram-negative bacteria were generally less susceptible to the tested EOs than Gram-positive 
bacteria. This reduced susceptibility can be attributed to the protective outer membrane and 
lipopolysaccharide (LPS) layer in Gram-negative bacteria, which act as barriers to the pen-
etration of hydrophobic EO components. For instance, while BSO exhibited potent activity 
against Gram-positive bacteria, its efficacy against Gram-negative pathogens was lower. 
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Similarly, CTLO lacked antibacterial activity entirely but demonstrated significant antifungal 
activity, further emphasizing the role of membrane composition in determining susceptibility.

Advancing knowledge
The study effectively integrates in vitro antimicrobial and antibiofilm activity data with 
molecular docking insights, providing mechanistic explanations for the observed efficacy of 
EOs. The notable antimicrobial and antibiofilm activities of CNBO, BSO, and CBO highlight 
their strong potential as alternative therapeutic agents for combating MDR pathogens and 
biofilm-associated infections, with CTLO showing promise against fungal pathogens.

Practical applications
The findings suggest several practical applications for these EOs. Their broad-spectrum anti-
microbial and antibiofilm activities make them suitable for use in:

•	 Healthcare Settings: As antimicrobial coatings for medical devices, wound care formula-
tions, or disinfectant solutions to combat MDR pathogens and biofilm-associated infections.

•	 Pharmaceutical Industry: Development of antifungal therapies or natural preservatives for 
pharmaceutical products.

•	 Food and Agriculture: Preserving food products and treating fungal plant infections.

These findings demonstrate the efficacy of EOs as potential alternatives to synthetic 
antimicrobials and highlight their versatility in addressing global challenges posed by MDR 
infections in healthcare and agriculture.

Conclusions
In conclusion, the emergence of MDR pathogens has become a global public health threat, 
necessitating the search for novel and effective antimicrobial agents. This study evaluated 
the in vitro and in silico antimicrobial and antibiofilm potentials of EOs derived from S. 
aromaticum L., N. sativa L., C. zeylanicum, and P. citrosum against selected human patho-
gens, including MDR pathogens. These findings suggest that these EOs have promising 
antimicrobial and antibiofilm activities, with the highest activity observed for CBO, BSO, 
and CNBO against S. epidermidis. In contrast, CNBO exhibited the highest antifungal 
activity against the tested fungi. Molecular docking results further validated the antimicro-
bial potential of these EOs, highlighting their ability to interact with the target proteins of 
several pathogens.

The translational potential of these EOs lies in their utility as alternative or complementary 
therapies for tackling MDR infections, particularly MDR biofilms, which are difficult to treat 
with conventional antibiotics. Their broad-spectrum activity underscores their applicability in 
healthcare, pharmaceutical, and agricultural settings.

Limitations
While these findings are promising, this study has some limitations. Specifically, we could 
not test the synergistic effects between EOs, which could provide additional insights into 
their combined efficacy. Furthermore, the lack of in vivo validation limits the direct clinical 
applicability of these results. Future research should address these limitations by exploring EO 
synergism and conducting in vivo studies to confirm safety and efficacy.

Overall, the findings of this study offer valuable insights into the potential use of EOs as 
alternative or complementary therapies for MDR infections, highlighting the need for further 
research to explore their translational potential fully.



PLOS ONE | https://doi.org/10.1371/journal.pone.0315663  April 24, 2025 28 / 33

PLOS ONE Antimicrobial and antibiofilm potency of four essential oils

Supporting information
S1 Fig.  Interactions between BMD (ligand) and 5MM8 (protein). 
(TIF)

S2 Fig.  Interactions between TMP (ligand) and 5UIV (protein). 
(TIF)

S3 Fig.  Interactions between MLR (ligand) and 5JPF (protein). 
(TIF)

S4 Fig.  Interactions between ACT (ligand) and 1LMH (protein). 
(TIF)

S5 Fig.  Interactions between LIM (ligand) and 1EQP (protein). 
(TIF)

S1 Table.  Proteins (enzymes) selected for in silico molecular docking studies of  
active ingredients from CBO, BSO, CNBO, and CTLO targeting bacterial and fungal 
pathways. 
(PDF)

S2 Table.  One-way ANOVA of antimicrobial activity of essential oils against tested 
microorganisms. 
(PDF)

S3 Table.  Post Hoc analysis of antimicrobial activity of essential oils against tested 
microorganisms. 
(PDF)

S4 Table.  The selected target proteins and their standard/co-crystallized ligands. 
(PDF)

Author contributions
Conceptualization: Kamal Ahmad Qureshi.
Data curation: Kamal Ahmad Qureshi, Humaira Ismatullah.
Formal analysis: Kamal Ahmad Qureshi, Adil Parvez, Humaira Ismatullah, Hanan 

Almahasheer.
Funding acquisition: Osamah Al Rugaie.
Investigation: Kamal Ahmad Qureshi, Adil Parvez, Humaira Ismatullah, Hanan 

Almahasheer.
Methodology: Kamal Ahmad Qureshi, Humaira Ismatullah.
Project administration: Kamal Ahmad Qureshi.
Software: Kamal Ahmad Qureshi, Adil Parvez, Humaira Ismatullah.
Supervision: Kamal Ahmad Qureshi.
Validation: Kamal Ahmad Qureshi, Adil Parvez, Humaira Ismatullah, Osamah Al Rugaie.
Visualization: Kamal Ahmad Qureshi, Adil Parvez, Humaira Ismatullah.
Writing – original draft: Kamal Ahmad Qureshi, Humaira Ismatullah.
Writing – review & editing: Kamal Ahmad Qureshi, Adil Parvez, Humaira Ismatullah, Hanan 

Almahasheer, Osamah Al Rugaie.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315663.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315663.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315663.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315663.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315663.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315663.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315663.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315663.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315663.s009


PLOS ONE | https://doi.org/10.1371/journal.pone.0315663  April 24, 2025 29 / 33

PLOS ONE Antimicrobial and antibiofilm potency of four essential oils

References
	 1.	 Qureshi KA, Bholay AD, Rai PK, Mohammed HA, Khan RA, Azam F, et al. Isolation, characteriza-

tion, anti-MRSA evaluation, and in-silico multi-target anti-microbial validations of actinomycin X2 and 
actinomycin D produced by novel Streptomyces smyrnaeus UKAQ_23. Sci Rep. 2021;11(1):14539. 
https://doi.org/10.1038/s41598-021-93285-7 PMID: 34267232

	 2.	 Mulyaningsih S, Sporer F, Reichling J, Wink M. Antibacterial activity of essential oils from Euca-
lyptus and of selected components against multidrug-resistant bacterial pathogens. Pharm Biol. 
2011;49(9):893–9. https://doi.org/10.3109/13880209.2011.553625 PMID: 21591991

	 3.	 Qureshi KA, Imtiaz M, Parvez A, Rai PK, Jaremko M, Emwas A-H, et al. In vitro and in silico 
approaches for the evaluation of antimicrobial activity, time-kill kinetics, and anti-biofilm potential of 
thymoquinone (2-methyl-5-propan-2-ylcyclohexa-2,5-diene-1,4-dione) against selected human patho-
gens. Antibiotics (Basel). 2022;11(1):79. https://doi.org/10.3390/antibiotics11010079 PMID: 35052956

	 4.	 Ansari N, Yazdian-Robati R, Shahdordizadeh M, Wang Z, Ghazvini K. Aptasensors for quantita-
tive detection of Salmonella Typhimurium. Anal Biochem. 2017;53318–25. https://doi.org/10.1016/j.
ab.2017.06.008 PMID: 28624297

	 5.	 Mabanglo MF, Hast MA, Lubock NB, Hellinga HW, Beese LS. Crystal structures of the fungal patho-
gen Aspergillus fumigatus protein farnesyltransferase complexed with substrates and inhibitors reveal 
features for antifungal drug design. Protein Sci. 2014;23(3):289–301. https://doi.org/10.1002/pro.2411 
PMID: 24347326

	 6.	 Antimicrobial Resistance: A Global Threat. United Nations Environment Programme. 17 Sep 2020 
[cited 25 Sep 2024]. Available from: https://www.unep.org/topics/chemicals-and-pollution-action/
pollution-and-health/antimicrobial-resistance-global-threat

	 7.	 Salam MA, Al-Amin MY, Salam MT, Pawar JS, Akhter N, Rabaan AA, et al. Antimicrobial resistance: 
a growing serious threat for global public health. Healthcare (Basel). 2023;11(13):1946. https://doi.
org/10.3390/healthcare11131946 PMID: 37444780

	 8.	 Pancu DF, Scurtu A, Macasoi IG, Marti D, Mioc M, Soica C, et al. Antibiotics: conventional therapy 
and natural compounds with antibacterial activity-A pharmaco-toxicological screening. Antibiotics 
(Basel). 2021;10(4):401. https://doi.org/10.3390/antibiotics10040401 PMID: 33917092

	 9.	 Liu Q, Meng X, Li Y, Zhao C-N, Tang G-Y, Li H-B. Antibacterial and antifungal activities of spices. Int J 
Mol Sci. 2017;18(6):1283. https://doi.org/10.3390/ijms18061283 PMID: 28621716

	10.	 Vuong QV, Chalmers AC, Jyoti Bhuyan D, Bowyer MC, Scarlett CJ. Botanical, phytochemical, and 
anticancer properties of the eucalyptus species. Chem Biodivers. 2015;12(6):907–24. https://doi.
org/10.1002/cbdv.201400327 PMID: 26080737

	11.	 Mathew S, Abraham TE. Studies on the antioxidant activities of cinnamon (Cinnamomum verum) bark 
extracts, through various in vitro models. Food Chemistry. 2006;94(4):520–8. https://doi.org/10.1016/j.
foodchem.2004.11.043

	12.	 Koetter U, Barrett M, Lacher S, Abdelrahman A, Dolnick D. Interactions of Magnolia and Ziziphus 
extracts with selected central nervous system receptors. J Ethnopharmacol. 2009;124(3):421–5. 
https://doi.org/10.1016/j.jep.2009.05.040 PMID: 19505549

	13.	 Bey-Ould Si Said Z, Haddadi-Guemghar H, Boulekbache-Makhlouf L, Rigou P, Remini H, Adjaoud 
A, et al. Essential oils composition, antibacterial and antioxidant activities of hydrodistillated 
extract of Eucalyptus globulus fruits. Ind Crops Prod. 2016;89:167–75. https://doi.org/10.1016/j.
indcrop.2016.05.018

	14.	 Khiralla A, Spina R, Varbanov M, Philippot S, Lemiere P, Slezack-Deschaumes S, et al. Evaluation of 
antiviral, antibacterial and antiproliferative activities of the endophytic fungus curvularia papendorfii, 
and isolation of a new polyhydroxyacid. Microorganisms. 2020;8(9):1353. https://doi.org/10.3390/
microorganisms8091353 PMID: 32899776

	15.	 Gurib-Fakim A. Medicinal plants: traditions of yesterday and drugs of tomorrow. Mol Aspects Med. 
2006;27(1):1–93. https://doi.org/10.1016/j.mam.2005.07.008 PMID: 16105678

	16.	 Silva J, Abebe W, Sousa SM, Duarte VG, Machado MIL, Matos FJA. Analgesic and anti-inflammatory 
effects of essential oils of Eucalyptus. J Ethnopharmacol. 2003;89(2–3):277–83. https://doi.
org/10.1016/j.jep.2003.09.007 PMID: 14611892

	17.	 Ostad Asiaei E, Moghimipour E, Fakoor MH. Evaluation of antimicrobial activity of eucalyptus camal-
dulensis essential oil against the growth of drug-resistant bacteria. Jundishapur J Nat Pharm Prod. 
2017;13(4):. https://doi.org/10.5812/jjnpp.65050

	18.	 Phan TT, Wang L, See P, Grayer RJ, Chan SY, Lee ST. Phenolic compounds of Chromolaena odorata 
protect cultured skin cells from oxidative damage: implication for cutaneous wound healing. Biol 
Pharm Bull. 2001;24(12):1373–9. https://doi.org/10.1248/bpb.24.1373 PMID: 11767105

https://doi.org/10.1038/s41598-021-93285-7
http://www.ncbi.nlm.nih.gov/pubmed/34267232
https://doi.org/10.3109/13880209.2011.553625
http://www.ncbi.nlm.nih.gov/pubmed/21591991
https://doi.org/10.3390/antibiotics11010079
http://www.ncbi.nlm.nih.gov/pubmed/35052956
https://doi.org/10.1016/j.ab.2017.06.008
https://doi.org/10.1016/j.ab.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28624297
https://doi.org/10.1002/pro.2411
http://www.ncbi.nlm.nih.gov/pubmed/24347326
https://www.unep.org/topics/chemicals-and-pollution-action/pollution-and-health/antimicrobial-resistance-global-threat
https://www.unep.org/topics/chemicals-and-pollution-action/pollution-and-health/antimicrobial-resistance-global-threat
https://doi.org/10.3390/healthcare11131946
https://doi.org/10.3390/healthcare11131946
http://www.ncbi.nlm.nih.gov/pubmed/37444780
https://doi.org/10.3390/antibiotics10040401
http://www.ncbi.nlm.nih.gov/pubmed/33917092
https://doi.org/10.3390/ijms18061283
http://www.ncbi.nlm.nih.gov/pubmed/28621716
https://doi.org/10.1002/cbdv.201400327
https://doi.org/10.1002/cbdv.201400327
http://www.ncbi.nlm.nih.gov/pubmed/26080737
https://doi.org/10.1016/j.foodchem.2004.11.043
https://doi.org/10.1016/j.foodchem.2004.11.043
https://doi.org/10.1016/j.jep.2009.05.040
http://www.ncbi.nlm.nih.gov/pubmed/19505549
https://doi.org/10.1016/j.indcrop.2016.05.018
https://doi.org/10.1016/j.indcrop.2016.05.018
https://doi.org/10.3390/microorganisms8091353
https://doi.org/10.3390/microorganisms8091353
http://www.ncbi.nlm.nih.gov/pubmed/32899776
https://doi.org/10.1016/j.mam.2005.07.008
http://www.ncbi.nlm.nih.gov/pubmed/16105678
https://doi.org/10.1016/j.jep.2003.09.007
https://doi.org/10.1016/j.jep.2003.09.007
http://www.ncbi.nlm.nih.gov/pubmed/14611892
https://doi.org/10.5812/jjnpp.65050
https://doi.org/10.1248/bpb.24.1373
http://www.ncbi.nlm.nih.gov/pubmed/11767105


PLOS ONE | https://doi.org/10.1371/journal.pone.0315663  April 24, 2025 30 / 33

PLOS ONE Antimicrobial and antibiofilm potency of four essential oils

	19.	 Akram NA, Saleem MH, Shafiq S, Naz H, Farid-ul-Haq M, Ali B, et al. Phytoextracts as crop biostim-
ulants and natural protective agents—a critical review. Sustainability. 2022;14(21):14498. https://doi.
org/10.3390/su142114498

	20.	 Sytar O, Smetanska I. Special issue “bioactive compounds from natural sources (2020, 2021)”. Mole-
cules. 2022;27(6):1929. https://doi.org/10.3390/molecules27061929

	21.	 Al-Bayati FA, Mohammed MJ. Isolation, identification, and purification of cinnamaldehyde from 
Cinnamomum zeylanicumbark oil. An antibacterial study. Pharm Biol. 2009;47(1):61–6. https://doi.
org/10.1080/13880200802430607

	22.	 Qureshi KA, Mohammed SAA, Khan O, Ali HM, El-Readi MZ, Mohammed HA. Cinnamaldehyde- 
Based Self-Nanoemulsion (CA-SNEDDS) accelerates wound healing and exerts antimicrobial, antiox-
idant, and anti-inflammatory effects in rats’ skin burn model. Molecules. 2022;27(16):5225. https://doi.
org/10.3390/molecules27165225 PMID: 36014463

	23.	 Darakhshan S, Bidmeshki Pour A, Hosseinzadeh Colagar A, Sisakhtnezhad S. Thymoquinone and its 
therapeutic potentials. Pharmacol Res. 2015;95–96138–58. https://doi.org/10.1016/j.phrs.2015.03.011 
PMID: 25829334

	24.	 Qureshi KA, Imtiaz M, Al Nasr I, Koko WS, Khan TA, Jaremko M, et al. Antiprotozoal activity of thymo-
quinone (2-isopropyl-5-methyl-1,4-benzoquinone) for the treatment of leishmania major-induced leish-
maniasis: in silico and in vitro studies. Antibiotics (Basel). 2022;11(9):1206. https://doi.org/10.3390/
antibiotics11091206 PMID: 36139985

	25.	 Chouhan S, Sharma K, Guleria S. Antimicrobial activity of some essential oils-present status and 
future perspectives. Medicines (Basel). 2017;4(3):58. https://doi.org/10.3390/medicines4030058 
PMID: 28930272

	26.	 Gakuubi MM, Maina AW, Wagacha JM. Antifungal activity of essential oil of eucalyptus camal-
dulensis Dehnh. against selected Fusarium spp. Int J Microbiol. 2017;20178761610. https://doi.
org/10.1155/2017/8761610 PMID: 28127308

	27.	 Amin E, Abdel-Bakky M, Mohammed H, Chigrupati S, Qureshi K, Hassan M. Phytochemical analysis 
and evaluation of the antioxidant and antimicrobial activities of five halophytes from Qassim Flora. Pol 
J Environ Stud. 2022;31(4):3005–12. https://doi.org/10.15244/pjoes/145608

	28.	 Hosseinzadeh H, Fazly Bazzaz BS, Haghi MM. Antibacterial activity of total extracts and essential oil 
of Nigella sativa L. seeds in mice. Pharmacologyonline. n.d.;2429–35.

	29.	 Astani A, Reichling J, Schnitzler P. Comparative study on the antiviral activity of selected monoter-
penes derived from essential oils. Phytother Res. 2010;24(5):673–9. https://doi.org/10.1002/ptr.2955 
PMID: 19653195

	30.	 Mejía-Argueta EL, Santillán-Benítez JG, Canales-Martinez MM, Mendoza-Medellín A. Antimicrobial 
activity of Syzygium aromaticum L. essential oil on extended-spectrum beta-lactamases-producing 
Escherichia coli. Bull Natl Res Cent. 2020;44(1):. https://doi.org/10.1186/s42269-020-00458-x

	31.	 Mohammed SJ, Amin HHH, Aziz SB, Sha AM, Hassan S, Abdul Aziz JM, et al. Structural characteri-
zation, antimicrobial activity, and in vitro cytotoxicity effect of black seed oil. Evid Based Complement 
Alternat Med. 2019;20196515671. https://doi.org/10.1155/2019/6515671 PMID: 31531117

	32.	 El Atki Y, Aouam I, El Kamari F, Taroq A, Nayme K, Timinouni M, et al. Antibacterial activity of 
cinnamon essential oils and their synergistic potential with antibiotics. J Adv Pharm Technol Res. 
2019;10(2):63–7. https://doi.org/10.4103/japtr.JAPTR_366_18 PMID: 31041184

	33.	 Tahya CY, Kolo SMD. Antimicrobial and antioxidant properties of Cymbopogon Nardus L (cit-
ronella grass) oil from Kefamenamu, Timor Tengah Utara Regency, Indonesia. AIP Conf Proc. 
2022;2391:050003. https://doi.org/10.1063/5.0073012

	34.	 Mohammed HA, Ali HM, Qureshi KA, Alsharidah M, Kandil YI, Said R, et al. Comparative phytochem-
ical profile and biological activity of four major medicinal halophytes from qassim flora. Plants (Basel). 
2021;10(10):2208. https://doi.org/10.3390/plants10102208 PMID: 34686017

	35.	 Mohammed HA, Qureshi KA, Ali HM, Al-Omar MS, Khan O, Mohammed SAA. Bio-evaluation of 
the wound healing activity of artemisia judaica L. as part of the plant’s use in traditional medicine; 
phytochemical, antioxidant, anti-inflammatory, and antibiofilm properties of the plant’s essential oils. 
Antioxidants (Basel). 2022;11(2):332. https://doi.org/10.3390/antiox11020332 PMID: 35204215

	36.	 Elshikh M, Ahmed S, Funston S, Dunlop P, McGaw M, Marchant R, et al. Resazurin-based 96-well 
plate microdilution method for the determination of minimum inhibitory concentration of biosurfac-
tants. Biotechnol Lett. 2016;38(6):1015–9. https://doi.org/10.1007/s10529-016-2079-2  
PMID: 26969604

	37.	 S Alanazi A, Qureshi KA, Elhassan GO, I El-Agamy E. Isolation, purification and characterization 
of antimicrobial agent antagonistic to escherichia coli ATCC 10536 produced by Bacillus pumilus 

https://doi.org/10.3390/su142114498
https://doi.org/10.3390/su142114498
https://doi.org/10.3390/molecules27061929
https://doi.org/10.1080/13880200802430607
https://doi.org/10.1080/13880200802430607
https://doi.org/10.3390/molecules27165225
https://doi.org/10.3390/molecules27165225
http://www.ncbi.nlm.nih.gov/pubmed/36014463
https://doi.org/10.1016/j.phrs.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/25829334
https://doi.org/10.3390/antibiotics11091206
https://doi.org/10.3390/antibiotics11091206
http://www.ncbi.nlm.nih.gov/pubmed/36139985
https://doi.org/10.3390/medicines4030058
http://www.ncbi.nlm.nih.gov/pubmed/28930272
https://doi.org/10.1155/2017/8761610
https://doi.org/10.1155/2017/8761610
http://www.ncbi.nlm.nih.gov/pubmed/28127308
https://doi.org/10.15244/pjoes/145608
https://doi.org/10.1002/ptr.2955
http://www.ncbi.nlm.nih.gov/pubmed/19653195
https://doi.org/10.1186/s42269-020-00458-x
https://doi.org/10.1155/2019/6515671
http://www.ncbi.nlm.nih.gov/pubmed/31531117
https://doi.org/10.4103/japtr.JAPTR_366_18
http://www.ncbi.nlm.nih.gov/pubmed/31041184
https://doi.org/10.1063/5.0073012
https://doi.org/10.3390/plants10102208
http://www.ncbi.nlm.nih.gov/pubmed/34686017
https://doi.org/10.3390/antiox11020332
http://www.ncbi.nlm.nih.gov/pubmed/35204215
https://doi.org/10.1007/s10529-016-2079-2
http://www.ncbi.nlm.nih.gov/pubmed/26969604


PLOS ONE | https://doi.org/10.1371/journal.pone.0315663  April 24, 2025 31 / 33

PLOS ONE Antimicrobial and antibiofilm potency of four essential oils

SAFR-032 isolated from the soil of Unaizah, Al Qassim Province of Saudi Arabia. Pak J Biol Sci. 
2016;19(5):191–201. https://doi.org/10.3923/pjbs.2016.191.201 PMID: 29023023

	38.	 Qureshi KA, Al Nasr I, Koko WS, Khan TA, Fatmi MQ, Imtiaz M, et al. In vitro and in silico approaches 
for the antileishmanial activity evaluations of actinomycins isolated from novel streptomyces 
smyrnaeus strain UKAQ_23. Antibiotics (Basel). 2021;10(8):887. https://doi.org/10.3390/antibiot-
ics10080887 PMID: 34438937

	39.	 Nuñez L, Aquino MD. Microbicide activity of clove essential oil (Eugenia caryophyllata). Braz J Micro-
biol. 2012;43(4):1255–60. https://doi.org/10.1590/S1517-83822012000400003 PMID: 24031950

	40.	 Hu Q, Zhou M, Wei S. Progress on the antimicrobial activity research of clove oil and eugenol in the 
food antisepsis field. J Food Sci. 2018;83(6):1476–83. https://doi.org/10.1111/1750-3841.14180 PMID: 
29802735

	41.	 Jirovetz L, Buchbauer G, Stoilova I, Stoyanova A, Krastanov A, Schmidt E. Chemical composition and 
antioxidant properties of clove leaf essential oil. J Agric Food Chem. 2006;54(17):6303–7. https://doi.
org/10.1021/jf060608c PMID: 16910723

	42.	 Dahham SS, Tabana YM, Iqbal MA, Ahamed MBK, Ezzat MO, Majid ASA, et al. The anticancer, 
antioxidant and antimicrobial properties of the sesquiterpene β-caryophyllene from the essential oil 
of aquilaria crassna. Molecules. 2015;20(7):11808–29. https://doi.org/10.3390/molecules200711808 
PMID: 26132906

	43.	 Singh S, Das SS, Singh G, Schuff C, de Lampasona MP, Catalán CAN. Composition, in vitro anti-
oxidant and antimicrobial activities of essential oil and oleoresins obtained from black cumin seeds 
(Nigella sativa L.). Biomed Res Int. 2014;2014:918209. https://doi.org/10.1155/2014/918209 PMID: 
24689064

	44.	 Forouzanfar F, Bazzaz BSF, Hosseinzadeh H. Black cumin (Nigella sativa) and its constituent 
(thymoquinone): a review on antimicrobial effects. Iran J Basic Med Sci. 2014;17(12):929–38. PMID: 
25859296

	45.	 Sim JXF, Khazandi M, Pi H, Venter H, Trott DJ, Deo P. Antimicrobial effects of cinnamon essential oil 
and cinnamaldehyde combined with EDTA against canine otitis externa pathogens. J Appl Microbiol. 
2019;127(1):99–108. https://doi.org/10.1111/jam.14298 PMID: 31050849

	46.	 Nabavi SF, Di Lorenzo A, Izadi M, Sobarzo-Sánchez E, Daglia M, Nabavi SM. Antibacterial effects of 
cinnamon: from farm to food, cosmetic and pharmaceutical industries. Nutrients. 2015;7(9):7729–48. 
https://doi.org/10.3390/nu7095359 PMID: 26378575

	47.	 R Singh B, Agrawal R. Antimicrobial activity of citronella essential oil on antimicro bial drug resistant 
bacteria from veterinary clinical cases. Clin Med Biochem Open Access. 2015;01(01):. https://doi.
org/10.4172/2471-2663.1000106

	48.	 Wei LS, Wee W. Chemical composition and antimicrobial activity of Cymbopogon nardus citronella 
essential oil against systemic bacteria of aquatic animals. Iran J Microbiol. 2013;5(2):147–52. PMID: 
23825733

	49.	 Aljohny BO, Rauf A, Anwar Y, Naz S, Wadood A. Antibacterial, antifungal, antioxidant, and docking 
studies of potential dinaphthodiospyrols from diospyros lotus linn roots. ACS Omega. 2021;6(8):5878–
85. https://doi.org/10.1021/acsomega.0c06297 PMID: 33681626

	50.	 Nakahara K, Alzoreky NS, Yoshihashi T, Nguyen HTT, Trakoontivakorn G. Chemical composi-
tion and antifungal activity of essential oil from Cymbopogon nardus (Citronella Grass). JARQ. 
2013;37(4):249–52. https://doi.org/10.6090/jarq.37.249

	51.	 Trindade LA, Cordeiro LV, de Figuerêdo Silva D, Figueiredo PTR, de Pontes MLC, de Oliveira Lima 
E, et al. The antifungal and antibiofilm activity of Cymbopogon nardus essential oil and citronellal on 
clinical strains of Candida albicans. Braz J Microbiol. 2022;53(3):1231–40. https://doi.org/10.1007/
s42770-022-00740-2 PMID: 35386096

	52.	 García-Márquez J, Barany A, Ruiz ÁB, Costas B, Arijo S, Mancera JM. Antimicrobial and toxic activity 
of citronella essential oil (Cymbopogon nardus), and its effect on the growth and metabolism of Gilt-
head Seabream (Sparus aurata L.). Fishes. 2021;6(4):61. https://doi.org/10.3390/fishes6040061

	53.	 Gao Z, Van Nostrand JD, Zhou J, Zhong W, Chen K, Guo J. Anti-listeria activities of linalool and its 
mechanism revealed by comparative transcriptome analysis. Front Microbiol. 2019;102947. https://doi.
org/10.3389/fmicb.2019.02947 PMID: 31921091

	54.	 Shen G, Yang L, Lv X, Zhang Y, Hou X, Li M, et al. Antibiofilm activity and mechanism of linalool 
against food spoilage Bacillus amyloliquefaciens. Int J Mol Sci. 2023;24(13):10980. https://doi.
org/10.3390/ijms241310980 PMID: 37446158

	55.	 Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. The protein data bank. 
Nucleic Acids Res. 2000;28(1):235–42. https://doi.org/10.1093/nar/28.1.235 PMID: 10592235

https://doi.org/10.3923/pjbs.2016.191.201
http://www.ncbi.nlm.nih.gov/pubmed/29023023
https://doi.org/10.3390/antibiotics10080887
https://doi.org/10.3390/antibiotics10080887
http://www.ncbi.nlm.nih.gov/pubmed/34438937
https://doi.org/10.1590/S1517-83822012000400003
http://www.ncbi.nlm.nih.gov/pubmed/24031950
https://doi.org/10.1111/1750-3841.14180
http://www.ncbi.nlm.nih.gov/pubmed/29802735
https://doi.org/10.1021/jf060608c
https://doi.org/10.1021/jf060608c
http://www.ncbi.nlm.nih.gov/pubmed/16910723
https://doi.org/10.3390/molecules200711808
http://www.ncbi.nlm.nih.gov/pubmed/26132906
https://doi.org/10.1155/2014/918209
http://www.ncbi.nlm.nih.gov/pubmed/24689064
http://www.ncbi.nlm.nih.gov/pubmed/25859296
https://doi.org/10.1111/jam.14298
http://www.ncbi.nlm.nih.gov/pubmed/31050849
https://doi.org/10.3390/nu7095359
http://www.ncbi.nlm.nih.gov/pubmed/26378575
https://doi.org/10.4172/2471-2663.1000106
https://doi.org/10.4172/2471-2663.1000106
http://www.ncbi.nlm.nih.gov/pubmed/23825733
https://doi.org/10.1021/acsomega.0c06297
http://www.ncbi.nlm.nih.gov/pubmed/33681626
https://doi.org/10.6090/jarq.37.249
https://doi.org/10.1007/s42770-022-00740-2
https://doi.org/10.1007/s42770-022-00740-2
http://www.ncbi.nlm.nih.gov/pubmed/35386096
https://doi.org/10.3390/fishes6040061
https://doi.org/10.3389/fmicb.2019.02947
https://doi.org/10.3389/fmicb.2019.02947
http://www.ncbi.nlm.nih.gov/pubmed/31921091
https://doi.org/10.3390/ijms241310980
https://doi.org/10.3390/ijms241310980
http://www.ncbi.nlm.nih.gov/pubmed/37446158
https://doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235


PLOS ONE | https://doi.org/10.1371/journal.pone.0315663  April 24, 2025 32 / 33

PLOS ONE Antimicrobial and antibiofilm potency of four essential oils

	56.	 Kouranov A, Xie L, de la Cruz J, Chen L, Westbrook J, Bourne PE, et al. The RCSB PDB informa-
tion portal for structural genomics. Nucleic Acids Res. 2006;34(Database issue):D302-5. https://doi.
org/10.1093/nar/gkj120 PMID: 16381872

	57.	 Read RJ, Adams PD, Arendall WB 3rd, Brunger AT, Emsley P, Joosten RP, et al. A new generation of 
crystallographic validation tools for the protein data bank. Structure. 2011;19(10):1395–412. https://doi.
org/10.1016/j.str.2011.08.006 PMID: 22000512

	58.	 Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly accurate protein 
structure prediction with AlphaFold. Nature. 2021;596(7873):583–9. https://doi.org/10.1038/s41586-
021-03819-2 PMID: 34265844

	59.	 Molecular Operating Environment (MOE), Version 2022.02; Chemical Computing Group ULC, 1010 
Sherbrooke St. West, Suite #910, Montreal, QC, Canada, H3A 2R7.

	60.	 Amer HH, Eldrehmy EH, Abdel-Hafez SM, Alghamdi YS, Hassan MY, Alotaibi SH. Antibacterial and 
molecular docking studies of newly synthesized nucleosides and Schiff bases derived from sulfadimi-
dines. Sci Rep. 2021;11(1):17953. https://doi.org/10.1038/s41598-021-97297-1 PMID: 34504157

	61.	 Galli CL, Sensi C, Fumagalli A, Parravicini C, Marinovich M, Eberini I. A computational approach to 
evaluate the androgenic affinity of iprodione, procymidone, vinclozolin and their metabolites. PLoS 
One. 2014;9(8):e104822. https://doi.org/10.1371/journal.pone.0104822 PMID: 25111804

	62.	 Hashem HE, Amr AE-GE, Nossier ES, Elsayed EA, Azmy EM. Synthesis, antimicrobial activity and 
molecular docking of novel thiourea derivatives tagged with thiadiazole, imidazole and triazine moi-
eties as potential DNA gyrase and topoisomerase IV inhibitors. Molecules. 2020;25(12):2766. https://
doi.org/10.3390/molecules25122766 PMID: 32549386

	63.	 Cuzzolin A, Sturlese M, Malvacio I, Ciancetta A, Moro S. DockBench: an integrated informatic plat-
form bridging the gap between the robust validation of docking protocols and virtual screening simu-
lations. Molecules. 2015;20(6):9977–93. https://doi.org/10.3390/molecules20069977 PMID: 26035098

	64.	 Phuong Thao TT, Bui TQ, Quy PT, Bao NC, Van Loc T, Van Chien T, et al. Isolation, semi-synthesis, 
docking-based prediction, and bioassay-based activity of Dolichandrone spathacea iridoids: 
new catalpol derivatives as glucosidase inhibitors. RSC Adv. 2021;11(20):11959–75. https://doi.
org/10.1039/d1ra00441g

	65.	 Wang L-P, McKiernan KA, Gomes J, Beauchamp KA, Head-Gordon T, Rice JE, et al. Building a more 
predictive protein force field: a systematic and reproducible route to AMBER-FB15. J Phys Chem B. 
2017;121(16):4023–39. https://doi.org/10.1021/acs.jpcb.7b02320 PMID: 28306259

	66.	 Warren GL, Andrews CW, Capelli A-M, Clarke B, LaLonde J, Lambert MH, et al. A critical assess-
ment of docking programs and scoring functions. J Med Chem. 2006;49(20):5912–31. https://doi.
org/10.1021/jm050362n PMID: 17004707

	67.	 Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and testing of a general amber 
force field. J Comput Chem. 2004;25(9):1157–74. https://doi.org/10.1002/jcc.20035 PMID: 15116359

	68.	 Li Q, Cheng T, Wang Y, Bryant SH. PubChem as a public resource for drug discovery. Drug Discov 
Today. 2010;15(23–24):1052–7. https://doi.org/10.1016/j.drudis.2010.10.003 PMID: 20970519

	69.	 Wang Y, Xiao J, Suzek TO, Zhang J, Wang J, Bryant SH. PubChem: a public information system for 
analyzing bioactivities of small molecules. Nucleic Acids Res. 2009;37(Web Server issue):W623-33. 
https://doi.org/10.1093/nar/gkp456 PMID: 19498078

	70.	 Halgren TA. Merck molecular force field. II. MMFF94 van der Waals and electrostatic parameters for 
intermolecular interactions. J Comput Chem. 1996;17(5–6):520–552.

	71.	 Nabuurs SB, Wagener M, de Vlieg J. A flexible approach to induced fit docking. J Med Chem. 
2007;50(26):6507–18. https://doi.org/10.1021/jm070593p PMID: 18031000

	72.	 Benzamidine Hydrochloride Hydrate. [cited 2024 Oct 1]. Available from: https://pubchem.ncbi.nlm.nih.
gov/compound/16219042.

	73.	 Thymidine-5’-Phosphate. [cited 2024 Oct 1]. Available from: https://pubchem.ncbi.nlm.nih.gov/
compound/9700.

	74.	 Microcystin-LR. [cited 2024 Oct 1]. Available from: https://pubchem.ncbi.nlm.nih.gov/
compound/445434.

	75.	 Actinonin. [cited 2024 Oct 1]. Available from: https://pubchem.ncbi.nlm.nih.gov/compound/443600.

	76.	 Laminaran. [cited 2024 Oct 1]. Available from: https://pubchem.ncbi.nlm.nih.gov/compound/439306.

	77.	 Yang E, Yang R, Guo M, Huang D, Wang W, Zhang Z, et al. Multidrug-resistant tuberculosis 
(MDR-TB) strain infection in macaques results in high bacilli burdens in airways, driving broad innate/
adaptive immune responses. Emerg Microbes Infect. 2018;7(1):207. https://doi.org/10.1038/s41426-
018-0213-z PMID: 30538219

https://doi.org/10.1093/nar/gkj120
https://doi.org/10.1093/nar/gkj120
http://www.ncbi.nlm.nih.gov/pubmed/16381872
https://doi.org/10.1016/j.str.2011.08.006
https://doi.org/10.1016/j.str.2011.08.006
http://www.ncbi.nlm.nih.gov/pubmed/22000512
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1038/s41598-021-97297-1
http://www.ncbi.nlm.nih.gov/pubmed/34504157
https://doi.org/10.1371/journal.pone.0104822
http://www.ncbi.nlm.nih.gov/pubmed/25111804
https://doi.org/10.3390/molecules25122766
https://doi.org/10.3390/molecules25122766
http://www.ncbi.nlm.nih.gov/pubmed/32549386
https://doi.org/10.3390/molecules20069977
http://www.ncbi.nlm.nih.gov/pubmed/26035098
https://doi.org/10.1039/d1ra00441g
https://doi.org/10.1039/d1ra00441g
https://doi.org/10.1021/acs.jpcb.7b02320
http://www.ncbi.nlm.nih.gov/pubmed/28306259
https://doi.org/10.1021/jm050362n
https://doi.org/10.1021/jm050362n
http://www.ncbi.nlm.nih.gov/pubmed/17004707
https://doi.org/10.1002/jcc.20035
http://www.ncbi.nlm.nih.gov/pubmed/15116359
https://doi.org/10.1016/j.drudis.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20970519
https://doi.org/10.1093/nar/gkp456
http://www.ncbi.nlm.nih.gov/pubmed/19498078
https://doi.org/10.1021/jm070593p
http://www.ncbi.nlm.nih.gov/pubmed/18031000
https://pubchem.ncbi.nlm.nih.gov/compound/16219042
https://pubchem.ncbi.nlm.nih.gov/compound/16219042
https://pubchem.ncbi.nlm.nih.gov/compound/9700
https://pubchem.ncbi.nlm.nih.gov/compound/9700
https://pubchem.ncbi.nlm.nih.gov/compound/445434
https://pubchem.ncbi.nlm.nih.gov/compound/445434
https://pubchem.ncbi.nlm.nih.gov/compound/443600
https://pubchem.ncbi.nlm.nih.gov/compound/439306
https://doi.org/10.1038/s41426-018-0213-z
https://doi.org/10.1038/s41426-018-0213-z
http://www.ncbi.nlm.nih.gov/pubmed/30538219


PLOS ONE | https://doi.org/10.1371/journal.pone.0315663  April 24, 2025 33 / 33

PLOS ONE Antimicrobial and antibiofilm potency of four essential oils

	78.	 Goyal SN, Prajapati CP, Gore PR, Patil CR, Mahajan UB, Sharma C, et al. Therapeutic potential and 
pharmaceutical development of thymoquinone: a multitargeted molecule of natural origin. Front Phar-
macol. 2017;8:656. https://doi.org/10.3389/fphar.2017.00656 PMID: 28983249

	79.	 Mehta R, Dhruv S, Kaushik V, Sen KK, Khan NS, Abhishek A, et al. A comparative study of antibacte-
rial and antifungal activities of extracts from four indigenous plants. Bioinformation. 2020;16(3):267–
73. https://doi.org/10.6026/97320630016267 PMID: 32308269

	80.	 Ventola CL. The antibiotic resistance crisis: part 1: causes and threats. P T. 2015;40(4):277–83. PMID: 
25859123

	81.	 Halawani E. Antibacterial activity of thymoquinone and thymohydroquinone of Nigella sativa L. and 
their interaction with some antibiotics. Adv Biol Res. 2009;3:148–52.

	82.	 Friedman M. Chemistry, antimicrobial mechanisms, and antibiotic activities of cinnamalde-
hyde against pathogenic bacteria in animal feeds and human foods. J Agric Food Chem. 
2017;65(48):10406–23. https://doi.org/10.1021/acs.jafc.7b04344 PMID: 29155570

	83.	 Sharma UK, Sharma AK, Gupta A, Kumar R, Pandey A, Pandey AK. Pharmacological activities of 
cinnamaldehyde and eugenol: antioxidant, cytotoxic and anti-leishmanial studies. Cell Mol Biol (Noisy-
le-grand). 2017;63(6):73–8. https://doi.org/10.14715/cmb/2017.63.6.15 PMID: 28968213

	84.	 Naveed R, Hussain I, Tawab A, Tariq M, Rahman M, Hameed S, et al. Antimicrobial activity of the 
bioactive components of essential oils from Pakistani spices against Salmonella and other multi-drug 
resistant bacteria. BMC Complement Altern Med. 2013;13:265. https://doi.org/10.1186/1472-6882-13-
265 PMID: 24119438

	85.	 Kanwal T, Saifullah S, Rehman J ur, Kawish M, Razzak A, Maharjan R, et al. Design of absorption 
enhancer containing self-nanoemulsifying drug delivery system (SNEDDS) for curcumin improved 
anti-cancer activity and oral bioavailability. J Mol Liq. 2021;324:114774. https://doi.org/10.1016/j.
molliq.2020.114774

	86.	 Perdones Á, Vargas M, Atarés L, Chiralt A. Physical, antioxidant and antimicrobial properties of 
chitosan–cinnamon leaf oil films as affected by oleic acid. Food Hydrocoll. 2014;36:256–64. https://doi.
org/10.1016/j.foodhyd.2013.10.003

	87.	 Kalia M, Yadav VK, Singh PK, Sharma D, Pandey H, Narvi SS, et al. Effect of cinnamon oil on quorum 
sensing-controlled virulence factors and biofilm formation in pseudomonas aeruginosa. PLoS One. 
2015;10(8):e0135495. https://doi.org/10.1371/journal.pone.0135495

	88.	 Mohammadi A, Mohammad-Alizadeh-Charandabi S, Mirghafourvand M, Javadzadeh Y, Fardiazar Z, 
Effati-Daryani F. Effects of cinnamon on perineal pain and healing of episiotomy: a randomized  
placebo-controlled trial. J Integr Med. 2014;12(4):359–66. https://doi.org/10.1016/S2095-
4964(14)60025-X PMID: 25074885

	89.	 Ahmad N, Alam MK, Shehbaz A, Khan A, Mannan A, Hakim SR, et al. Antimicrobial activity of clove 
oil and its potential in the treatment of vaginal candidiasis. J Drug Target. 2005;13(10):555–61. https://
doi.org/10.1080/10611860500422958 PMID: 16390816

	90.	 Gupta C, Prakash D. Comparative study of the antimicrobial activity of clove oil and clove extract on 
oral pathogens. Dent Open J. 2021;7(1):12–5. https://doi.org/10.17140/doj-7-144

	91.	 Aumeeruddy-Elalfi Z, Gurib-Fakim A, Mahomoodally F. Antimicrobial, antibiotic potentiating activity 
and phytochemical profile of essential oils from exotic and endemic medicinal plants of Mauritius. Ind 
Crops Prod. 2015;71:197–204. https://doi.org/10.1016/j.indcrop.2015.03.058

	92.	 Burt S. Essential oils: their antibacterial properties and potential applications in foods--a review. Int J 
Food Microbiol. 2004;94(3):223–53. https://doi.org/10.1016/j.ijfoodmicro.2004.03.022 PMID: 15246235

	93.	 Somrani M, Debbabi H, Palop A. Antibacterial and antibiofilm activity of essential oil of clove against 
Listeria monocytogenes and Salmonella Enteritidis. Food Sci Technol Int. 2022;28(4):331–9. https://
doi.org/10.1177/10820132211013273 PMID: 33947265

	94.	 Jeong Y-J, Kim H-E, Han S-J, Choi J-S. Antibacterial and antibiofilm activities of cinnamon essential 
oil nanoemulsion against multi-species oral biofilms. Sci Rep. 2021;11(1):5911. https://doi.org/10.1038/
s41598-021-85375-3 PMID: 33723345

	95.	 Guandalini Cunha B, Duque C, Sampaio Caiaffa K, Massunari L, Araguê Catanoze I, Dos Santos 
DM, et al. Cytotoxicity and antimicrobial effects of citronella oil (Cymbopogon nardus) and com-
mercial mouthwashes on S. aureus and C. albicans biofilms in prosthetic materials. Arch Oral Biol. 
2020;109:104577. https://doi.org/10.1016/j.archoralbio.2019.104577 PMID: 31606567

https://doi.org/10.3389/fphar.2017.00656
http://www.ncbi.nlm.nih.gov/pubmed/28983249
https://doi.org/10.6026/97320630016267
http://www.ncbi.nlm.nih.gov/pubmed/32308269
http://www.ncbi.nlm.nih.gov/pubmed/25859123
https://doi.org/10.1021/acs.jafc.7b04344
http://www.ncbi.nlm.nih.gov/pubmed/29155570
https://doi.org/10.14715/cmb/2017.63.6.15
http://www.ncbi.nlm.nih.gov/pubmed/28968213
https://doi.org/10.1186/1472-6882-13-265
https://doi.org/10.1186/1472-6882-13-265
http://www.ncbi.nlm.nih.gov/pubmed/24119438
https://doi.org/10.1016/j.molliq.2020.114774
https://doi.org/10.1016/j.molliq.2020.114774
https://doi.org/10.1016/j.foodhyd.2013.10.003
https://doi.org/10.1016/j.foodhyd.2013.10.003
https://doi.org/10.1371/journal.pone.0135495
https://doi.org/10.1016/S2095-4964(14)60025-X
https://doi.org/10.1016/S2095-4964(14)60025-X
http://www.ncbi.nlm.nih.gov/pubmed/25074885
https://doi.org/10.1080/10611860500422958
https://doi.org/10.1080/10611860500422958
http://www.ncbi.nlm.nih.gov/pubmed/16390816
https://doi.org/10.17140/doj-7-144
https://doi.org/10.1016/j.indcrop.2015.03.058
https://doi.org/10.1016/j.ijfoodmicro.2004.03.022
http://www.ncbi.nlm.nih.gov/pubmed/15246235
https://doi.org/10.1177/10820132211013273
https://doi.org/10.1177/10820132211013273
http://www.ncbi.nlm.nih.gov/pubmed/33947265
https://doi.org/10.1038/s41598-021-85375-3
https://doi.org/10.1038/s41598-021-85375-3
http://www.ncbi.nlm.nih.gov/pubmed/33723345
https://doi.org/10.1016/j.archoralbio.2019.104577
http://www.ncbi.nlm.nih.gov/pubmed/31606567
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

