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The increase in mycotoxin contamination and antimicrobial resistance draws attention towards the
development of natural broad-spectrum antimicrobial compounds. Recent studies have highlighted the
use of nanoencapsulated essential oils as a promising natural antimicrobial agent and a safer alternative
to the synthetic ones. This study investigates the inherent antibacterial, antifungal, and antiaflatoxigenic
potential of a nanoencapsulated formulation developed from a combination of essential oils extracted
from Syzygium aromaticum leaves and buds. The GC-MS analysis of this combination (SACEO)
confirmed the presence of meta-eugenol as the major bioactive component. The SACEO demonstrated
synergistic activity, which was further stabilized via nanoencapsulation (Ne-SACEO) and was found to
have steady dispersion, a favorable zeta potential, and a homogeneous size through physicochemical
characterization. Ne-SACEO demonstrated significant antioxidative potential, lower MAIC and MIC values
than SACEO for aflatoxin By (0.15; 0.2 pL mL™), Aspergillus flavus (0.35; 0.40 uL mL™Y, B. cereus (50;
72.66 ppm), E. coli (56.66; 67.33 ppm), S. enterica (54.66; 64.66 ppm), and S. flexneri (64; 76 ppm)

respectively, indicating increased bioefficacy. According to mechanistic investigations, Ne-SACEO
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Accepted 31st October 2025 impaired the integrity of fungal and bacterial cells, leading to cell death. The combined antimicrobial and

anti-aflatoxigenic activity of Ne-SACEO, supported by sustained release, improved solubility, and
membrane permeability, highlights its potential as a green multifunctional biopreservative agent in food
safety and sustainability.
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The increase in mycotoxin contamination and antimicrobial resistance draws attention towards the development of natural and broad-spectrum antimicrobial
compounds. The study reports the antimicrobial efficacy and probable mechanism of a developed synergistic nanoformulation based on the combination of
clove leaf and bud essential oils (EOs), and recommends its application as a novel sustainable alternative to synthetic chemicals.

the high-risk sources, including raw vegetables, undercooked
meat, infected cereals, and unpasteurized dairy. The infection

1. Introduction

Mycotoxin contamination and foodborne infections continue to
be major global public health concerns, particularly in low- and
middle-income countries where food storage and hygiene
standards are frequently inadequate. Foodborne outbreaks are
largely caused by bacterial pathogens, including Salmonella
enterica, Clostridium botulinum, Escherichia coli, Bacillus cereus,
Listeria monocytogenes, etc. These pathogens cause gastrointes-
tinal disorders that can result in serious morbidity and some-
times be fatal."? The bacterial foodborne illnesses are related to
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of E. coli can be linked to hemorrhagic colitis and hemolytic
uremic syndrome (HUS), which can occasionally result in renal
failure.* B. cereus can cause emesis and diarrhoeal food
poisoning, proliferating under unfavorable storage conditions,
and is heat resistant.* S. enterica and S. flexneri are responsible
for typhoid fever and shigellosis, respectively, under unhygienic
conditions.>®

Fungal contamination is one of the most common reasons
for loss of important commodities and a cause of imbalance in
gut health. Among the known fungal secondary metabolites,
Aflatoxin B; (AFB,), a powerful carcinogen (the International
Agency for Research on Cancer (IARC) classifies it as a Group I
carcinogen), compromises the health of both humans and
animals. These biological risks drastically lower the safety and
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quality of food and cause huge financial losses as a result of
crop rejection, deterioration, and export prohibitions.” Among
all known AFB;-producing fungi, A. flavus is highly prevalent in
food commodities, including cereals, nuts, oilseeds, and dairy
substitutes, especially in warm humid climates. Exposure to
AFB; has been associated with growth retardation, immuno-
suppression, liver cancer, and in severe cases, acute poisoning.
Aflatoxin contamination risks have increased recently, particu-
larly in tropical and subtropical regions, due to factors such as
climate change, growing international trade, and inadequate
post-harvest handling. Therefore, one of the top priorities in the
discipline of food safety is to identify sustainable and efficient
ways to regulate the proliferation of A. flavus and its toxins.®®

Globalized food chains and the emergence of antibiotic-
resistant bacteria have complicated control of these food-
borne illnesses. The range of available treatments is restricted
by the advent of organisms that are multidrug resistant. Such
concerns draw attention to the necessity of safe, plant-based
antimicrobials to improve food safety and control the growing
threat of foodborne pathogens.

Hence, researchers are investigating natural alternatives in
response to the health risks associated with synthetic food
preservatives and the rise in antibiotic resistance. Aromatic
plants, which are often abundant in volatile substances
including phenols, aldehydes, terpenes, and alcohols, are
capable of damaging microbial cells and are one of the alter-
natives. Because of their antibacterial, antifungal, antioxidant,
and insecticidal qualities, essential oils (EOs) extracted from
these plants are gaining interest as promising bioactive
agents."

The medicinal plant S. aromaticum, frequently referred to as
clove, is utilized extensively for its antioxidant and antibacterial
qualities, which are mostly brought about by the presence of
bioactive compounds.’” Clove's leaves and flower buds (two
slightly different essential oils) have been widely studied indi-
vidually; combining these two oils was anticipated to have the
potential to provide additive or synergistic antimicrobial
actions because of their complementary chemical composi-
tions. The developed formulation could have better bioactivity
and can be a novel source of antimicrobial agent. Furthermore,
encapsulation of this combination in a chitosan-cinnamic acid
nanomatrix can help stabilize and protect the volatile
compound, increasing the bioefficacy.

This study aims to develop a chitosan-cinnamic acid nano-
matrix encapsulated bioactive formulation by combining
essential oils from clove leaves and buds. The chemical profile
of the developed formulation was assessed via GC-MS analysis.
Furthermore, we investigated its antifungal, antiaflatoxigenic,
and antibacterial potential. In addition, effects of nano-
encapsulation on the formulation's antimicrobial properties
and the mechanism of action were demonstrated using
biochemical and i silico approaches. The research specifically
targets the antimicrobial activity and underlying functional
principle of in vitro inhibition of foodborne bacterial pathogens
(E. coli, S. Typhi, B. cereus, and S. flexneri), the toxigenic fungus
A. flavus (AfAh0723), and AFB, production.
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2. Materials and methods

2.1. Materials and reagents

All the chemicals used in the present study were procured from
Sisco Research Laboratories Pvt. Ltd (Mumbali, India), Hi-media
(Maharashtra, India), and Sigma-Aldrich (St. Louis, MO, United
States). The low molecular weight deacetylated chitosan was
purchased from Sigma-Aldrich. The major equipment used in
the study was a hydro-distillation unit (Merck Specialities Pvt.
Ltd, Mumbai, India), gas chromatograph-mass spectrometer
(PerkinElmer, Turbomass Gold, USA), atomic absorption spec-
trophotometer (PerkinElmer, AAnalyst 800, USA), spectropho-
tometer from Shimadzu (UV 1800), and cooling centrifuge (CPR-
24 plus).">"

2.2. Microbial strains and culture conditions

The research includes mold species, Aspergillus flavus strain
(AfAh0723), which was previously isolated in our laboratory
from Arachis hypogaea seeds, and the active culture was main-
tained on Potato Dextrose Agar (PDA), pH 5.4-6.0 at 27 £ 2 °C.
The spore suspension was maintained in autoclaved Milli-Q
water at +4 °C, which was used as inoculum in the study.

The study included four food-borne bacterial isolates:
Shigella flexneri (MTCC no. 1457), Salmonella enterica ser. typhi
(MTCC no. 733), Bacillus cereus (MTCC no. 1272), and Escher-
ichia coli (MTCC no. 77). The source of these bacterial isolates
was the Microbial Type Culture Collection and Gene Bank,
India. Pure bacterial slants were kept in a refrigerator on
nutrient agar (NA), whereas all bacterial cultures were main-
tained on nutrient broth (NB) at 37 £ 2 °C, which was further
used as inoculum in the study.

2.3. Extraction, combination, and chemical profiling of
SACEO by GC-MS

The leaves of the S. aromaticum plant were collected from the
Botanical Garden, Department of Botany, Banaras Hindu
University, Varanasi, India. The bud of S. aromaticum was
purchased separately from a local shop near B.H.U., Varanasi.

The essential oils from leaves and buds were extracted
separately using the hydrodistillation method by adding fine
pieces of fresh leaves (200 g) and crushed buds (50 g), mixing
with double-distilled water, and heating at 90 °C for 4 h using
the Clevenger apparatus.'>'® After extraction, the remaining
moisture from both oils was removed using anhydrous sodium
sulfate, and the pure oils were stored at 4 °C for future use."”
Both of these oils were separately tested against bacteria as well
as fungi, and further combined in different ratios (leaf: buds-1:
1, 1:2, 2:1, 1:3, and 3:1) to analyze the potential of their
combination.*® The fourth combination, i.e., 1: 3, was found to
be the most potent and thus further subjected to chemical
characterization using GC-MS using an Elite-5 capillary column.
The separation was carried out with a 30 m Elite-5 capillary
column, and a 1 pL injection volume (1: 50 diluted in acetone).
The chemical profile of the SACEO was determined by
comparing its mass spectral pattern with the mass spectral
libraries of the Wiley, NIST, and NBS.****

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.4. Preparation of the chitosan nanogel and encapsulation
of SACEO

For the preparation of the nanogel, 0.5 g of chitosan was di-
ssolved in 100 mL of 1% aqueous acetic acid solution and kept
on a magnetic stirrer for 18 hours at 400 rpm. After 18 hours, the
solution was diluted with 85 mL of methanol, and the pH was
adjusted to 3.5-4.0. The solution was sonicated at 50 Hz for
5 min to reduce and even out the particle size. A separate
solution was prepared by dissolving 317.5 mg of cinnamic acid
in 669 uL of EDC. This solution was added to 75 mL of the
sonicated chitosan solution dropwise and then kept on
a magnetic stirrer for 24 hours at 250 rpm to ensure the
homogenization of the resulting solution. The pH of the final
solution was adjusted between 8.5-9.0, and then centrifuged at
9000 rpm for 15 min to pellet down the synthesized nanogel.
The pellet was washed twice with double distilled water and
ethanol. This pure nanogel was vacuum lyophilized for 24
hours, and the weight of the dry nanogel was recorded.*

Furthermore, 100 mg of the dry gel was resuspended in
10 mL of 0.1% aqueous acetic acid solution on a magnetic
stirrer at 250 rpm, and the pH was adjusted to 3.5-4.0. This
sample was filtered using Whatman filter paper to have even-
sized particles in the final solution. Subsequently, multiple
quantities of SACEO were added to the synthesized nanogel to
achieve different ratios of the chitosan nanogel to SACEO (1:
0.25, 1:0.5, 1:0.75, and 1:1) and subjected to sonication at
50 Hz for 20 minutes using a probe-type sonicator.

2.5. Characterization of Ne-SACEO

The incorporation of SACEO within the chitosan nanoparticles
(CSNPs) was validated by Dynamic Light Scattering (DLS),
Fourier Transform Infrared Spectroscopy (FTIR), and X-ray
Diffraction (XRD).

2.5.1. Dynamic light scattering (DLS). The average particle
size and zeta potential of the synthesized chitosan nanogel and

cumulative amount of SACEO released at specific time

View Article Online

Sustainable Food Technology

chitosan-cinnamic acid nanogel, and Ne-CIM, were subjected to
high-resolution analysis via X-ray diffractometry (Bruker D8
Advance) across the 26 spectrum of 10-80°, employing a step
size of 0.02° min ' and a scan speed of 5° min 1.2

2.5.4. Encapsulation efficiency and loading capacity. EE
and LC were estimated using the Onyebuchi et al, 2019%
technique. Briefly, 5 mL of aqueous hydrochloric acid (2 M) was
mixed with 10 mg of Ne-SACEO and allowed to stand at 95 °C for
30 minutes. After the sample cooled down, 1 mL of methanol
was added, and it was centrifuged for 5 minutes at 3000 rpm.
The blank sample (CSNPs) was made in a similar manner. The
absorbance maxima (at 281 nm and standard curve R*> = 0.998)
of SACEO, determined using a UV-vis spectrophotometer, were
used to measure the amount of SACEO loaded into the CSNPs.
The following formulas were used to determine the percent %
EE and % LC:

mass of loaded SACEO

% EE =
& mass of initial SACEO %

100

total amount of loaded SACEO

0 L —
4 LC weight of freeze dried sample

x 100

The in vitro release of CLEO from the chitosan-cinnamic
acid-based nanomatrix was measured using the method of
Hosseini et al., 2013*® with minor changes. 0.5 mL of the loaded
sample was taken in a microcentrifuge tube containing 5 mL of
40% alcoholic phosphate-buffered saline and stored at room
temperature. At specific intervals, the sample was centrifuged
for 6 minutes at 8800 rpm. The supernatant was separated, and
pellet was redissolved in same quantity of fresh buffer. A UV-vis
spectrophotometer was used to quantify the in vitro release of
CLEO from the nanomatrix at regular time intervals at 270 nm.*”
The cumulative release was calculated as follows:

% cumulative release =

x 100

amount of total SACEO

nanoencapsulated combination (Ne-SACEO) were measured by
dynamic light scattering (DLS) (Zeta sizer, Malvern Instrument,
UK). The measurements assessed the dispersion uniformity,
colloidal stability, and surface charge characteristics of the
nanoparticles, which are essential indications of nanogel effi-
cacy in biological and food systems.*®

2.5.2. ATR-FTIR analysis. ATR-FTIR spectra of chitosan,
CSNPs, SACEO, and Ne-SACEO were recorded using an attenu-
ated total reflection-fourier transform infrared spectrometer
using chitosan powder and liquid samples of CSNPs, SACEO,
and Ne-SACEO in the wavenumber range of 400-4000 cm ™ * .22

2.5.3. X-ray diffraction (XRD) analysis. To ascertain
whether the substance was crystalline or amorphous, the
encapsulating products, such as low molecular weight chitosan,

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.6. Free radical scavenging activity of Ne-SACEO

2.6.1. DPPH. 2,2-Diphenyl-1-picrylhydrazyl (DPPH), a rela-
tively stable chemical radical, has been used extensively to
assess the antioxidant activity of both the complex combina-
tions and individual molecules. The basis of this assay lies on
the fact that, in the presence of an antioxidant which donates
hydrogen, free radicals present in an alcoholic DPPH solution
decreases. In accordance with the protocol, the 2, 2-diphenyl-1-
picrylhydrazyl (DPPH) radical assay was used to evaluate the
capacity of Ne-SACEO to scavenge free radicals. After adding
a 0.004% methanolic DPPH solution to different Ne-SACEO
concentrations (0.005-0.035 pL mL™'), the mixtures were
allowed to stand at room temperature (27 + 2 °C) in the dark for
30 minutes. The absorbance of the reaction mixtures was then

Sustainable Food Technol.,, 2026, 4, 823-841 | 825
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measured at 517 nm in comparison to the blank sample, which
was a methanolic solution of DPPH without adding Ne-
SACEO.”® The mentioned formula was used to obtain the
percentage inhibition of DPPH free radicals, and the graph of
the percentage inhibition of DPPH against concentration was
used to determine the ICs, (concentration of Ne-SACEO at
which 50% neutralization of DPPH radicals occurs).

% Inhibition = (Apjank — Asamplc)/Ablank

Here,Agjank = absorbance of control (methanolic solution of
DPPH) and Agample = absorbance of samples with different
doses of Ne-SACEO.

2.6.2. ABTS. The ABTS radical cation reagent was made by
mixing 2.45 mM potassium persulfate with 7 mM ABTS solu-
tion. The reagent was stored at room temperature and in the
dark. Different concentrations of essential oil were added to
2 mL of ABTS solution. The mixture was then vigorously
shaken and allowed to stand at room temperature for 30
minutes in the dark. A PerkinElmer spectrophotometer was
used to measure the solution's absorbance, which came out to
be 734 nm. As a blank solution, methanol was employed
without adding any essential oil to it.** The equation
mentioned previously to calculate the percentage inhibition of
DPPH free radical was used again to determine the scavenging

capacity.

2.7. Antifungal activity of Ne-SACEO against food-borne A.
flavus and its anti-aflatoxigenic potential

The in vitro antifungal activity of the EO against A. flavus was
evaluated by the method reported in Prakash et al., 2011.%°
0.5% (v/v) Tween 20 was used to dissolve the required quantity
of SALEO (0.1-0.7), SABEO (0.05-0.45), SACEO (0.05-0.40) and
Ne-SACEO (0.05-0.35) in SMKY media, respectively, resulting
in varying concentrations. In parallel to the treatment set, two
control sets were maintained to monitor the growth under
ideal conditions. Each treatment, including controls, was then
added with 50 uL of the spore suspension (A. flavus strain) and
incubated at 27 + 2 °C. The minimum inhibitory concentra-
tion (MIC) was determined by measuring the lowest oil
concentration at which no fungal growth was observed on the
seventh day of incubation.**** To determine the AFB1 inhibi-
tory effect, the growth medium containing AFB1 secreted by A.
flavus was filtered and purified using chloroform extraction.*
The extracted toxin was subjected to chromatographic sepa-
ration using a TLC plate. The fluorescent spot on the plate,
comparable to the aflatoxin B1 standard, was collected and
dissolved in methanol. The sample was centrifuged, and the
optical density of the supernatant was recorded. Additionally,
the formula mentioned was used to calculate the results in
terms of the minimum aflatoxin B1 inhibitory concentration
(MAIC):

AFB, content (ng mL ™) = (D x M)/(E x L) x 1000
Here, D = absorbance, M = AFB; molecular weight (312), E is

the extinction coefficient (21 800), and L = 1 cm.
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2.8. Antifungal mechanism of action

2.8.1. Effect of Ne-SACEO on ergosterol content in the
plasma membrane of A. flavus. The amount of ergosterol in A.
flavus exposed to varying concentrations of Ne-SACEO (1/4 MIC,
1/2 MIC, and MIC) has been evaluated. After adding a 25%
alcoholic KOH solution to 1 g of four-day-old mycelia that had
been treated with various Ne-SACEO dosages (0.05-0.35) and
along with the control set, they were vortexed for two minutes.
Additionally, the solution was incubated for four hours at 85 °C
in a water bath. The solution was then vortexed for two minutes
after two millilitres of sterile distilled water and five millilitres
of n-heptane were added. After two hours of stratification of two
distinct layers, the upper transparent n-heptane layer was
collected and scanned between 230-300 nm.** The ergosterol
content has been quantified using the following formula:

Ergosterol (%) = (Aag2200 — A230/518)/ W

Here,A: absorbance; 290 and 518 = extinction coefficient of
ergosterol and dehydroergosterol, respectively; W: mycelial
weight.

% Inhibition = (Ecomrol - Etreatment)/Ecomrol x 100

Here,E.ontror: €rgosterol content of control mycelia; Eieatment:
ergosterol content of treated mycelia.

2.8.2. Effect on cellular cation leakage. A. flavus mycelia
that had been cultured in liquid media (SMKY) for five days
were harvested and suspended in 20 milliliters of 0.85% saline
solution. This process was followed by fumigation with several
concentrations of SACEO (ops). The solution containing the
mycelial material was filtered after 12 hours and collected in
a 50 mL beaker. Membrane cations (K+ and Mg++) were then
measured in the filtrate using atomic absorption spectrometry
(AAS).>

2.8.3. Effect on mitochondrial membrane potential
(MMP). The technique mentioned in Tian et al. (2012)* was
used to evaluate MMP. After dissolving A. flavus spores in 0.5%
Tween 20, the non-treated sample (control) was treated with
varying concentrations of Ne-SACEO (0.05-0.35 pL, mL ") for 12
hours. The samples were incubated for five minutes and then
centrifuged at 5000 rpm. The pellets were then dissolved in PBS
containing 100 ng mL™' of Rhodamine 123 (Rh123) dye.
Following a 15 minute incubation period in the dark, the
samples were centrifuged once more at 5000 rpm for 5 minutes,
and the intensity of Rh123 in the pellets was measured using
a fluorescence spectrophotometer at 488 nm excitation and
525 nm emission wavelengths.*”

2.8.4. Determination of release of 260-nm and 280-nm
absorbing materials. Furthermore, for the determination of
leakage of 260 and 280 (nucleic acid/protein) absorbing mate-
rials, five-day-old mycelia were thoroughly washed and trans-
ferred to 20 mL of PBS solution, respectively. It was exposed to
the desired concentration of Ne-SACEO for 12 h at 25 & 2 °C. For
the leakage of 260 and 280 absorbing materials, the samples
were centrifuged at 13000 rpm for 15 minutes and the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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absorbance of the supernatant was recorded at 260 and 280 nm
using a UV-visible spectrophotometer.**

2.9. Anti-bacterial efficacy

2.9.1. Preparation of bacterial inoculum. In the current
investigation, a nutrient agar medium plate was streaked and
cultivated with S. flexneri (MTCC no. 1457), S. enterica ser. typhi
(MTCC no. 733), B. cereus (MTCC no. 1272), and E. coli (MTCC
no. 77). For each streaked plate, a single colony of all the
bacteria was isolated and placed in a 200 mL nutrient broth
(NB). It was incubated for 12 hours at 37 °C in an incubator
shaker. Cells were collected by centrifugation (4000xg, 10 min,
4 °C) following incubation, and they were then washed twice.
The harvested cells were then resuspended in 0.85% sterile
saline solution and used in further experiments.

2.9.2. MTT assay to determine the MIC of EOs. To find the
MIC of the SALEO, SABEO, SACEO, and Ne-SACEO, a 96-well
disposable sterile microtiter plate was used in an MTT colori-
metric test. Using DMSO as an emulsifier, stock solutions of
each EO (10 pL, mL ") were produced. To generate EO concen-
trations ranging from 0.02 to 0.12 pL mL~", diluted EO solu-
tions were made from stock solutions using the NB broth
medium as the solvent. 100 pL of each dilution was subse-
quently added in their respective wells. Each EO concentration
was increased by 0.02 mg mL " between two successive wells.
After that, 100 pL of the 105 CFU per mL bacterial suspension
was added to the plates, and an autoclavable sterile sealer mat
was placed over them to operate as an efficient barrier and stop
the volatile substances from affecting the nearby wells.** A
similar set of experiments was repeated with neomycin sulfate
as the standard antibacterial agent at the same concentration.
Furthermore,10 pL of MTT reconstituted in PBS at 5 mg mL ™"
was applied to each well and incubated for 4 hours at 37 °C
following a 24-hour incubation period. Dehydrogenases in
living cells convert the yellow tetrazolium salt MTT into a purple
formazan. Accordingly, the number of living cells directly
correlates with the amount of formazan generated, and the
minimum inhibitory concentration (MIC) is visible on the
plates. In this manner, the lowest concentration at which no
purple color was observed was used to calculate the MIC
values.*® The experiment was conducted in triplicate for each
oil.

2.10. Antibacterial mechanism of action of Ne-SACEO

2.10.1. Determination of membrane potential. The rhoda-
mine fluorescence method was used to monitor the membrane
potential of the bacteria. After fresh bacterial cells were treated
with varying doses of Ne-SACEO (1/4 MIC, 1/2 MIC, and MIC) in
PBS solution, the suspension was incubated for 30 minutes in 2
ng mL~' Rhodamine 123 (Rh123) solution in order to visualise
their metabolic activity. The cells were then washed with PBS
and a fluorescence spectrophotometer was used to quantify the
Rh123 fluorescence intensity of the control and samples treated
with Ne-SACEO at 488 nm excitation and 525 nm emission
wavelengths. The results were reported as mean fluorescence
intensity (MFI).**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.10.2. Membrane fluidity analysis. The analysis of
membrane fluidity for each bacterial strain was done by
growing all the bacteria in NB for 12 hours. The cell pellets were
collected for each bacterial strain and calibrated to an ODg, of
0.5. A 2 uM DPH solution was then added, and the mixture was
incubated for 45 minutes at 37 °C in the dark. After centri-
fuging, the bacterial suspensions were reconstituted using PBS.
A spectrophotometer was used to detect fluorescence anisotropy
at excitation and emission wavelengths of 360 nm and 430 nm,
respectively. A calculation was made of the fluorescence polar-
isation (P).*

2.10.3. Determination of potassium ion efflux. The cells of
B. cereus, E. coli, S. enterica, and S. flexneri were first cultivated
for 12 h at 37 °C. After being cleaned, the cells were resus-
pended in phosphate-buffered saline (PBS) with a pH of 7.2 at
a density of 1 x 107 cells per mL. One millilitre of the bacterial
suspensions containing Ne-SACEO at different concentrations
(1/4 MIC, 1/2 MIC, and MIC), along with a control, was then
cultured for 2 h at 37 °C. Following centrifugation, Atomic
Absorption Spectrometry (AAS) was used to measure the levels
of released K+ in the supernatants.*

2.10.4. Determination of the release of 260-nm and 280-nm
absorbing materials. The assessment of leakage of nucleotides
was carried out by harvesting cells from the logarithmic growth
phase of each bacterial strain. The cells were washed and
resuspended in 10 mM PBS (pH 7.2). For varying periods of
time, the bacterial strains were incubated with Ne-SACEO. The
controls were bacterial strains that were incubated with PBS
alone. At 260 nm, the absorbance was measured with a Shi-
madzu UV-1800 spectrophotometer.**

For assessment of protein leakage, after repeating each of
the previous procedures, the absorbance at 280 nm was
measured. Using albumin from bovine serum (BSA), a standard
curve was used to determine the amount of released protein.

2.10.5. Effect on the growth dynamics. The experiment to
assess the growth dynamics of bacteria under the treatment of
Ne-SACEO was started using an initial OD600 of 0.02. Bacterial
samples were inoculated into Mueller-Hinton broth and culti-
vated for eight hours at 37 °C and 200 rpm. Furthermore, 200 pL
of dimethyl sulfoxide (DMSO) was used to homogenise different
quantities of Ne-SACEO (0.87, 1.30, 1.70, and 2.12 ug mL ') in
1 mL of the standardised bacterial inoculum, which was then
added to 20 mL of Mueller-Hinton broth. Before the optical
densities were measured, the preparations were kept on an
incubator shaker at 200 rpm at 37 °C along with the control in
which no oil was added. A spectrophotometer was used to
measure the optical density at 600 nm at different intervals,
corresponding to every 60 minutes up to 480 minutes following
inoculation.*

2.11. In silico analysis

2.11.1. Homology modelling and structure analysis. High
quality homology models for proteins norl, omt, and vbs of A.
flavus were constructed with SWISS-MODEL, using default
parameters**™* and the putative proteins norl (Q00278), omt
(Q12120), and vbs (Q12062) of Aspergillus parasiticus served as
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the template. The quality of the constructed model was assessed
with the Ramachandran plot using PROCHECK. The 3D models
for the bacterial proteins 7AP3 (POAG]9; tyrosine-tRNA ligase)
and fabL (P71079; enoyl-[acyl-carrier-protein] reductase) were
retrieved from the Alpha fold DB database (AlphaFold Protein
Structure Database). The protein models were visualised using
Biovia Discovery studio, 2019.

2.11.2. In silico molecular docking. The putative binding of
meta-eugenol with the target proteins was analyzed through in
silico molecular docking. Initially, the receptor molecules, i.e.,
norl, omt, vbs, 7AP3, and fabL were prepared individually by
adding polar hydrogens and Kollman charges. Furthermore, the
ligand (meta-eugenol) was also prepared for docking in Auto-
Dock Tools 1.5.7. The docking environment was adjusted for
the target proteins. Finally, molecular docking was performed
using AutoDock vina.exe. The docked complexes were visual-
ized in Biovia Discovery Studio 2019 and UCSF Chimera
1.13.1.>°

2.12. Statistical analysis

All the experiments were performed in triplicate to avoid any
errors. Statistical analysis was performed using SAS University
Edition software and one-way analysis of variance (ANOVA) with
post hoc Tukey and Waller-Duncan tests at 5% confidence (p <
0.05). Different lowercase letters (such as a, b, and c) are used to
indicate statistical differences within groups.

3. Results and discussion

3.1. Isolation of essential oils, formation of a combination,
and analysis of the chemical profile via GC-MS analysis

The EOs were obtained by hydrodistillation of the fresh leaf and
clove bud samples separately using the Clevenger apparatus at
90 °C for 3 h. Anhydrous sodium sulfate was used to eliminate
excess moisture. Based on the fresh wet weight, the yield was
determined to be 0.97% and 0.62% v/w, respectively. To

Table 1 GC-MS analysis of SACEO
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examine the potential of combining these two oils, they were
first evaluated independently against bacteria and fungi. They
were then mixed in various ratios (leaf: buds-1:1,1:2,2:1,1:3,
and 3:1). The MIC values were calculated for each of these
combinations against Aspergillus flavus (0.6, 0.55, 0.75, 0.4, and
0.80 pL mL™Y), E. coli (88.33, 75.66, 90.20, 67.33, and 92.27
ppm), S. enterica (72.54, 70.23, 77.97, 64.66, and 78 ppm), B.
cereus (75, 80.33, 78.97, 72.66, and 84.45 ppm), and S. flexneri
(78, 77.34, 84.22, 76, and 90.40 ppm). Since the fourth combi-
nation, 1:3, was determined to be the most effective, it was
further chemically characterized using GC-MS (Table 1). The
chromatographic analysis by Gas Chromatography-Mass Spec-
trometry (GC-MS) identified various compounds within the
sample based on their retention time. With retention times
varying from 22.934 minutes to 39.085 minutes, the study shows
a complex blend of 17 different peaks. With a significant
76.05% of the total area, meta-eugenol is the most abundant
component in the EOs. Beta-caryophyllene comes in second at
14.93% and humulene and alpha-humulene at 4.77%. Other
notable compounds include cis-muurola-3,5-diene (0.54%),
caryophyllene oxide (1.57%), and humulene epoxide II (0.20%),
although in lesser amounts. The other substances, which
include 10,10-dimethyl-2,6-bis(methyl), bicycloundecane-5-ol,
isocadinene, alpha-selinene, and chavicol, contribute to the
sample’'s minor components, indicating a diverse chemical
profile of the analyzed sample (Fig. 1).

3.2. Preparation and characterization of the chitosan-
cinnamic acid-based nanogel

In this study, low molecular weight chitosan was used as
a biocompatible, non-toxic, and biofunctional wall material to
encapsulate SACEO. To create a chitosan-cinnamic acid-based
nanogel, EDC (1-ethyl-3-(3-dimethyl-aminopropyl-1-
carbodiimide)) is used as a zero-length cross-linker. To create
an amide bond that promotes acid folding, EDC first integrates
with the carboxylic group of cinnamic acid to create an

Peaks Retention time Area % Name

1 22.934 0.35 Chavicol

2 27.574 76.05 Meta-eugenol

3 29.307 14.93 Beta-caryophyllene

4 30.641 4.77 Humulene, alpha-humulene

5 31.247 0.08 Isocadinene

6 32.206 0.07 Alpha-selinene

7 32.630 0.12 (E,E)-Alpha-farnesene

8 33.135 0.54 cis-Muurola-3,5-diene

9 34.335 0.19 Humulene epoxide II

10 34.528 0.28 Cyclohexane, 1,5-dimethyl-2,3-divinyl-

11 35.384 0.27 Caryolan-8-ol

12 35.606 1.57 Caryophyllene oxide

13 36.060 0.10 cis-4(14),5-muuroladiene

14 36.648 0.20 Humulene epoxide II

15 37.767 0.19 Bicyclo[7.2.0] undecane-5-o0l, 10,10-dimethyl-2,6-bis(methyl)
16 38.505 0.14 Androstan-1.7-one, 3-ethyl-3-hydroxy-, (5. alpha.)-
17 39.085 0.15 Caryophyllene oxide
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Fig. 1 GC-MS profile of SACEO.

intermediate, which subsequently reacts with the amino group
of chitosan. The EDC-mediated binding of non-polar cinnamic
acid to the chitosan polymer causes self-aggregation in a polar
environment, resulting in the formation of an integrated
spherical nanogel with a hydrophilic shell (chitosan) and
a hydrophobic core (cinnamic acid). An oil-in-water emulsion is
used to encapsulate SACEO within this hydrophobic core, and
then sonication is used to produce a nanoscale particle size.”

3.2.1. Characterization of nanoparticles. ATR-FTIR and
Dynamic Light Scattering (DLS) were used to characterize the
synthesized nanoparticles. The functional group composition
of chitosan, chitosan nanoparticles (CSNPs), Syzygium aroma-
ticum combination essential oil (SACEO), and the nano-
encapsulated essential oil (Ne-SACEO) was analyzed by ATR-
FTIR analysis. The results of ATR-FTIR analysis establish the
successful synthesis of nanoparticles and also revealed that the
SACEO was successfully incorporated in the chitosan-cinnamic
acid nanomatrix.

Each spectrum provides insight into the structural changes
and chemical interactions taking place during the synthesis and
encapsulation of nanoparticles.® The broad peak at 3366 cm™*
in the chitosan FTIR spectrum (red line) represents the O-H and
N-H stretching of the hydroxyl and amine groups. Aliphatic
C-H stretching is indicated by a peak at 2898 cm™", whereas
C=O0 stretching is responsible for the amide I peak at
1644 cm ™ '. The polysaccharide backbone, which is character-
istic of chitosan, is confirmed by a peak at 1380 cm ™" (C-N
stretching or CH; bending) and 1026-896 cm ™" (C-O stretching
and saccharide structure). The O-H/N-H portion of the CSNP

© 2026 The Author(s). Published by the Royal Society of Chemistry
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= cis-4(14),5-Muuroladiene

spectra (green line) shifts to 3340 cm ™', suggesting hydrogen
bonding and interactions with EDC and cinnamic acid. Imine
(C=N) production or cross-linking is suggested by the new
peaks at 2101 and 1796 cm . The production of C-N and
C-O-C bonds is represented by the bands at 1671 and
1222 cm ™', which validate the successful creation of nano-
particles. The SACEO spectrum (blue line) displays C=C
aromatic stretching at 1606 cm ™', a wide O-H peak at
3322 em™ Y, and C-H stretches at 2966, 2929, and 2859 cm ™.
Peaks in the fingerprint region (1500-600 cm ') confirm the
presence of meta-eugenol and other eugenol derivatives. Strong
interaction and effective encapsulation are confirmed by the Ne-
SACEO spectrum (yellow line), which overlaps chitosan and
SACEO characteristics with the key peaks located at 3369, 2933,
1633, 1460, 1242, 1072, and 1029 cm™". These results validate
the successful encapsulation and stable configuration of SACEO
in the nanomatrix (Fig. 2a).

The size distribution and surface charge of free chitosan
nanoparticles (CSNPs) and S. aromaticum combination essential
oil-loaded nanoparticles (Ne-SACEO) were assessed using zeta
potential and dynamic light scattering (DLS) techniques. A
sharp, narrow peak centered at 140-150 nm was visible in the
DLS profile of free CSNPs, suggesting a homogeneous particle
size that has significant monodispersity. The development of
evenly distributed, non-aggregated nanoparticles was further
validated by the intensity peak surpassing 80%. The Ne-SACEO
formulation showed a size distribution centered at 160-180 nm,
indicating a slight increase in the particle size upon encapsu-
lation of SACEO. This change signifies that the oil has been
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Fig. 2 Characterization of the synthesized nanoparticle Ne-SACEO: (a) ATR-FTIR spectra showing characteristic peaks, (b) dynamic light
scattering of CSNPs, (c) dynamic light scattering of Ne-SACEQO, (d) zetapotential of CSNPs, (e) zetapotential of Ne-SACEO, (f) percentage
encapsulation efficiency, (g) percentage loading capacity, (h) XRD analysis and (i) in vitro release.

successfully integrated into the chitosan matrix, and the
continuous sharpness in the peak shows that the formulation is
stable and homogeneous®® (Fig. 2b and c).

The measurements of zeta potential showed that free CSNPs
had a significant negative surface charge of about —45 mV,
which suggests that electrostatic repulsion ensures excellent
colloidal stability. Following encapsulation, the zeta potential of
Ne-SACEO considerably reduced between —35 and —40 mV.
This decrease is probably driven by oil components partially
covering the surface, although the results are still within the
extremely stable range (more than +£30 mV)* (Fig. 2d and e).

The successful synthesis and encapsulation of SACEO into
chitosan nanoparticles is confirmed by the DLS and zeta
potential data taken into account. This results in a stable and
uniform nanodispersion that may find use in antibacterial or
food preservation systems.

The XRD pattern shows distinct differences in crystallinity
among chitosan, ChNPs, and Ne-SACEO. The native chitosan
sample exhibits a sharp and intense diffraction peak

830 | Sustainable Food Technol., 2026, 4, 823-841

characteristic of its semi-crystalline nature. Upon nanoparticle
formation, these peaks broaden and their intensity decreases,
indicating a loss of crystallinity and amorphization of the chi-
tosan matrix. In the Ne-SACEO sample, the diffraction pattern
becomes even more diffused with reduced peak intensity, sug-
gesting further disruption of the chitosan crystalline structure
due to encapsulation of SACEO. The decreased crystallinity
arises from intermolecular hydrogen bonding between chitosan
and essential oil components, which interfere with the regular
ChNP alignment (Fig. 2h).

3.2.2. Encapsulation efficiency, loading capacity, and in
vitro release. The analysis of encapsulation potential reveals
that as the ratio of chitosan to SACEO increases from 1:0.25 to
1:0.75, the Encapsulation Efficiency (EE%) increases as well,
reaching a peak of roughly 63-64%. This suggests improved
encapsulation up to a certain ratio of SACEO and nanoparticles.
Ata1:1ratio, however, the EE% falls abruptly to about 37-38%,
indicating either chitosan saturation or ineffective encapsula-
tion brought on by an excess of oil or aggregation of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles. Additionally, the loading capacity (LC%) exhibits
a similar trend. From 1:0.25 to 1:0.75, the LC% increases
gradually until it reaches a maximum of 7.5-7.6%, which
suggests increased SACEO loading. The LC% drops to 3.2-3.3%
at the 1:1 ratio, indicating that chitosan cannot efficiently
encapsulate excess oil after a specific threshold.”

In summary, the best ratio for nanoencapsulation, yielding
the highest EE% and LC%, is 1: 0.75 chitosan to SACEO (Fig. 2f
and g). The performance is decreased by ratios above or below
this ideal value, highlighting the crucial role that stoichiometric
balance plays in stable encapsulation and nanoparticle
production.

The release profile of SACEO demonstrates a sustained and
controlled release pattern. An initial burst release of approxi-
mately 20-25% occurs within the first 12 hours, followed by
a gradual increase to around 60% at 48 hours. The release rate
subsequently slows, reaching about 80% at 84 hours and satu-
rating near 90% after 100 hours. The initial rapid release likely
corresponds to the release of surface-associated SACEO, while
the slower phase is governed by diffusion through the polymeric
matrix (Fig. 2i).

3.3. Free radical scavenging activity demonstrated by
nanoencapsulated SACEO

The DPPH and ABTS free radical scavenging assays were used to
evaluate the antioxidant activity of Ne-SACEO. The existence of
strong antioxidant components in the formulation was
confirmed by both tests, resulting in a concentration-dependent
increase in free radical inhibition. Ne-SACEO showed
a substantial increase in inhibition above 0.02 uL mL™" in the
DPPH assay, increasing from 10.01% at 0.005 puL mL™' to
64.84% at 0.035 L. m ™. This can be explained by meta-eugenol,
a crucial phenolic molecule that lowers DPPH radicals by
serving as a hydrogen donor. The calculated ICs, was around
0.028 pL mL ™" (Fig. 3a).

Ne-SACEO showed significantly stronger action in the ABTS
assay, with inhibition increasing from 18.1% at 0.001 pL mL ™"
to 71.21% at 0.007 pL mL ™. ICs, was estimated to be 0.0042 pL
mL " (Fig. 3b). The improved solubility and interaction of the
encapsulated components with both hydrophilic and lipophilic
radicals may be the cause of the increased efficacy in the ABTS

experiment. These findings imply that the antioxidant
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properties of EOs are improved by nanoencapsulation, hence
reinforcing their use in food preservation formulations.

3.4. Inhibition of growth of A. flavus and aflatoxin B;:
determination of MIC and MAIC

A. flavus was used as a test fungus to investigate the antifungal
and anti-aflatoxigenic properties of S. aromaticum essential oils
from leaves, buds, and their combination in both free and
nanoencapsulated forms (Ne-SACEO) (Fig. 4a-c). At 0.3 pL
mL~", leaf oil demonstrated a nearly 100% reduction of afla-
toxin B1 (AFB;) synthesis but a moderate inhibition of the
mycelial dry weight (MDW), suggesting selective suppression of
the secondary metabolism. Because of its different composition
of bioactives, bud oil had greater potency, almost completely
inhibiting both MDW and AFB1 at lower dosages.

The combination of leaf and bud oil enhanced both the
antifungal and antiaflatoxigenic activity and resulted in MIC
and MAIC values of 0.4 and 0.2 puL mL ™. SACEO's effectiveness
was further enhanced by the synergistic effects of several of its
ingredients, including eugenol, meta-eugenol, and B-car-
yophyllene. At lower concentrations, the combination oil
(SACEO) showed increased activity, notably in its nano-
encapsulated form (Ne-SACEO). Ne-SACEO demonstrated
enhanced fungal growth and toxin production suppression
because the active compounds were more soluble, stable, and
bioavailable. The MIC and MAIC values were determined to be
0.35 and 0.15 puL. mL ", respectively which is significantly lower
than those of the synthetic antifungal preservative benzoic acid
(MIC & MAIC, 1.25 uL. mL™ ') and sorbic acid (MIC & MAIC, 1.25
puL mL Y% By enhancing dispersion in aqueous media,
shielding volatile substances, permitting sustained release, and
promoting deeper cell wall penetration, nanoencapsulation
dramatically increased bioactivity, enabling Ne-SACEO to
become a stable, strong, and efficient antifungal and anti-
aflatoxigenic agent.>”

3.5. Functional principle behind the impediment in fungal
growth and toxin production

3.5.1. Alteration in the function of the plasma membrane:
decrease in ergosterol content and leakage of cytoplasmic
components. The assessment of function principles underlying
the action of Ne-SACEO against A. flavus and aflatoxin B,

b. ABTS
80
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Fig. 3 Free radical scavenging potential of Ne-SACEOQ: (a) DPPH assay and (b) ABTS assay.
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Fig. 4 Antifungal and antiaflatoxigenic activity of (a) SALEO, (b) SABEO, (c) SACEO, and Ne-SACEO.

resulted in significant revelations. The primary target of the
nanoencapsulated oil can be the plasma membrane, resulting
in the death and toxin inhibition.

The ergosterol assay shows that Ne-SACEO significantly
lowers the amount of ergosterol in the A. flavus plasma
membrane in a concentration-dependent manner. Ergosterol is
only slightly inhibited at 2 MIC, while a significant reduction of
approximately 40% in its content can be observed at 1 MIC.
Ergosterol content is entirely suppressed at the MIC level,
indicating a serious disturbance of the membrane structure
(Fig. 5a). This implies that treatment of Ne-SACEO may lead to
destabilization of the membrane and compromise fungal cell
viability by interfering with ergosterol biosynthesis genes and
enzymes.*® Ergosterol is an essential fungal sterol that keeps
membranes functioning, fluid, and intact, making the fungal
cell more resistant to external stress. The damage to ergosterol
can lead to damaged cell integrity and ultimately cause cell
death.

The ion leakage experiment demonstrates that extracellular
levels of K* and Mg”" ions increase significantly after treatment
with Ne-SACEO, with K" leaching out more than Mg”" at all
doses. Minimal leakage in the control (CNT) suggests that the
membranes are intact. However, a dose-dependent increase in
the ion content is observed as concentrations increase from 1
MIC to MIC (Fig. 5b). This implies that Ne-SACEO impairs the
selective permeability of the membrane, causing necessary

832 | Sustainable Food Technol., 2026, 4, 823-841

internal ions to leak out. This type of ionic imbalance can affect
cellular signaling, osmoregulation, and enzyme activity, all of
which can lead to the death of fungal cells.*

The release of intracellular components that absorb at 260
and 280 nm, respectively, for nucleic acids and proteins,
suggests that there is a substantial amount of cellular leakage
after Ne-SACEO treatment. From the control to MIC, the
absorbance gradually increases, with MIC exhibiting the high-
est leakage (absorbance —0.42 at 260 nm and 0.40 at 280 nm)
(Fig. 5c). This implies that Ne-SACEO affects deeper cellular
components in addition to the outer membrane, causing the
release of big macromolecules like proteins, RNA, and DNA.>
The idea that the antifungal action of Ne-SACEO comprises
significant harm to both cytoplasmic and organelle membranes
is supported by the leakage of these macromolecules, which
also verifies significant membrane disruption.

3.5.2. Altered mitochondrial health: depolarization of the
mitochondrial membrane. The treatment of Ne-SACEO has
a considerable impact on the mitochondrial membrane
potential (MMP) of A. flavus. There is a concentration-
dependent decrease in MMP, with inhibition of approximately
15% at 1 MIC, 28% at 1 MIC, and more than 40% at MIC
(Fig. 5d). Mitochondrial membrane potential (MMP) is a key
electrochemical gradient across the inner mitochondrial
membrane, crucial for driving the synthesis of ATP via oxidative
phosphorylation. Energy metabolism and mitochondrial

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Antifungal mechanism of action of Ne-SACEO against A. flavus: (a) percentage inhibition of ergosterol content, (b) leakage of cellular ions,
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activity in eukaryotic creatures depend on this potential, which
is maintained by the electron transport chain. This disruption
may have been driven by the production of ROS or damage to
mitochondrial membranes from Ne-SACEO. Loss of MMP
contributes to the antifungal action by limiting ATP generation
and triggering apoptotic-like pathways. The activity of phenolic
components (meta-eugenol), which may damage mitochondrial
membranes and encourage the production of reactive oxygen
species (ROS), is probably the cause of this impairment.®® The
proton gradient necessary for ATP synthesis collapses as a result
of such oxidative stress and membrane depolarisation, leading
to cell death. Therefore, mitochondrial impairment represents
the key mode of antifungal action for Ne-SACEO, highlighting
its potential as a bioactive agent targeting fungal energy
metabolism.

3.6. Action of Ne-SACEO against foodborne bacteria and
assessment of MIC

The ability of various S. aromaticum essential oil compositions
to combat four main foodborne pathogens, including both
Gram-positive (B. cereus) and Gram-negative (E. coli, S. enterica,
and S. flexneri) species was investigated in this study. The MTT
assay revealed that the MIC of bacteria was found to be between
60 to 120 ppm for leaf and bud oils. However, compared to the
individual leaf (SALEO) and bud oils (SABEO), the combination
oil (SACEO) showed better efficacy, likely due to synergistic

© 2026 The Author(s). Published by the Royal Society of Chemistry

interactions among its phytochemical constituents. The nano-
encapsulated combination essential oil (Ne-SACEO) demon-
strated the best antibacterial action among the studied oils,
with the lowest MIC values across all strains: B. cereus, E. coli, S.
enterica, and S. flexneri with MICs of around 57, 55, 50, and 64,
respectively (Fig. 6a). The antibacterial activity of the Ne-SACEO
was comparable to and more promising than that of the stan-
dard neomycin sulfate. Nanoencapsulation, which increases
solubility, shields volatile bioactives from deterioration,
permits sustained release, and allows deeper cellular penetra-
tion, is responsible for this increased efficacy.

Nanoencapsulation enhances penetration, especially in
Gram-negative bacteria with outer membranes rich in lipo-
polysaccharides. It overcomes the outer membrane barrier of
Gram-negative strains and effectively targets the thick pepti-
doglycan layer of Gram-positive B. cereus. The small particle size
of Ne-SACEO enables it to bypass this barrier, destabilize the
membrane, and increase intracellular accumulation. The
superior efficacy of Ne-SACEO highlights the importance of
both phytochemical synergy and the delivery system in anti-
microbial applications.

3.7. Functional principle behind the inhibition of bacterial
growth

3.7.1. Effect on the plasma membrane integrity. The
experiments conducted to elucidate the mechanism of action of
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Ne-SACEO against different bacterial strains revealed the
possible sites of action.

The Rhodamine 123 (Rh123) fluorescence assay was used to
determine the manner in which Ne-SACEO affects the
membrane potential of bacteria. As Ne-SACEO concentrations
increased, a noticeable, dose-dependent drop in fluorescence
intensity was observed for S. enterica, B. cereus, S. flexneri, and E.
coli, suggesting a gradual decrease of the membrane potential
(Fig. 6b). The control groups exhibited strong fluorescence,
suggesting an intact membrane under untreated conditions. On
the other hand, cells exposed to Ne-SACEO at MIC levels showed
the least amount of fluorescence, indicating a significant
depolarisation of the membrane. Interestingly, S. flexneri and B.
cereus showed more fluorescence loss and were thus more
sensitive. Rh123 is a cationic dye that binds to living cells whose
membranes have intact proton gradients. Dye uptake is
inhibited when this gradient is disturbed, which is frequently
the result of membrane injury. The bioactive components, such
as eugenol, meta-eugenol, and other phenolics found in
essential oils, are known to integrate into bacterial membranes,
causing leakage of ions and collapse of the membrane poten-
tial. This interrupts ATP synthesis and other energy-dependent
processes, leading to metabolic failure and cell death. Thus, the
observed reduction in fluorescence strongly supports the
hypothesis that Ne-SACEO compromises bacterial viability
through membrane depolarization, contributing to its anti-
bacterial potency.

Furthermore, the impact of Ne-SACEO on membrane fluidity
was assessed by measuring the fluorescence polarization index.
In comparison to the control, a consistent and dose-dependent
rise in the polarisation index for E. coli, S. enterica, B. cereus, and
S. flexneri was recorded when Ne-SACEO concentrations
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increased (from 1

1 MIC to MIC). This shows that Ne-SACEO
increases

rigidity by efficiently reducing
membrane fluidity (Fig. 6¢). The effect was more noticeable in B.
cereus and S. enterica, indicating that they are more vulnerable
to treatments that target membranes.®

The DPH probe is embedded in the hydrophobic core of
membranes; in more fluid membranes, it rotates freely,
resulting in less polarisation. Bioactive components integrate

membrane

into the lipid bilayer and disrupt the orderly arrangement of
phospholipids. The polarisation index increases as Ne-SACEO
breaks down lipid packing, which reduces DPH's rotational
freedom. Energy production, transport, and membrane func-
tions are all hampered by this rigidification. These results offer
strong evidence that the bacterial membrane structural and
functional disruption mediates Ne-SACEO's antibacterial effect.

Additionally, when Ne-SACEO was administered to all four
bacterial species, the measurement of ion leakage from bacte-
rial cells resulted in a dose-dependent rise in potassium ion
concentration. The bacteria with the largest K ion leakage at
MIC were E. coli, followed by S. enterica, B. cereus, and S. flexneri
(Fig. 6d). Potassium, a necessary intracellular ion, leaks when
the membrane's integrity is compromised. Ne-SACEO disrupts
the bacterial cytoplasmic membrane, changing its permeability
and ultimately leading to cell death and dysfunction, as indi-
cated by the increased ion efflux. Potassium ions are necessary
for osmotic balance, enzyme activity, and cell functions (K").
The membrane's phospholipid bilayer, which is selectively
permeable, frequently keeps K* inside the cell cytoplasm. Ne-
SACEO enters the lipid bilayer and increases the fluidity and
permeability of the membrane when it interacts with it, espe-
cially through its hydrophobic constituents. As a result, K" ions
passively leak into the extracellular space. An ionic imbalance
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disrupts metabolic homeostasis, prevents enzyme activity, and
ultimately leads to cell death.®

The absorbance at 260 nm was used to quantify the amount
of nucleic acids (DNA/RNA) that leaked from bacterial cells after
they were exposed to Ne-SACEO. From 1 MIC to MIC, absor-
bance gradually increases, with B. cereus and S. enterica exhib-
iting slightly higher leakage than the others. This implies that
Ne-SACEO can damage cell membranes profoundly and irre-
versibly by allowing big intracellular macromolecules to escape.
Significant damage to the membrane is indicated by the pres-
ence of nucleic acids (DNA and RNA) in the extracellular envi-
ronment. Ne-SACEO most likely causes formation of pores or
may also lead to the complete cytoplasmic membrane damage,
which permit big intracellular molecules like DNA and RNA to
move into the extracellular space (Fig. 6e).

Protein leakage from damaged membranes is confirmed by
the fact that protein concentration in the extracellular envi-
ronment increases with Ne-SACEO concentration. S. enterica
exhibits the highest protein release at MIC concentration,
indicating that it is highly susceptible to membrane disruption
by Ne-SACEO (Fig. 6f). By triggering metabolic breakdown and
antibacterial effects, the leakage of essential cytoplasmic
proteins supports membrane destruction as the main mode of
action. As mentioned earlier, healthy bacterial membranes are
impervious to large macromolecules like cytoplasmic proteins,
lipids, and nucleic acids. Their discharge following Ne-SACEO
treatment confirms the loss of structural integrity of the
membrane. This might occur as a result of the direct interaction
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between oil components and protein transport pathways, the
oxidation of membrane proteins, or the degradation of
membrane lipids. Additionally, it has been shown that phenols
like meta-eugenol denature proteins and disrupt the cellular
redox balance, which may damage membrane-attaching struc-
tural proteins or enzymes and cause them to split and leak out.
This leakage disrupts vital processes, including metabolism
and repair systems, ultimately leading to cell death.

3.7.2. Alteration in the growth dynamics. The antibacterial
efficacy of the tested essential oil was evaluated against four
foodborne pathogens—S. enterica, B. cereus, E. coli, and S. flex-
neri—at varying concentrations (3 MIC, 1 MIC, and MIC) over
a time course of 480 minutes. Optical density (OD) readings
were recorded at 60 minute intervals to monitor the bacterial
growth kinetics in the presence and absence of the essential oil
(Fig. 7a-d).

The control group exhibited a consistent rise in O.D. for S.
enterica, suggesting significant bacterial growth. A slower
increase in OD over time, however, indicated partial growth
inhibition brought on by treatment with 2 MIC and 1 MIC doses
(Fig. 7a). Interestingly, OD readings remained almost constant
and near zero during the testing period, indicating that the MIC
concentration completely inhibited bacterial growth. A similar
pattern was seen for B. cereus, however, the bacteria seemed to
be a little more resilient to the smaller essential oil concentra-
tions. However the 1 MIC and 1 MIC treatments slowed down the
growth, but did not completely suppress bacterial growth.
However, the MIC treatment successfully stopped the growth of
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Table 2 Molecular docking of meta-eugenol with fungal and bacterial proteins

S. Types of interaction and Binding energy
no. Dock complex 2D-map of interacting residues  interacting residues (keal mol ™)
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Table 2 (Contd.)
S. Types of interaction and Binding energy

no. Dock complex

2D-map of interacting residues

interacting residues (kcal mol ™)

HI d
A:145 " ILE
A:207
ALA
A:198 ,{f’}gz

THR
A195 Ai193  A1S7

Interactions
] van der Waals

B Comventonal Hydrogen 8ond

fabL- meta-eugenol

bacteria, keeping the OD values almost at initial levels (Fig. 7b).
In the case of E. coli, bacterial growth in the control group
increased gradually over time and almost stabilized at 480 min,
unlike other bacteria (Fig. 7c). The 1 MIC treatment allowed for
moderate growth, while the 1 MIC considerably suppressed it.
The MIC concentration was highly effective, completely halting
bacterial growth as indicated by consistently low OD readings
throughout the assay. However, in treated samples, no steadi-
ness in the growth curve was observed, which can be attributed
to an increase in growth time and thus slow growth. Interest-
ingly, S. flexneri demonstrated the highest sensitivity among the
tested pathogens. Even at 2 MIC, bacterial growth was signifi-
cantly inhibited, with only a gradual increase in OD observed
(Fig. 7d). The MIC concentration entirely prevented growth,
resulting in a flat OD curve throughout the experiment. This
suggests a strong antibacterial potential of the essential oil
against S. flexneri, even at sub-inhibitory concentrations.
Collectively, these findings confirm that the essential oil
exhibits dose-dependent antibacterial activity, with the MIC
concentration being uniformly effective in suppressing bacte-
rial growth across all tested strains. The differential response at
sub-MIC levels further indicates that the susceptibility varies by
species, positioning this natural product as a promising
candidate for the control of foodborne bacterial pathogens.

3.8. In silico analysis

3.8.1. Homology modelling and molecular docking. High-
quality homology models of the target proteins were success-
fully generated. The 3D models were validated by the Ram-
achandran plot analysis, which confirmed the stereochemical
quality and reliability of the predicted structures. The target
proteins exhibited typical a/B structural folds, characteristic of
functionally active and stable protein conformations. Subse-
quent molecular docking analysis revealed the potential
binding affinity of the proteins towards meta-eugenol. The
docking scores, represented as binding energies, detected

© 2026 The Author(s). Published by the Royal Society of Chemistry

ILE.  TYR PHE
A:204

o Alkyl and m-alkyl (1*°, Y7, Y'*7, AT98, v2O1 p204)
1207)
e Conventional H-bond (T"%%)

TYR
A:147

v Alkyl

favorable interactions, suggesting that the complexes are ener-
getically stable (Table 2).

The stability and specificity of the docked complexes were
supported by multiple non-covalent interactions. This included
van der Waals forces, alkyl and =-alkyl interactions, as well as
carbon-hydrogen bonding between the ligand and amino acid
residues within the binding pocket (Table 2). Such interactions
play crucial roles in stabilizing the ligand-receptor complex and
are indicative of strong binding affinity and potential bioactivity
of meta-eugenol against the target proteins.

The in silico study was conducted to provide molecular
insights into the potential interaction between meta-eugenol
and several target proteins through high-quality homology
modeling and molecular docking approaches. Molecular dock-
ing results revealed that meta-eugenol binds with moderate to
high affinity to all target proteins, with binding energies
ranging from —4.7 to —6.3 kcal mol '. Among them, FabL di-
splayed the highest binding affinity (—6.3 kcal mol™"), indi-
cating its potential as the most favorable meta-eugenol-binding
candidate. This is particularly interesting given FabL's role in
fatty acid biosynthesis, suggesting that meta-eugenol might act
as a potential modulator of lipid metabolism in the target
organism.

The molecular interactions were observed with the microbial
proteins Afnor1, Afomt1, Afvbs1, 7AP3, and FabL. Specifically,
the redox-regulating (Afnor1l) and methyltransferase (Afomt1)
activities were likely hindered, while enzymes involved in fatty
acid synthesis (Afvbs1l and FabL) and ATP production (7AP3)
show mildly disturbed functionality. As a result, essential
cellular processes such as membrane biosynthesis, energy
generation, and metabolic homeostasis are expected to proceed
with moderate disruptions. Therefore, the antimicrobial effect
of the oil affects direct enzymatic inhibition moderately, but in
combination, nonspecific mechanisms such as membrane
perturbation, oxidative stress induction, and alteration of
cellular signaling pathways cumulatively impose physiological
stress on the microorganism.
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The docking interactions were characterized by a combina-
tion of van der Waals forces, m-m stacking, alkyl/m-alkyl
contacts, m-cation/m-sulfur interactions, and conventional
hydrogen bonds, which are crucial for the stabilization of
ligand-protein complexes. These interaction profiles are
consistent with earlier reports demonstrating the biological
activity of meta-eugenol as a membrane-disrupting agent and
an inhibitor of microbial enzymes, which is largely attributed to
its aromatic structure and hydrophobic properties. The
observed binding patterns also support the hypothesis that
meta-eugenol may exert its bioactivity through a multi-target
mechanism, interacting with different enzymes or regulatory
proteins within microbial cells.

4. Conclusion

The study illustrates the strong antimicrobial efficacy of an
essential oil-based combination (SACEO) and its nano-
encapsulated form, Ne-SACEO. The Ne-SACEO was character-
ized by FTIR, DLS, and zeta potential analysis and later
examined for its efficacy against food-borne microbes. Ne-
SACEO demonstrated noticeably lower MIC and MAIC values
than its free equivalents, indicating a strong antifungal and
antiaflatoxigenic effect against A. flavus. The nanoencapsulated
oil also had a strong antioxidative effect. The antifungal effect of
Ne-SACEO was confirmed by mechanistic experiments that
showed substantial membrane disintegration, as evidenced by
decreased ergosterol content, increased cation leakage, mito-
chondrial membrane potential (MMP) collapse, and release of
260/280 nm absorbing materials.

The broad-spectrum efficacy of Ne-SACEO was confirmed by
antibacterial assessments against both Gram-positive (B. cereus)
and Gram-negative (E. coli, S. enterica, and S. flexneri) patho-
gens, which revealed significantly decreased MIC values. The
formulation caused membrane depolarisation, protein and
nucleic acid leakage, and a rise in the membrane polarisation
index, all of which contributed to the disintegration of the
bacteria. By improving solubility, concealing volatile compo-
nents, and stimulating specific bioactivity, the nanocarrier
system offered an unambiguous benefit. The molecular docking
study confirmed that meta-eugenol exhibits moderate to high
binding affinity with key microbial target proteins, especially
FabL, suggesting potential inhibition of fatty acid biosynthesis.
Stabilizing non-covalent interactions supports strong ligand-
receptor complexes. These findings verify the multi-target
antimicrobial potential of meta-eugenol driven by its aromatic
and hydrophobic properties.

Overall, the combination of S. aromaticum leaf and bud
essential oils, especially in nanoencapsulated form, exhibits
potent antibacterial, antifungal, and antiaflatoxigenic activity
through a multi-targeted mechanism, establishing it as
a promising natural biopreservative and therapeutic candidate
for food and health applications. In the future, the long-term
stability, cytotoxicity, and biocompatibility of the nano-
formulation need further assessment and validation in food
systems.
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