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Abstract: Bacteria are the primary microorganisms responsible for nosocomial infections.
This study investigates the antibacterial, biofilm-disrupting, and cytotoxic properties of
essential oils and their emulsions for the treatment of nosocomial pathogens. The antibacte-
rial activity of selected essential oils and their emulsions was evaluated against clinically
relevant strains, including Staphylococcus aureus, methicillin-resistant Staphylococcus aureus,
Staphylococcus epidermidis, Bacillus subtilis, Pseudomonas aeruginosa, and Salmonella Enteritidis.
Among the tested compounds, cinnamaldehyde exhibited the most potent antibacterial
activity, with minimum inhibitory concentrations ranging from 1.31 to 2.62 mg/mL against
both Gram-positive and Gram-negative bacteria. Other essential oils, such as cinnamon,
eucalyptus, and pine, also demonstrated antibacterial effects, although their efficacy against
Pseudomonas aeruginosa was comparatively limited. In biofilm assays, cinnamaldehyde ef-
fectively disrupted biofilms formed by S. aureus, methicillin-resistant Staphylococcus aureus,
and Pseudomonas aeruginosa, indicating its potential for treating biofilm-associated infec-
tions. Cytotoxicity testing revealed that while cinnamon essential oil and cinnamaldehyde
exhibited cytotoxic effects at concentrations above 0.1%, other essential oils such as basil
and eucalyptus were non-toxic at the tested concentrations. These findings suggest that
cinnamaldehyde is a promising agent for managing nosocomial infections, combining ef-
fective antibacterial and biofilm-disrupting properties with acceptable safety for non-target
cells at appropriate doses.

Keywords: essential oils; biofilm; nosocomial pathogens; antibacterial activity; cytotoxic-
ity; cinnamaldehyde

1. Introduction

Nosocomial infections, or hospital-acquired infections, are a significant global health
concern. These infections are often caused by antibiotic-resistant pathogens, making them
challenging to treat with conventional antibacterial agents. Several nosocomial pathogens,
including S. aureus, methicillin-resistant S. aureus (MRSA), S. epidermidis, B. subtilis,
P. aeruginosa, and Escherichia coli, are notorious for their ability to form biofilms [1-6].
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Biofilms can form on medical devices and within human and animal tissues [7]. The
development of these biofilms is associated with a range of factors, such as altered gene
expression, a decrease in bacterial metabolism, and a shift in bacterial growth patterns,
making these infections especially resilient to traditional antibiotic treatments [8-16].

The increasing resistance of these pathogens to traditional antibiotics has spurred
the need for alternative therapeutic approaches, particularly those derived from natural
products. Among these, essential oils (EOs) have gained considerable attention due to
their broad-spectrum antibacterial properties [17-23]. EOs derived from various medicinal
plants have been extensively studied for their antibacterial properties, including activity
against key bacterial pathogens such as S. aureus, MRSA, and P. aeruginosa. For instance,
it was reported that thyme and oregano essential oils were effective against S. aureus [24].
Although there have been significant advances, most studies still focus on a limited range of
commonly used essential oils, often without detailed phytochemical analysis or evaluation
under standardized conditions [20,21,23,25-28]. In contrast, our study investigates the
antibacterial potential of essential oils extracted from plant species belonging to several
families—Lauraceae, Lamiaceae, Myrtaceae, and Pinaceae. Furthermore, we integrate compre-
hensive GC-MS profiling to correlate chemical composition with bioactivity, offering deeper
mechanistic insights. By targeting the same clinically relevant pathogens and applying
a standardized comparative approach, our work not only confirms but also expands the
current understanding of essential oil efficacy. This approach underscores the originality of
our research and its potential applications in developing alternative antibacterial agents.

Despite the extensive research on EOs, there remains a gap in understanding how
their effects vary across different bacterial species, particularly in the context of biofilm
formation. Biofilms are highly structured communities of microorganisms encased in extra-
cellular matrices, which confer protection against antibacterial agents and are implicated in
persistent infections. While several studies have assessed the antibacterial effects of EOs
against planktonic bacteria, fewer have evaluated their ability to disrupt biofilm formation
or target bacteria within biofilms, particularly in clinical settings.

EOs, which are volatile compounds extracted from plants, have been traditionally used
in various medicinal and therapeutic applications [24-26]. It is well established that EOs
exhibit differential antibacterial activity against Gram-positive and Gram-negative bacteria,
including nosocomial pathogens such as S. aureus, MRSA, P. aeruginosa, and Salmonella spp.
This variation is primarily attributed to structural and functional differences in their cell
envelopes. Gram-positive bacteria have a thick but porous peptidoglycan layer that allows
for relatively easy penetration of hydrophobic compounds such as terpenes, aldehydes,
and phenolic constituents commonly found in EOs. These components can interact with
intracellular targets or disrupt membrane integrity, leading to leakage of cellular contents
and eventual cell death. In contrast, Gram-negative bacteria possess a more complex and
resistant outer membrane composed of lipopolysaccharides, which acts as a permeability
barrier against many hydrophobic substances. This outer layer impedes the diffusion of
EO components into the periplasmic space and cytoplasm. Additionally, Gram-negative
bacteria often express efflux pumps (e.g., AcrAB-TolC) and degradative enzymes that
actively expel or neutralize antibacterial agents, including EO constituents. Additionally,
EOs are known for their low toxicity to human cells, making them an attractive alternative
or adjunct to conventional antibiotics [21,25-30].

While EOs show promise in inhibiting bacterial growth, their impact on human
cells and tissues must be carefully evaluated to ensure that they do not cause adverse ef-
fects when used as antibacterial agents [31]. Balancing the antibacterial efficacy with
their cytotoxicity is critical for determining their suitability for treating nosocomial
infections [32,33].
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However, the clinical application of EOs is often limited due to their volatility, poor
water solubility, and instability, which reduce their bioavailability and effectiveness. En-
capsulation of EOs into nano-sized carriers (such as liposomes, nanoparticles, or solid
lipid nanoparticles) is one strategy that can enhance their stability, control their release,
and improve their antibacterial activity [34]. Encapsulating EOs can also minimize their
cytotoxicity, ensuring a safer application in therapeutic settings [18,35,36].

The novelty of the present study lies in its focus on the ability of EOs, specifically
cinnamaldehyde (a major component of cinnamon bark oil), to disrupt biofilm formation
and exert antibacterial activity against both Gram-positive and Gram-negative nosocomial
pathogens, including MRSA and P. aeruginosa. Unlike previous studies, this work also
investigates the impact of EOs on bacteria within biofilms, offering new insights into their
potential as alternative treatments for chronic infections associated with biofilm-forming
pathogens. In addition, we provide a comprehensive comparison between the antibacterial
activities of cinnamaldehyde and its emulsion form. By addressing these issues, the present
study contributes to a deeper understanding of the potential of EOs in combating bacterial
biofilms and antibiotic-resistant pathogens, providing a foundation for future therapeutic
applications. The evaluation of free and encapsulated EOs will provide insights into the
potential of these natural compounds as viable alternatives or complementary treatments
for hospital-associated infections. Furthermore, this research will explore the advantages
of encapsulation techniques in overcoming the limitations of EOs, focusing on improving
their therapeutic efficacy and safety profiles.

In this study, EOs, which are known for their antibacterial properties, and emulsions
encapsulating these oils were tested against common nosocomial pathogens, such as
S. aureus (ATCC 9144), MRSA (ATCC 43300), S. epidermidis (ATCC 14990), B. subtilis (ATCC
6051), P. aeruginosa (ATCC 10145), and S. Enteritidis (ATCC 8739). As part of this study, the
cytotoxicity of all selected EO and EOEs was evaluated in vitro using Vero cells. These cells
are widely employed in cytotoxicity assays as a model system to assess the potential toxic
effects of substances on human cells.

The present investigation aimed to evaluate the antibacterial and cytotoxic activities
of EOs and their emulsions against nosocomial infection pathogens in vitro.

2. Materials and Methods
2.1. Essential Oils

Basil oil, methyl chavicol type (Ocimum basilicum, >80% methyl chavicol,
Lamiaceae family), rosemary oil (Rosmarinus officinalis, Lamiaceae family), cinnamon cin-
namonoil, Ceylon type (Cinnamomum verum, 82%, Lauraceae family), and cinnamaldehyde
(C. verum, >98% purity) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Euca-
lyptus  oil  (Eucalyptus  globulus, 80%  Ph.Eur, Myrtaceae  family),
lavender oil (Lavandula angustifolia, Lamiaceae family), pine oil (Pinus sylvestris, Pinaceae
family), and tea tree oil (Melaleuca alternifolia, Myrtaceae family) were purchased from
Frey + Lau GmbH (Henstedt-Ulzburg, Germany). Starch sodium octenylsuccinate (OSA-
starch) was obtained from Ingredion GmbH (Hamburg, Germany).

2.2. Preparation and Characterization of Essential Oil Emulsions

Aqueous EOEs containing 25% (w/w) OSA-starch and 5% (w/w) of the respective EO
were prepared by mixing a 35% aqueous OSA-starch solution with EO and homogenizing
the mixture using a high-performance rotor-stator dispersing instrument (Ultra-Turrax T25
digital, IKA, Kénigswinter, Germany) at ambient temperature, at 12,000 rpm for 10 min.
The conditions and quantities of the materials for the emulsion preparation were chosen
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based on the results of our previous experiments [37]. The freshly prepared emulsions
were submitted for the bioactivity tests.

The size of the emulsion droplets was determined based on the cumulative intensity
distribution using a Delsa™ Nano C particle size analyzer (Beckman Coulter, Malvern,
UK), which employs photon correlation spectroscopy to measure particle size by analyz-
ing the rate of fluctuations in laser light intensity scattered by the particles. The non-
negative least squares algorithm was used to analyze dynamic light scattering data for
particle size distribution. All measurements of scattered light were made at an angle of
165°. The emulsions were diluted with distilled water to a concentration of 0.3% w/v
for droplet size measurements to minimize multiple scattering effects based on our pre-
vious experiments [37]. Measurements were performed in triplicate, and the average
droplet diameter and polydispersity index (PDI) values were calculated, along with their
standard deviations.

2.3. Gas Chromatography—~Mass Spectrometry Analysis (GC-MS)

GC-MS analysis was conducted to identify the compound profile of EOs [38]. EOs
were examined using a Shimadzu GC-2010 system (Shimadzu, Kyoto, Japan). Helium
served as the carrier gas with an HP-Innowax Agilent column (Agilent Technologies, Santa
Clara, CA, USA) (30 m x 0.25 mm i.d., 0.25 um film thickness). The GC oven temperature
was initially set at 40 °C and increased to 260 °C at a rate of 5 °C/min, followed by a
40 min hold at 260 °C. The injector temperature was established at 250 °C. Mass spectra
were recorded at 70 eV, with a mass range of m/z 30—400. The identification of terpenic
compounds relied on comparing their mass spectra with those in the database.

2.4. Bacterial Strains

The susceptibility of Gram-positive and Gram-negative bacterial strains to EOs and
EOEs was evaluated. The selected strains are representative of the most commonly encoun-
tered nosocomial pathogens, including those with high resistance to antibiotics or adaptive
mechanisms against them. All bacterial strains were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and included the following Gram-positive
strains: S. aureus (ATCC 9144), MRSA (ATCC 43300), S. epidermidis (ATCC 14990), and
B. subtilis (ATCC 6051), as well as Gram-negative ones: Salmonella enterica subsp. enterica
serovar Enteritidis (ATCC 8739) and P. aeruginosa (ATCC 10145).

2.5. Antibacterial Assays
2.5.1. Disc Agar Diffusion Assay

EOs and freshly prepared EOEs were screened using the disc agar diffusion assay
according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI) [39].
EOs with very low or no antibacterial activity were eliminated from further testing.

The disc diffusion susceptibility test aims to evaluate the in vitro sensitivity of bac-
teria to EOs and their encapsulated versions. The bacterial suspension was prepared by
selecting 3-5 colonies from an 18- to 24 h non-selective agar plate. The turbidity of the
microbial suspension was adjusted to the 0.5 McFarland standard, which corresponds
to an approximate cell density of 1.5 x 108 CFU/mL. This suspension was then used to
determine antibacterial activity [40].

Miiller-Hinton agar (Liofilchem, Roseto degli Abruzzi, Italy) plates were prepared and
inoculated with bacterial suspensions. Six-millimetre diameter paper discs were saturated
with 5 pL of the tested EOs and EOEs and then placed onto the inoculated agar plates. The
plates were incubated at 37 °C for 24 h. Ampicillin (AMP, Liofilchem, Roseto degli Abruzzi,
Italy) at 10 ug/disc was used as a positive control. Three replicates were conducted for
each EO/EOE.
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The inhibition zone diameter (in millimetres) was measured using a digital calliper
(Mitutoyo, Kawasaki, Japan). EOs and EOEs with an inhibition zone diameter < 12 mm
were considered ineffective, while those with an inhibition zone > 20 mm were considered
highly effective.

2.5.2. Determination of Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal
Concentration (MBC)

The MIC and MBC were determined using the microdilution method according to
Balouiri et al. (2016) [40]. In a 96-well microplate, 50 uL of Mueller-Hinton Broth (MHB,
Liofilchem, Roseto degli Abruzzi, Italy) was added to each well. Subsequently, 100 uL of the
EOs, which was previously diluted 1:10 in 10% dimethyl sulfoxide (DMSQO, Sigma-Aldrich,
St. Louis, MO, USA) and further diluted 1:10 in MHB, was added to the first well. The
freshly prepared EOEs were diluted 1:10 in MHB before being added to the first well.

Serial dilutions were performed by transferring 50 uL from the first well to the next,
and so on, except for the last well, which served as the positive control for bacterial growth.
Inoculation was performed by adding 50 pL of the bacterial suspension (previously diluted
1:150 in MHB) to each well.

Ampicillin (AMP, Liofilchem, Roseto degli Abruzzi, Italy) at a concentration of
0.45 mg/mL served as the positive control. The microplates were incubated at 37 °C
for 24 h.

Following incubation, the MIC of the EOs and EOEs was defined as the lowest concen-
tration of the antibacterial agent that inhibited bacterial growth. The MBC was determined
by subculturing the broth dilutions above the MIC onto Mueller-Hinton agar plates, fol-
lowed by incubation at 37 °C for 24 h. The MBC of the EOs and EOEs was defined as the
lowest concentration that killed >99.9% of the bacteria. The experiment was performed
in triplicate.

2.5.3. Biofilm Control Assay

Cinnamaldehyde, a key component of cinnamon bark EO, was selected for its proven
strong antibacterial activity, as demonstrated in our previous studies, and its superior
efficacy against both Gram-positive and Gram-negative pathogens, making it a suitable
candidate for further investigation.

Its effectiveness in inhibiting biofilm formation was evaluated against S. aureus, MRSA,
and P. aeruginosa, with biofilm production assessed using the tube adherence test, a qualita-
tive method described by Christensen et al. [14].

A loopful of test organisms was inoculated into 10 mL of Tryptic Soy Broth (Liofilchem,
Roseto degli Abruzzi, Italy) containing 1% glucose in test tubes. The tubes were incubated
for 24 h at 37 °C. After incubation, the tubes were decanted, washed with phosphate-
buffered saline (PBS, pH 7.3), and dried. Then, the tubes were stained with 0.1% crystal
violet (Liofilchem, Roseto degli Abruzzi, Italy).

The excess stain was removed by washing with deionized water. The tubes were dried
in an inverted position. The anti-biofilm activity of cinnamaldehyde was evaluated at a
concentration of 10.48 mg/mL. Cinnamaldehyde was added to the tubes and left for 1 h
before staining.

Biofilm formation was scored based on the results of the control strains. Bacteria were
considered biofilm-producing when a visible layer of biofilm was observed on the walls
of the tube. The scoring for biofilm formation was as follows: negative (1), weak positive
(2), moderate positive (3), and strong positive (4) [14]. The experiment was conducted
in triplicate.
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2.6. Cell Culture and Cytotoxicity Assays
2.6.1. Cell Line

Vero cells (ATCC CCL-81) were provided by the Department of Virus Research at
the National Food and Veterinary Risk Assessment Institute in Lithuania. The cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Carl Roth, Karlsruhe, Germany)
supplemented with 10% fetal bovine serum (FBS, Gibco, Paisley, UK) at 37 °C in a 5%
CO; incubator. Nystatin (100 units/mL, Carl Roth, Germany) and gentamycin (50 ng/mL,
Biolab ZRT, Budapest, Hungary) were added to prevent microbial contamination.

2.6.2. Cytotoxicity Assay

The cytotoxicity of EOs and freshly prepared EOEs was determined on Vero cells
using the MTT assay [41]. Vero cells were seeded at a density of 1 x 10* cells/well in a
96-well plate (TPP, Trasadingen, Switzerland) and incubated in a humidified atmosphere
containing 5% CO, at 37 °C for 24 £ 1 h. Various concentrations (% v/v) of EOs (0.1, 0.05,
0.025, 0.0125, 0.00625, 0.003125, and 0.0015625%) and EOEs (0.2, 0.1, 0.05, 0.025, 0.0125,
0.00625, and 0.003125%) were prepared in DMEM containing 2% FBS and then added to
the cells. The plates were incubated for 72 h. Each concentration was tested in octuplicate.

After 72 h, cell morphology in each well was assessed microscopically using an
inverted optical microscope (DMIiL, Leica, Wetzlar, Germany) equipped with a 3.1 MP
camera (Optikam Pro 3, Optika, Ponteranica, Italy), using a 10 x 10 magnification. MTT
reagent (10 uL, 5 mg/mL, Sigma-Aldrich, USA) was then added to each well, and the
cells were incubated for 4 h at 37 °C. After incubation, the medium was discarded, and
100 pL of dimethyl sulfoxide (DMSO, Carl Roth, Germany) was added to each well. The
plates were then shaken for 5 min. The optical density of each well was measured at
620 nm using a microplate reader (Multiskan™ FC Microplate Photometer, Thermo Scien-
tific Skanlt, Waltham, MA, USA), and the percentage of cell survival was calculated [41].

2.7. Statistical Analysis

The inhibition zone diameters (in millimetres) were measured using the disc agar dif-
fusion assay. The mean of triplicate experiments + standard deviation (SD) was calculated
for each EO and EOE after treatment with all tested bacterial strains. GraphPad Prism 8.0.1
(GraphPad Software Inc., San Diego, CA, USA) was used for statistical analysis to assess
the antibacterial activity of EO and EOE against the tested bacteria. Two-way ANOVA
followed by Tukey’s multiple range test was applied to evaluate statistical significance
atp < 0.05.

3. Results
3.1. Analysis of Essential Oils and Preparation of Emulsions

Seven EOs derived from seven plants (see Section 2.1) and the cinnamon EO
component—cinnamaldehyde were selected for this study. Emulsion preparation is a
widely used method for encapsulating EOs as it allows them to disperse evenly in water,
improves stability, and reduces the volatility of bioactive compounds. In this study, hy-
drophobically modified waxy maize starch—specifically OSA starch, recently proposed as a
potential stabilizer for emulsion preparation—was used to formulate emulsions containing
basil, cinnamon, eucalyptus, lavender, pine, rosemary, tea tree EOs, as well as cinnamalde-
hyde. OSA-starch is recognized as safe and approved as a food additive. The aqueous
emulsions comprising 25% (w/w) OSA-starch and 5% (w/w) of the respective EO were
prepared using a rotor-stator homogenization method. The concentration of 5% (w/w) of
the EO in the emulsion was chosen, taking into account the results of our previous study,
which indicated that by increasing the concentration of EO to 10 percent, the stability of the
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emulsions was highly decreased [37]. The main characteristics of the prepared emulsions,
such as droplet size and PDI, were determined (Table 1).

Table 1. Characteristics of prepared emulsions containing different EOs.

Essential Oil Emulsion Droplet Diameter, Mean + SD (nm) PDI, Mean 4+ SD

Basil EOE 661.6 £12.2 0.16 £ 0.05
Cinnamon EOE 4751 +£14.3 0.25 £ 0.01
Cinnamaldehyde E 258.8 £58.3 0.26 £ 0.09
Eucalyptus EOE 819.4 £18.2 0.31 £0.01
Lavender EOE 426.5 £ 4.5 0.19 £ 0.03
Pine EOE 649.1 £7.8 0.16 £ 0.06
Rosemary EOE 516.3 £ 36.6 0.22 £0.02
Tea tree EOE 433.5 £10.8 0.19 £ 0.04

The mean droplet size of the formed emulsions depended on the bioactive components
used and ranged from 258.8 4 58.3 nm to 819.4 &+ 18.2 nm, with the droplets falling within
the submicron range. The smallest droplets, with a diameter of
258.8 £ 58.3 nm, were characteristic of cinnamaldehyde emulsion. The larger droplets,
ranging from 426.5 &+ 4.5 nm to 516.3 + 36.6 nm, were observed in emulsions contain-
ing lavender EQ, tea tree EO, cinnamon EO, and rosemary EO. In contrast, the largest
droplets, with diameters of 661.6 + 12.2 nm, 649.1 &+ 7.8 nm, and 819.4 £ 18.2 nm, were
found in emulsions containing basil EO, pine EO, and eucalyptus EO, respectively. PDI
represents the distribution of oil droplets in the emulsion. PDI values closer to zero indicate
a more homogeneous distribution and greater emulsion stability [42]. The PDI ranged from
0.16 & 0.06 (pine EOE) to 0.31 £ 0.01 (eucalyptus EOE), confirming the formation of
homogeneous EOEs.

The formulation of the oil in water emulsion by high-energy method requires the use
of specific devices like high-pressure homogenizer, ultrasonic generator, or microfluidizer
to provide the energy for emulsification, supported by the use of an appropriate surfactant,
i.e., OSA-starch in our case. The homogenization helps in the deformation and disruption
of larger droplets into smaller droplets and the adsorption of surfactant at the interface
of the hydrophilic and hydrophobic media. The type of the homogenizer, the operating
conditions (e.g., energy intensity, duration, and temperature), sample composition (e.g.,
oil type, emulsifier type, relative concentrations), and physicochemical properties of the
component phases (e.g., interfacial tension and viscosity) greatly affect the size of the
droplets which are produced by this technique [43]. Therefore, the different sizes of the
emulsion droplets obtained in our study could also be influenced by the different viscosities
of the EOs.

It was determined in our previous studies that storage conditions of the OSA-starch-
based emulsions have an impact on the changes in the size of the droplets and pH value
during the 14 days of storage time [37]. When the emulsions were kept at a temperature
of 5 °C, they were more stable in comparison with the samples kept at 20 °C and 40 °C.
A slight sedimentation of the modified starch particles was observed after 2 days in all
samples, while the creaming of the emulsions was detected only after 10 days of storage
at 40 °C. Furthermore, the reduction in pH was observed for cinnamaldehyde emulsions
when samples were stored at a temperature of 40 °C. Taking into account those findings
and the fact that prepared emulsions were still stable during two-day periods, only freshly
prepared emulsions were used in all subsequent experiments, and the migration of volatile
compounds from the modified starch matrix was considered to be insignificant.
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3.2. Gas Chromatography Mass-Spectrometry Analysis (GC-MS)

The EOs were analyzed to identify their various components and their respec-
tive percentages. The data of GC-MS analysis of the chemical composition of each
EO and cinnamaldehyde are presented in Tables S1-S8 (the data are provided in the
Supplementary Materials). GC-MS chromatograms are presented in Figures S1-S8 (the
data are provided in the Supplementary Materials). GM-MS registered retention time and
area percent of 29-34 compounds in the tested bioactive substances. The GC-MS analysis
of the tested bioactive substances identified key compounds, highlighting the dominant
chemical constituents. Cinnamaldehyde was the predominant compound, accounting
for 88.6% of the total composition (Table S1, Figure S1). Cinnamon oil (C. verum) con-
tained a significant amount of eugenol (32.3%), followed by trans-caryophyllene (9.2%) and
1-phellandrene (8.0%) (Table S2, Figure S2).

For basil oil (Table S3, Figure S3), methyl chavicol was the most abundant compound,
comprising 53.4%, while 1,8-cineole (12.2%) also contributed significantly. In Eucalyptus
oil (Table S4, Figure S4), the highest concentration was observed for benzene, 1-methyl-4-
(1I-methylethyl)- (60.7%), followed by 1,8-cineole (19.1%) and «-pinene (11.8%).

Lavender oil (Table S5, Figure S5) was characterized by linalool (21.8%) and linalyl
acetate (19.5%), while pine needle oil (Table S6, Figure S6) showed notable amounts of
-pinene (16.6%), dl-limonene (15.2%), and 6-3-carene (11.1%). Rosemary oil (Table S7,
Figure S7) contained eucalyptol (21.2%), camphor (20.1%), and camphene (10.6%), further
emphasizing its distinct profile.

In tea tree oil (Table S8, Figure S8), y-terpinene (19.7%), a-pinene (9.5%), and neoal-
loocimene (8.8%) were the key constituents. These findings underscore the major com-
pounds contributing to the unique chemical and biological properties of the tested EOs.
These results highlight the dominant chemical constituents responsible for the biological
activities and characteristic aromas of the EO analyzed.

3.3. Evaluation of Antibacterial Activity

This study demonstrated that EOs and compounds from cinnamon EO enhance the
effectiveness of treatments commonly used against Gram-positive and Gram-negative
nosocomial pathogens.

Regarding the antibacterial activity of bioactive compounds (Table 2), cinnamaldehyde
showed the highest antibacterial activity (p < 0.05) against all Gram-positive and Gram-
negative bacteria. The diameter of the inhibition zone of cinnamaldehyde ranged from
24.37 £ 0.25 mm to 50.22 £ 0.45 mm and was larger compared with EOs after treatment of
all the tested bacterial strains (p < 0.05). Cinnamon, eucalyptus, and pine EOs inhibited all
bacteria except P. aeruginosa. The diameter of the inhibition zone of eucalyptus EO against
staphylococci was larger compared with other EOs (p < 0.05), and cinnamon EO was the
most effective one against B. subtilis and S. Enteritidis (p < 0.05). Lavender, pine, and tea
tree EOs were only active on certain bacteria, while basil and rosemary EOs did not affect
any bacteria (diameter zone up to 12 mm).

For the antibacterial effect of EOEs (Table 3), cinnamaldehyde emulsion (cinnamalde-
hyde E) showed an effect against all bacteria except P. aeruginosa, where the diameter of
the inhibition zone ranged from 12.07 &= 0.28 mm to 23.00 & 0.25 mm. Eucalyptus EOE
showed an antibacterial effect upon MRSA and S. epidermidis with an inhibition zone di-
ameter of 12.22 4+ 0.30 mm and 16.88 & 0.51 mm, respectively. Lavender EOE inhibited
only S. aureus with a diameter of 12.48 £ 0.14 mm. The other EOE showed no significant
antibacterial effect. EOEs of basil and rosemary were not tested, as their EOs showed weak
antibacterial activity.
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Table 2. Inhibition zone diameter of essential oils for bacterial strains determined by disc agar
diffusion assay.

Inhibition Zone Diameter (mm)

Bioactive

Compounds S. aureus MRSA S. epidermidis B. subtilis S. Enteritidis P. aeruginosa
Basil EO 10.04 + 0.05 8 9.96 +0.41°F 9.83 +0.42f 9.24 4+ 0.26 8 <6.0 +0.00 f <6.0 4 0.00 €
Cinnamon EO  14.17 £ 0.06 © 14.05 4 0.49 1846 +£0.54¢  30.00 +0.44° 19.90 +0.40® <6.0 +0.00 €
Cinnamaldehyde 36.45+0.052  47.08+0.892 502240452  4388+0562  31.83+0.172 2437 +0.252
EucalyptusEO  28.04 £0.06°  28584+049P  30.00+044°  21.00+£055°¢ 14.61 +0.31 4 <6.0 +0.00 €
Lavender EO 2137 £0.31°¢ 11.06 +0.95 f 13.81 +£0.349  19.75 +0.59 ¢4 8.654 039 f <6.0 4 0.00 €
Pine EO 1825+ 0.7094  2091+0.899 1349 +0439 1623 +0.71°¢ 18.80 + 0.26 <6.0 +0.00 €
Rosemary EO 9.11+025" 7.00 +0.05 8 8.10 + 026" 10.89 +0.53 f 8.00 +0.22°¢ <6.0 4 0.00 €
Tea tree EO 20.20 +0.71 ¢ 24.44 +042°¢ 17.91 4+ 0.25°¢ 1830 £ 0684  14.81 40294 7.50 +0.22°

Ampicillin 11.53 + 0.14 f 8.00+0.15F 12.62 +0.15¢ 21.71 4+ 0.45¢ 12.14 +0.16 ¢ -

Notes: Three results (mean 4 SD, n = 3) read from the same column and marked with the same letter do not differ
significantly at a threshold & = 5% (Two-way ANOVA; Tukey’s test). In contrast, results marked with different
letters show a significant difference. NA: Not Applicable. MRSA: Methicillin-resistant S. aureus.

Table 3. Inhibition zone diameter of essential oils emulsions for bacterial strains determined by disc
agar diffusion assay.

Emulsion of Bioactive Inhibition Zone Diameter (mm)

Compound S. aureus MRSA S. epidermidis B. subtilis S. Enteritidis  P. aeruginosa
Cinnamon EOE 1118 £0.17b¢ 1148 £027P 1199 £0.18°  9.62 +0.24¢ <6.0 £ 0.00 © 9.65+0.552
Cinnamaldehyde E 12.07 £ 0282b 218240342 23.004+025% 1667 £0.44P 15244+0292 10.33+0.58°2
Eucalyptus EOE 10.83+030°4 1222 +030P 16.88+051P 9.65+020¢ <6.0+0.00°¢ <6.04+0.00°¢
Lavender EOE 1248 £0.142  1023+£025¢ 1078+025¢ <6.0+000¢ <6.04+0.00¢  <6.0+0.00°¢
Pine EOE 11.60 + 0.17° <60+000¢ 1178 +022¢ <60+0009  <6.040.00¢ <6.0 £ 0.00 €
Tea tree EOE 940+028¢  885+031¢ 972+045° <6.0+£000¢ <60+000¢  7.00=£0.50"
Ampicillin 11.53 +0.14° 8.00 £ 0.15 1262 +£0.15 21.71+£045% 1214+0.16° <6.0+0.00°¢
Notes: Three results (mean + SD, n = 3) read from the same column and marked with the same letter do not differ
significantly at a threshold « = 5% (Two-way ANOVA; Tukey’s test). In contrast, results marked with different
letters show a significant difference. NA: Not Applicable. MRSA: Methicillin-resistant S. aureus.
The results of the microdilution method correlated with the agar diffusion test
(Table 4). Cinnamaldehyde showed a low MIC value of 1.31 mg/mL against all bacteria and
2.62 mg/mL against P. aeruginosa. Eucalyptus, cinnamon, and tea tree EOs had close values,
with MIC values ranging from 2.23 mg/mL to 5.12 mg/mL. The MICs of lavender and pine
oils were 4.43 mg/mL and 4.31 mg/mL, respectively.
Table 4. MIC, MBC, and MBC/MIC ratios of the essential oils were tested against different
bacterial strains.
Bioactive Concentration Bacterial Strains
Substance (mg/mL) S. aureus MRSA S. epidermidis B. subtilis S. Enteritidis  P. aeruginosa
MIC 2.56 5.12 5.12 2.56 2.56 5.12
Cinnamon EO MBC 512 5.12 5.12 2.56 5.12 >5.12
MBC/MIC 2 1 1 1 2 >1
MIC 1.31 1.31 1.31 1.31 1.31 2.62
Cinnamaldehyde MBC 2.62 2.62 1.31 1.31 2.62 2.62
MBC/MIC 2 2 1 1 2 1
MIC 2.28 2.28 2.28 2.28 4.56 4.56
Eucalyptus EO MBC 2.28 4.56 4.56 4.56 4.56 4.56

MBC/MIC 1 2 2 2 1 1
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Table 4. Cont.

Bacterial Strains

Bioactive Concentration
Substance (mg/mL) S. aureus MRSA S. epidermidis B. subtilis S. Enteritidis  P. aeruginosa
MIC >4.43 >4.43 >4.43 >4.43 >4.43 >4.43
Lavender EO MBC >4.43 >4.43 >4.43 >4.43 >4.43 >4.43
MBC/MIC ND ND ND ND ND ND
MIC >4.31 >4.31 >4.31 >4.31 >4.31 >4.31
Pine EO MBC >4.31 >4.31 >4.31 >4.31 >4.31 >4.31
MBC/MIC ND ND ND ND ND ND
MIC 2.23 4.47 2.23 2.23 4.47 447
Tea tree EO MBC 4.47 4.47 >4.44 2.23 >4.47 4.47
MBC/MIC 2 1 >2 1 >1 1
Ampicillin MIC 0.17 0.35 0.17 0.02 0.35 2.81
P MBC 0.17 0.70 0.35 0.04 5.62 11.25

MRSA: Methicillin-resistant S. aureus, MIC: minimal inhibitory concentration, MBC: minimal bactericidal concen-
tration, ND: no data.

The MICs of the EOEs are lower than the MICs of the EOs (Table 5). The MIC of
cinnamaldehyde emulsion was 6.87 mg/mL against MRSA, S. epidermidis, B. subtilis, and
S. Enteritidis, and 27 mg/mL against S. aureus. The MICs of cinnamon and eucalyptus
EOEs ranged from 6.75 mg/mL to 13.50 mg/mL and from 13.25 mg/mL to 26.50 mg/mL,
respectively. The MIC of tea tree EOE was over 46 mg/mL.

Table 5. MIC, MBC, and MBC/MIC ratios of the essential oil emulsions were tested against different
bacterial strains.

Bacterial Strains

Bioactive Concentrations
Substance (mg/mL) S. aureus MRSA S. epidermidis B. subtilis S. Enteritidis
MIC 13.50 6.75 27.00 6.75 13.50
Cinnamon EOE MBC 27.00 27.00 27.00 >54.00 13.50
MBC/MIC 2 4 1 >8 1
4 MIC 13.75 6.87 6.87 6.87 6.87
Cinnamaldehyde MBC 13.75 13.75 6.87 >55.00 13.75
E
MBC/MIC 1 1 1 >8 2
MIC 26.50 26.50 13.25 13.25 26.50
Eucalyptus EOE MBC 26.50 26.50 13.25 >53.00 53.00
MBC/MIC 1 1 1 >4 2
MIC 46.00 46.00 46.00 46.00 46.00
Tea tree EOF MBC 46.00 46.00 46.00 >46.00 >46.00
MBC/MIC 1 1 1 >1 >1
o MIC 0.17 0.35 0.17 0.02 0.35
Ampicillin MBC 0.17 0.70 0.35 0.04 5.62

MRSA: Methicillin-resistant S. aureus, MIC: minimal inhibitory concentration, MBC: minimal
bactericidal concentration.

Basil and rosemary EOs and EOEs of basil, rosemary, lavender, and pine oils were not
tested in the microdilution test, as they showed weak antibacterial activity in the disc agar
diffusion test. The EOE was also not tested on P. aeruginosa, as it showed no effect in the
disc diffusion test.

The MBC values of EOs and EOEs were generally found to be either equal to the MIC
values or two-fold higher for all bacteria (Tables 4 and 5). To determine whether a substance
is bactericidal or bacteriostatic, MBC/MIC ratio calculations were performed [44]. It was
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found that the majority of substances exhibited bactericidal activity (MBC/MIC ratio < 4)
against the tested bacteria. However, emulsions of cinnamaldehyde, cinnamon EO, and

eucalyptus EO displayed bacteriostatic effects against the sporogenic bacteria B. subtilis
(MBC/MIC ratio > 4).

3.4. Biofilm Assay

The biofilm assay evaluated the ability of cinnamaldehyde to disrupt biofilms formed
by S. aureus, MRSA, and P. aeruginosa. According to the tube method, MRSA and
P. aeruginosa displayed moderate biofilm formation, whereas S. aureus produced weak
biofilms (Table 6).

Table 6. Results of cinnamaldehyde treatment on biofilm formed by S. aureus, MRSA, and P. aeruginosa.

The Evaluation of the Amount of Biofilm

Bacteria Formed by Bacteria
Before Treatment After Treatment
S. aureus o\ weak positive negative
Gram-positive s .
MRSA postiy moderate positive negative
P. aeruginosa Gram-negative moderate positive negative

The amount of biofilm formed was scored as negative, weak positive, moderate positive, and strong.
MRSA: Methicillin-resistant S. aureus.

After treating the bacterial biofilms with cinnamaldehyde at a concentration five times
higher than the MBC for 1 h, no biofilm was detected, as evidenced by the disappearance
of biofilm layers from the tube wall (Figure 1).

S. aureus

MRSA

Biofilm layers

P, aeruginosa

Figure 1. Biofilm formation evaluation by the tube method using cinnamaldehyde. MRSA: Methicillin-
resistant S. aureus.
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3.5. Cytotoxicity Results

The EOs and EOEs did not exhibit cytotoxic effects on Vero cells at the selected concen-
trations, except for cinnamon EO and cinnamaldehyde (Figures 2 and 3). Cinnamaldehyde
exhibited cytotoxicity at concentrations (% v/v) ranging from 0.1% to 0.0125%, while cinna-
mon EO demonstrated cytotoxicity at 0.1%. Cytotoxicity was confirmed by microscopic
observation. Figure 4 illustrates the toxicity effects on Vero cells after incubation with EOs
and EOEs. For example, cells exposed to 0.1% cinnamon EOE, 0.1% basil EO, and 0.1%
eucalyptus EO appeared to be unaffected Vero cells, i.e., a negative control. However, when
cells were exposed to 0.1% cinnamon EO, they detached and lost their monolayer shape, in
contrast to the negative control.

Basil

Cinnamon

I Cinnamaldehyde
Eucalyptus
Lavender

Pine

Rosemary

Tea Tree
0.025 0.0125 0.00625 0.003125 0.001563
Concentration (%)

Figure 2. Cell viability after treatment with essential oils for 72 h on Vero cells. Control sample
(untreated cells) = 100% viability. According to the guidelines in ISO 10993-5 (2009) [45] a material
concentration is considered non-cytotoxic when cell viability remains above 70% (dotted line).

Basil

Cinnamon
Cinnamaldehyde
Eucalyptus
Lavender

Pine

Rosemary

Tea Tree

0.05 0.025 0.0125 0.00625 0.003125

Concentration (%)

Figure 3. Cell viability after treatment with essential oils emulsions for 72 h on Vero cells. The
control sample (untreated cells) = 100% viability. According to the guidelines in ISO 10993-5
(2009) [45], a material concentration is considered non-cytotoxic when cell viability remains above 70%
(dotted line).
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Vero cell control

Vero cell control

Basil EO (0.1%) Cinnamon EO (0.1%)

Eucalyptus EO (0.1%) Cinnamon EOE (0.1%)

Figure 4. Microscopic observation of Vero cells after treatment with the EOs and their emulsions.

4. Discussion

This study highlights the potent antibacterial, antibiofilm, and cytotoxic activities
of selected EOs and their emulsified forms, with mechanistic insights that align with the
existing literature. The primary antibacterial action of EOs is linked to their lipophilic
components—notably phenols and terpenes—which disrupt bacterial membranes by inte-
grating into the lipid bilayer. This leads to increased permeability, leakage of cytoplasmic
contents, and collapse of the proton motive force [46,47]. Secondary mechanisms include
inhibition of key enzymes (e.g., ATPase by eugenol) and interference with cell wall synthe-
sis (e.g., citral), contributing to overall bacterial cell death. EOs also interfere with quorum
sensing, the regulatory system for bacterial communication and biofilm formation. Certain
EO constituents downregulate genes like [uxS and icaA, suppressing EPS production and
adherence [48]. Emulsification further enhances this effect by improving EO solubility
and biofilm penetration, resulting in better disruption of biofilm architecture [49]. EOs
exert anticancer effects primarily through oxidative stress, mitochondrial dysfunction, and
apoptosis induction. Compounds such as limonene and «-pinene promote ROS generation,
leading to mitochondrial depolarization and activation of caspase-mediated apoptosis [50].
Emulsified EOs, due to enhanced bioavailability and cellular uptake, showed stronger
cytotoxic responses, potentially via endocytic uptake mechanisms.

Valuable insights have been gained into the antibacterial properties of EOs and their
bioactive components, particularly on cinnamaldehyde, the primary compound in cinna-
mon oil. The findings demonstrate that cinnamon oil possesses broad-spectrum antibac-
terial activity, showing marked efficacy against several clinically significant nosocomial
pathogens. Cinnamaldehyde, in particular, exhibited strong inhibitory effects on both
Gram-positive and Gram-negative bacteria, including S. aureus, MRSA, and P. aeruginosa.

These pathogens are major contributors to hospital-acquired infections and are well-
known for their multidrug resistance, highlighting the urgent need for alternative or
complementary antibacterial therapies. Moreover, results from the biofilm assays reinforce
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the potential of cinnamaldehyde, as it effectively disrupted established biofilms formed by
MRSA, S. aureus, and P. aeruginosa. Given that biofilm formation is a critical virulence factor
in chronic infections and significantly enhances antibiotic resistance, cinnamaldehyde’s
anti-biofilm activity presents it as a promising candidate for use in strategies aimed at
preventing or treating persistent, biofilm-related infections.

Further research is warranted to investigate the synergistic effects of cinnamaldehyde
with conventional antibiotics, its efficacy in vivo, and the potential benefits of using EO-
based emulsions or delivery systems to enhance bioavailability and therapeutic outcomes.
Additionally, a deeper understanding of the molecular mechanisms by which cinnamalde-
hyde exerts its antibacterial and anti-biofilm effects could guide the development of novel
therapeutics targeting resistant bacterial strains.

However, the application of free EOs could be restricted due to poor solubility in
water, low chemical stability, and high volatility, which leads to a reduction in long-lasting
bioactivity. Encapsulation is a promising tool to overcome the various limitations of EO
formulations, improve their functionality, and protect them from external environmental
conditions. Natural biopolymers are non-toxic and biodegradable substances and can be
used as carrier materials in the encapsulation of volatile bioactive compounds. Polysac-
charides such as starch, chitosan, carrageenan, and cellulose can be used as matrixes for
the various biologically active substances for the development of different forms such as
emulsions, powders, coatings, films, patches, and wound dressings. For the past decade,
materials based on biopolymers with immobilized EOs have been developed and applied
using various technologies to increase food safety, to construct new medical devices, cos-
metic, and personal care products. Therefore, using EOs as active ingredients in emulsions
is an effective strategy for improving their solubility, stability, and controlled release. The
emulsions prepared in this study were designed to encapsulate seven EOs derived from
plants, including cinnamon EO and its bioactive component, cinnamaldehyde, to enhance
their applicability in therapeutic and industrial applications.

Hydrophobically modified waxy maize starch, specifically OSA-starch, was employed
as the stabilizing agent in this study. OSA-starch is a food-grade material, recognized for its
safety and approval as a food additive, and it has recently emerged as a potential stabilizer
for emulsions due to its ability to form stable structures in aqueous environments [51].
The use of OSA-starch in the emulsions allowed for the incorporation of a range of EOs,
including basil EO, cinnamon EO, cinnamaldehyde, eucalyptus EO, lavender EO, pine EO,
rosemary EO, and tea tree EO, all of which have demonstrated antibacterial and therapeutic
properties. The preparation of emulsions using OSA starch as a stabilizer proved to be
an effective method for encapsulating EOs, ensuring their stability and controlled release.
The emulsions demonstrated good homogeneity, stability, and appropriate droplet size
distribution, which are critical for the successful delivery of the bioactive compounds
[35,52]. Continued research on the long-term stability and biological effects of starch-based
emulsions is essential to optimize their application in clinical settings. Recent studies
have demonstrated the promising antibacterial potential of such systems. For example,
an emulsion based on octenyl succinic anhydride (OSA) starch incorporating thymol
showed strong bactericidal effects against E. coli and S. aureus, effectively targeting both
planktonic cells and biofilms [47]. Similarly, Sharif et al. [53] investigated black cumin
EO nanoemulsions stabilized by OSA-modified starch, reporting significantly enhanced
antimicrobial activity compared to the pure EO. Moreover, it was demonstrated that the
blank emulsion did not exhibit any antimicrobial activity, as would be expected given
the nature of the polysaccharide matrix used to stabilize the emulsion. These findings
underscore the potential of OSA starch-based emulsions as effective delivery systems to
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boost the antimicrobial efficacy of EOs, supporting their further development for clinical
and pharmaceutical applications.

Additionally, the complex composition of EOs was considered in this study. EOs can
contain a mixture of volatile compounds, including major components (20-95%), minor
compounds (1-20%), and trace compounds (<1%). These bioactive molecules are responsi-
ble for the therapeutic and antibacterial properties of the EOs, and their incorporation into
emulsions may enhance the stability and activity of the oils. For example, cinnamaldehyde,
the primary component in cinnamon EQO, is known for its strong antibacterial properties,
and its encapsulation in an emulsion may help to maintain its potency over time [54-57].
Other major compounds found in the EOs, such as eucalyptol in eucalyptus oil and linalool
in lavender oil, also contribute to the therapeutic effects of the emulsions, particularly in
applications like wound healing and infection control [15,27,57-61].

Cinnamaldehyde maintained significant antibacterial activity in the emulsified form,
although its effect was less pronounced than pure oil. This reduction in effectiveness
could be attributed to the solubilization process in the emulsion, which might influence the
bioavailability and direct contact of the active compound with the bacterial cell wall [52].
However, it is notable that the cinnamaldehyde emulsion still showed inhibition against all
bacterial strains tested, except P. aeruginosa. Moreover, it should be stressed that the OSA-
starch matrix used to emulsify EOs does not possess antibacterial activity, as demonstrated
by Sharif et al. [53]. This suggests that emulsions can still be an effective delivery method
for EOs in clinical or therapeutic settings, especially when combined with other bioactive
substances [14].

Interestingly, basil and rosemary oils exhibited minimal antibacterial activity, aligning
with previous reports that have described the relatively weaker antibacterial properties of
basil EO [43].

The GC-MS results revealed that cinnamon oil (C. verum) contained a high concentra-
tion of eugenol (32.3%). Cinnamaldehyde, which constitutes 88.6% of the composition, is
the dominant compound, along with other compounds. These findings corroborate the
work of [62], who noted that cinnamaldehyde is a significant contributor to the antibacterial
activity of cinnamon oil. Additionally, the findings on the composition of basil, eucalyptus,
lavender, pine needle, rosemary, and tea tree oils align with the existing literature, where
methyl chavicol (from basil), 1,8-cineole (from eucalyptus and tea tree oils), and linalool
(from lavender oil) have been reported as key antibacterial agents [63].

The antibacterial properties of EOs and their major bioactive compounds, particularly
cinnamaldehyde, were evaluated against both Gram-positive and Gram-negative nosoco-
mial pathogens. The results suggest that the EOs and compounds tested possess varying
degrees of antibacterial activity, with cinnamon EO and cinnamaldehyde exhibiting the
most potent effects. These findings are consistent with previous research that has high-
lighted the antibacterial potential of EOs derived from various plant sources, especially
against hospital-acquired pathogens [28,60,64]. Cinnamaldehyde, in particular, exhibited
the highest antibacterial activity among all the oils and compounds tested. The inhibition
zones observed in the study (ranging from 24.37 mm to 50.22 mm) against both Gram-
positive and Gram-negative bacteria indicate a broad-spectrum antibacterial effect [65].
These results are in agreement with those of [66], who demonstrated the effectiveness of cin-
namaldehyde against a variety of bacterial strains, including hospital-associated pathogens
such as S. aureus and E. coli. Furthermore, the antibacterial effects of cinnamon oil, euca-
lyptus oil, and pine needle oil were also noted against most bacterial strains tested, except
P. aeruginosa [20], which highlighted the resistance of P. aeruginosa to several EOs [67,68].
Cinnamaldehyde disrupts biofilms mainly by inhibiting quorum sensing in P. aeruginosa,
downregulating genes like las, lasR, rhll, and rhIR, and interfering with biofilm maturation.
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Its lipophilic nature increases membrane permeability and promotes biofilm dispersal. It
may also impair energy metabolism by inhibiting ATPase. Emulsified forms enhance these
effects by improving solubility and penetration. P. aeruginosa shows strong resistance to
EOs due to its impermeable outer membrane, active efflux pumps (e.g., MexAB-OprM),
and dense biofilm matrix. Its adaptability and oxidative stress tolerance further reduce
EO effectiveness. Overcoming this resistance is crucial, highlighting the importance of
advanced delivery systems like nanoemulsions to boost EO efficacy [11,69].

These results underline the importance of chemical composition in determining the
efficacy of EOs. For example, basil oil was dominated by methyl chavicol (53.4%), which,
despite its prominent concentration, might not be as effective against the tested bacterial
strains compared to other constituents like cinnamaldehyde in cinnamon oil or 1,8-cineole
in eucalyptus oil.

Furthermore, the variability in the antibacterial activity of EOs, particularly the lack of
activity in certain oils like basil and rosemary, highlights the need for further exploration
into the synergistic effects of EOs when used in combination. The synergy between EOs or
between EOs and conventional antibiotics could offer a promising approach to overcoming
bacterial resistance [70-72].

The ability of S. aureus, MRSA, and P. aeruginosa to form biofilms is a well-documented
mechanism that significantly contributes to the persistence and chronicity of infections.
The biofilm formation not only shields the bacteria from the host immune response but
also renders standard antibiotic therapies ineffective, making biofilm-related infections
particularly challenging to treat [73]. The biofilm matrix acts as a protective barrier, limiting
the penetration of antibiotics and reducing the metabolic activity of the bacteria. This reduc-
tion in metabolic rate is one of the key factors that enhance bacterial resistance, allowing
biofilm-associated bacteria to tolerate antibiotic concentrations up to 1000 times higher
than their planktonic counterparts [15,74,75]. Therefore, targeting biofilm formation or
disrupting established biofilms represents a crucial strategy in combating chronic infections
caused by these pathogens.

In the present study, the disruption of biofilms by cinnamaldehyde was striking, as
evidenced by the complete absence of biofilm layers on the tube walls following a 1 h
treatment using the tube method. This result highlights the potential of cinnamaldehyde
as an effective biofilm-disrupting agent [76]. The findings are consistent with previous
studies reporting the anti-biofilm properties of cinnamaldehyde and other EOs [77,78]. For
instance, it was found that cinnamaldehyde effectively inhibits biofilm formation in various
pathogens, including S. aureus and P. aeruginosa [79-81]. Similarly, studies demonstrated the
biofilm-disrupting activity of EOs, including cinnamaldehyde, against S. aureus and other
biofilm-forming bacteria [76,79-83]. We agree that using absorbance measurements could
provide more quantitative data and strengthen the results. We will consider incorporating
this method in future studies as a replacement for the tube method. It is also important to
note that the concentration of cinnamaldehyde used in this study to remove pre-formed
biofilms was five times higher than MBC. This higher concentration is necessary because
biofilm-associated bacteria are inherently more resistant to antibacterial agents due to
the protective biofilm matrix. The need for higher concentrations of biofilm-disrupting
agents has been widely recognized in the literature [80]. Agents like cinnamaldehyde
require significantly higher concentrations to penetrate and eradicate biofilms compared
to their effect on planktonic bacteria [55,72,81,82]. This increased concentration reflects
the enhanced resistance of biofilm-embedded bacteria and underscores the challenge of
effectively targeting biofilm-related infections.

The results from this study highlight the cytotoxic effects of certain EOs and EOEs on
Vero cells, specifically cinnamon EO and cinnamaldehyde; meanwhile, other EOs, such as
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basil and eucalyptus, did not exhibit significant cytotoxicity at the selected concentrations,
with cell viability remaining above 70% [45]. The observed cytotoxicity of cinnamon EO
and cinnamaldehyde is consistent with previous reports in the literature, where various
EOs and their bioactive compounds demonstrated cytotoxic effects at higher concentrations,
typically above 0.02%. For example, studies have shown that EOs like clove, cinnamon,
and eucalyptus exhibit varying degrees of toxicity on different cell lines at high concen-
trations [50]. In this study, cinnamaldehyde demonstrated cytotoxicity at concentrations
ranging from 0.0125% to 0.1%, consistent with previous research suggesting its toxicity at
higher levels. Likewise, cinnamon EO displayed cytotoxicity at a concentration of 0.1%,
aligning with prior studies that demonstrated its antibacterial efficacy and potential cyto-
toxicity at elevated concentrations [56-58,62,68]. During the healing phase of an infected
wound, the continuous recruitment of eukaryotic cells to the wound site minimizes the
impact on non-target cells. Therefore, although high concentrations of these EOs can cause
cytotoxic effects, the wound environment will likely ensure minimal damage to the healthy
eukaryotic cells involved in tissue repair [84-86]. Previous studies have shown that EOs
at appropriate concentrations can be safe and effective for wound healing by promoting
antibacterial activity and stimulating tissue repair without significant cytotoxicity [87-89].
Further research is needed to determine the optimal concentrations for various applications
in order to fully understand their potential for clinical use, particularly in the management
of nosocomial pathogens [88].

5. Conclusions

This study investigated the antibacterial and cytotoxic properties of various EOs
and their emulsified formulations against clinically relevant nosocomial pathogens. The
findings highlight the considerable antibacterial and antibiofilm potential of EOs, partic-
ularly those containing cinnamaldehyde, in combating antibiotic-resistant and biofilm-
forming bacteria.

Cinnamaldehyde exhibited the most potent antibacterial activity among the tested
compounds, with MICs ranging from 1.31 to 2.62 mg/mL. It was effective against the tested
Gram-positive and Gram-negative pathogens, including S. aureus, MRSA, S. epidermidis,
B. subtilis, S. Enteritidis, and P. aeruginosa. Other EOs, such as cinnamon, eucalyptus, and
pine, also demonstrated antibacterial activity, although their efficacy against P. aeruginosa
was comparatively limited.

Notably, cinnamaldehyde showed significant biofilm-disrupting capabilities, com-
pletely eradicating biofilms formed by S. aureus, MRSA, and P. aeruginosa within one
hour. This underscores its potential as a valuable therapeutic agent for treating persistent
biofilm-associated infections, often resistant to conventional therapies.

This study also highlights the value of aqueous EO emulsions stabilized using OSA-
starch as an effective strategy to enhance the use of plant-derived oils in various biomedical
and industrial fields. Continued research into their long-term stability and broader biologi-
cal effects will be crucial to harness their potential across different applications.

Cytotoxicity analyses revealed that cinnamaldehyde and cinnamon EO were cytotoxic
at concentrations above 0.1%. In contrast, other EOs, including basil, eucalyptus, and
lavender, did not exhibit significant cytotoxicity at the tested concentrations, indicating
their potential safety for therapeutic use when applied at appropriate doses.
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Abbreviations

The following abbreviations are used in this manuscript:

ATCC American tissue culture collection
DMEM Dulbecco’s Modified Eagle’s Medium
EO Essential oil

EOE Essential oil emulsion

FBS Fetal bovine serum

GC-MS Gas Chromatography-Mass Spectrometry
MBC Minimal inhibitory concentration

MHB Mueller-Hinton Broth

MIC Minimal bactericidal concentration
MRSA Methicillin-resistant Staphylococcus aureus
OSA-starch ~ Starch sodium octenylsuccinate

PDI Polydispersity index

SD Standard deviation
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