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Efficient encapsulation of bioactive compounds in the food-grade delivery systems to improve their
stability, efficiency, and bioavailability and to develop functional foods is a novel and interesting

field of research in food industry. Here, two unstable and hydrophobic food ingredients including
vitamin E (Vit E) and clove essential oil (CEO) were encapsulated in the chitosan nanoparticles (ChNPs)
by the emulsion/ ionic gelation technique without using any toxic surfactant. The physicochemical
characterization by DLS, FTIR, FE-SEM, and TEM, confirmed the synthesis of high colloidal and
monodispersed ChNPs with narrow size distribution of less than 50 nm. MTT assay showed high
biocompatibility of ChNPs after CEO loading, with the increased cellular viability of 72.84% for CEO
loaded ChNPs. ABTS and DPPH assays also revealed high antioxidant activity of CEO loaded ChNPs
with maximum activity of 75.66%. Co-loading of Vit E and CEO led to the antioxidant activity of 77.7%
over 48 h, potent antibacterial effect on E. coli and S. aureus with the inhibition zone diameters of
14-17 mm, and complete growth inhibition of fungus A. niger. Molecular docking studies also showed
strong binding of chitosan, eugenol, and a-tocopherol to different bacterial and fungal proteins.
Overall results indicated that Vit E and CEO loaded ChNPs represent interesting physicochemical and
biological properties and high potential for development of food preservatives and functional foods.
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Abbreviations

3D Three-dimensional

A. niger  Aspergillusniger
ChNPs Chitosan nanoparticles

DLS Dynamic Light Scattering

DPPH 1,1-Diphenyl-2-picrylhydrazyl

EO Essential oil

FTIR Fourier Transform Infrared Spectroscopy

MBC Minimum Bactericidal Concentration

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
OD Optical density

PBP Penicillin Binding Proteins

PDB Protein data bank

TEM Transmission Electron Microscope

UV-Vis Ultraviolet—visible
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ABTS 2,2’-Azino-bis (3-ethyl benzothiazoline-6-sulfonic acid)
CEO Clove essential oil

DHFR Dihydrofolate reductase

DMSO Dimethyl sulfoxide

E. coli Escherichia coli

FE-SEM  Field Emission Scanning Electron Microscopy
1z Inhibition zone

MIC Minimum Inhibitory Concentration

NPs Nanoparticles

PBS Phosphate Buffered Saline

PDA Potato Dextrose Agar

SD Standard deviation

TPP Tripolyphosphate

VitE Vitamin E

Plant essential oils (EOs) with well-known antioxidant and antimicrobial properties have found different
applications especially in food, pharmaceutical and perfumery industries'”. However, the high instability,
hydrophobicity, and volatile nature of EOs are the main obstacles to their widespread application®*. The volatile
components of EOs are prone to decomposition or evaporation under processing in high temperatures or low
pressures, and exposure to air and light>which significantly reduce their antibacterial and antioxidant activities®”.
Therefore, tremendous efforts have been devoted to overcome these limitations and to improve the stability
and long-time preservation of EOs®’. The clove (Syzygium aromaticum) EO (CEO) is rich in the bioactive
phenylpropanoids, including cinnamaldehyde, eugenol, carvacrol, and thymol, with the valuable biological
propertiesz’s’w. The antioxidant, antimicrobial, antiseptic, pesticide, analgesic, and anticarcinogenic activities
of CEO have been reported and used in the food, sanitation, biomedical, pharmaceutical, active packaging,
and cosmetic products'®. CEO is also used as a natural preservative, colorant, and flavoring agent in various
food products!®-12. However, the hydrophobic and volatile nature of CEO limits its widespread applications.
On the other hand, vitamin E (Vit E), a plant-based lipophilic antioxidant consisting of a chromanol ring
attached to a long isoprenoid side chain, possess distinct physiological functions and critical role in the normal
human growth!*!4, Although Vit E is frequently used in food industry, the hydrophobicity of Vit E significantly
decreases its efficiency!>!°.

Among different methods suggested to increase the stability, shelf life, and biodistribution of bioactive
compounds, their encapsulation is considered as an effective and promising approach that also enables their
controlled release!”. Chitosan (Ch) is considered as an excellent candidate for the encapsulation of bioactive
compounds, due to the biodegradability and biocompatibility as well as easy chemical modifications via the
various functional groups!®. Moreover, the well-known antimicrobial properties of Ch also enhance its
effectiveness as a preservative coating. In this regard, the ionotropic gelation method is greatly considered for
Ch encapsulation, due to its simplicity, high efficiency, significant stability, high loading capacity, good water
dispersibility, and controlled delivery of bioactive compoundslg. Different EOs, such as oregano, eugenol, and
carvacrol, have been successfully encapsulated using Tripolyphosphate (TPP)-Ch through emulsion-ionic
gelation technique?. There have been various reports on the loading of Vit E and clove essential oil into Ch. The
positive effects of Vit E-loaded Ch nanoparticles (ChNPs) and nanocomposites on the growth performance and
innate immune system of Nile tilapia have been reported?!:?2. The viscosity and drying rate of Ch films as well
as their solubility and thermal properties were reported to be influenced by the incorporation of Vit E**. The
nano-emulsions of CEO and oregano EOs incorporated in the Ch edible films have been reported to extend the
shelflife of sliced bread?*. The improved antioxidant and antibacterial activities of CEO-loaded ChNPs have also
been reported, recently®. Since both CEO and Vit E are hydrophobic and show significant antioxidant activity,
their co-loading into a nanoparticle can increase their bioavailability and bioactivity. Moreover, incorporation of
CEO and Vit E may affect the physicochemical properties of ChNPs.

To evaluate this hypothesis, we first tried to synthesize high stable colloidal ChNPs using ionotropic gelation
method in the presence of CEO and Vit E, without using any chemical emulsifiers that are usually toxic. The
physicochemical properties of resulted ChNPs were subsequently characterized and their biocompatibility,
antioxidant, antibacterial and antifungal activities were investigated. Finally, the computational (molecular
docking) studies were used to reveal their antibacterial mechanism of action. These computational studies were
used to further clarify the molecular-level interactions of Ch, eugenol, and a-tocopherol to different bacterial
and fungal proteins and to provide mechanistic support for the observed biological effects. To the best of our
knowledge, there is no other report on the co-encapsulation of CEO and Vit E in ChNPs and investigation of such
different bioactivities. It is anticipated that the results of this study will lead to the development of a new nano-
formulation based on natural compounds with various potential applications in the food industry, especially
as a preservative. These bioactive compounds can be used as an interesting alternative to the commonly used
chemical preservatives.

Materials and methods

Materials

Low molecular weight Ch (50-190 kDa) with 75-85% degree of deacetylation, and TPP (CAS # 7758-29-4;
technical grade) were purchased from Sigma-Aldrich (Germany). 2,2’-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), 1,1-diphenyl-2-picrylhydrazyl (DPPH), potassium persulfate, sodium hydroxide, potato
dextrose agar (PDA) and Vit E were supplied by Merck (Germany). Two bacterial strains of Staphylococcus
aureus (S. aureus, ATCC25923) and Escherichia coli (E. coli, ATCC25922), and fungal strain of Aspergillus niger
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(A. niger, ATCC IBRC-M 30095) were prepared from department of microbiology faculty of biology, university
of Isfahan (Isfahan, Iran). All other chemicals utilized in this project were of analytical grad. The reference
antibiotics of amoxicillin and gentamicin were prepared as a gift from Farabi pharmaceutical Co. (Isfahan, Iran).
All aqueous solutions were prepared by double distilled water. The human fibroblast cells were provided from
Pasteur Institute of Iran. CEO was prepared by the hydrodistillation of dried and powdered clove buds using a
Clevenger, based on the previous method?.

Synthesis of ChNPs and CEO-Vit E ChNPs

The oil loaded particles were prepared based on the two-step approach of droplet formation and solidification,
according to the previous reports?”-?® with some modifications. Briefly, the oil-in-water emulsion was first
prepared by the addition of CEO in a Ch solution under ultrasonication (Hielscher UP200S Germany, 70%
amplitude) for 15 min at 25 °C. Then, the NPs solidification was carried out through the ionic gelation by the
dropwise addition of TPP solution (1% w/v) at pH 4.6 and stirring for 60 min at 25 °C. To obtain the optimum
condition, different concentrations of Ch solution (0.25, 0.5, 0.75, 1% w/v) were prepared in the aqueous
acetic acid solution (1%, v/v) under stirring at 25 °C, overnight. The resulted NPs were then collected by the
centrifugation at 9000 x g for 15 min at 4 °C and subsequent washing with deionized water. The samples were
immediately freeze dried (Cryodos 50/230 V, Telstar, Madrid, Spain) at —32 °C for 42 h and dry weight of NPs
was measured to find the optimum mass ratio of Ch to TPP. The effect of different mass ratios of Ch to CEO
(0.5:1.3, 0.5:2.6, 0.5:3.9, 0.5:5.2), Ch to Vit E (0.5:1.1, 0.5:2.3, 0.5:3.5, 0.5:4.7) and Ch to CEO-Vit E (0.5:2.4,
0.5:4.9, 0.5:7.4, 0.5:9.9) was also studied in the optimum ratio of Ch to TPP. The stability of resulted colloids was
monitored during storage at 25 °C.

Characterization of NPs

The morphology and size of the colloidal NPs were characterized using a transmission electron microscope
(TEM, JEOL 1230, Japan) at 100 kV after deposition onto a carbon-coated copper grid and air-drying. The
freeze-dried NPs were also analyzed using a field-emission scanning electron microscope (FE-SEM, FEI Quanta
200, USA) at an accelerating voltage of 15 kV after deposition onto the sample holder and coating with a
gold nanolayer using a Sputter Coater. The stability of colloidal NPs was initially assessed by the monitoring
of their sedimentation over time. The hydrodynamic size distribution and zeta potential of NPs were also
measured using a Zetasizer (ZEN 3600, Malvern, UK). Fourier transform infrared (FTIR, JASCO FT/IR-6300
spectrometer, Japan) spectroscopy was used to analyze the surface functional groups of the powdered samples.
For this purpose, the dried samples were mixed with KBr powder and compressed into pellets and the spectra of
the samples were recorded in the wavenumber range of 400-4000 cm™.

Antioxidant activity assays

The antioxidant activity of ChNPs, CEO ChNPs, Vit E ChNPs and CEO-Vit E ChNPs as well as CO, Vit E and
CEO-Vit E emulsions was determined by the ABTS and DPPH free radical scavenging assays, based on the
previous reports*>*. For DPPH assay, different volumes (10, 20, 40, 60, 80, 100 pL) of each sample was mixed
with ethanolic solution of DPPH (0.1 mM, 1 mL) and incubated at ambient temperature in the dark for 1 h. The
absorbance of samples was then measured at 517 nm using a UV-Vis spectrophotometer (HP-8453, UV-Vis,
USA). A control sample was also prepared without CEO-Vit E particles and ethanol was used for the baseline
correction. The antioxidant capacity was determined as a percentage of DPPH radical scavenging capacity of
samples using the following formula:

Radical scavenging activity (%) = [(Acontrol— Asample) /Acontrol] X 100

Where, A and A_  are the absorbances of control and sample, respectively.

For ABTS assay, the stock solutions of ABTS (7 mM) and potassium persulfate (2.45 mM) were first prepared
in the ultrapure water. The ABTS radical (ABTS") solution was prepared by the addition of potassium persulfate
solution (final concentration of 2.45 mM) to the ABTS solution and overnight incubation at room temperature
in the dark. The ABTS" solution was then diluted with distilled water until its optical density (OD) reached 0.7.
Then, different volumes (10, 20, 40, 60, 80, 100 pL) of each sample were mixed with 800 uL of diluted ABTS®
solution and incubated at ambient temperature in the dark for 6 min. The absorbance of solutions was then
measured at 734 nm using a UV-Vis spectrophotometer (HP-8453, UV-vis, USA). A control sample was also
prepared without using the NPs and the ultra-pure water was used for the baseline correction. The antioxidant
capacity was determined as percentage of ABTS radical scavenging activity using the following formula:

Radical scavenging activity (%) = [(Acontrol— Asample) /Acontrol] X 100

Where, A_ . and A are the absorbances of control and target samples, respectively.

sample
In vitro cell studies
The antibacterial effects of samples were investigated by the agar well diffusion method, based on the previously
reported method® with some modifications. Briefly, two bacterial strains of S. aureus (gram-positive) and E.
coli (gram-negative) were first cultured in the nutrient broth medium for 24 h at 30 °C and 37 °C, respectively.
The bacterial culture turbidity was subsequently adjusted to 0.5 McFarland standard and spread on the Mueller
Hinton agar plates. Then, 100 L of each sample or the reference antibiotics (amoxicillin and gentamicin) were
added into the as-prepared 5 mm holes on the plates. Finally, the inhibition zone (IZ) of each hole was measured
after 18 h incubation at the appropriate temperature.
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The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the
samples were also determined using the broth microdilution method, based on the recently published article®!.
Briefly, 100 pL of the bacterial culture with 0.5 McFarland standard turbidity in the sterile Mueller Hinton broth
medium was added into each well of 96-well microtiter plate. A serial dilution of each sample was also prepared
using the sterile deionized water and added (100 pL) into the individual wells. The bacterial suspension without
sample was used as the negative control. MIC values were determined by measuring OD of the individual wells
at 630 nm after 18 h incubation using a microplate reader (Agilent 800TS microplate reader, USA).

The potential antifungal activity of samples was studied on A. niger by the pour plate method, based on the
previous report32 with some modifications. For this purpose, different concentrations (0, 10, 20, and 50 mg
mL™!) of the samples were individually mixed with the sterilized PDA plates and solidified. 5 mm mycelium
discs were then excised from the periphery of A. niger plates using a sterile scalpel and placed in the center
of PDA plates and sealed with parafilm. The plates were incubated at 25 °C for 5-7 days, until the growth of
mycelium in the control group reached the edges of the plates. Each experiment was conducted in triplicate, and
the antifungal index for each treatment was calculated using the following formula:

ntifungal index (% ) = ((C — T)/C)*100.

Where C and T are the radial growth (mm) of mycelia in the control and treated plates, respectively.

The potential cytotoxicity of NPs was also evaluated on the human fibroblast cells using the MTT assay,
based on the previous report®. Briefly, the cells were seeded at a density of 10* cells per well in a 96-well plate
and incubated for 24 h at 37 °C in a humidified incubator with 5% CO,. After cell adhesion and initial growth,
various concentrations of ChNPs and CEO ChNPs (12.5, 25, 50, 100, and 200 pg mL™!) were added into the
individual wells and incubated under the same condition for 24 h. The culture medium was then completely
removed and 100 pL of MTT solution (0.5 mg mL™! in culture medium) was added into each well and incubated
again for 4 h under the same condition. The medium was then carefully removed and 100 uL DMSO was added
into the wells and incubated for 5 min to dissolve the formazan crystals. Then, OD of wells was measured at
570 nm, and the percentage of cell viability was calculated as the ratio of the OD of each treatment to the control.
Results were expressed as the mean + standard deviation (SD) of three independent experiments.

Molecular docking studies

Three-dimensional (3D) structures of eugenol and a-tocopherol were obtained from the PubChem database, and
the 3D structure of Ch was retrieved from Figshare. The microbial target proteins were selected from the RCSB
Protein Data Bank (RCSB PDB), based on their critical roles in microbial viability and pathogenicity. DNA gyrase
(PDB ID: 1AB4), dihydrofolate reductase (DHFR, PDB ID: 1RA3), and MurA (PDB ID: 1UAE) were selected
from Escherichia coli. DNA gyrase is an essential type II topoisomerase responsible for negative supercoiling of
DNA during replication and transcription. DHFR is a key target protein in the bacterial infection therapy due
to its central role in folate metabolism and nucleotide biosynthesis. MurA is a key enzyme in the early stage of
peptidoglycan biosynthesis and thus, is essential for bacterial cell wall formation. Penicillin-binding protein 2a
(PBP2a, PDB ID: IMTW), Sortase A (PDB ID: 1T2W), and DNA gyrase (PDB ID: 2XCT) were selected from
Staphylococcus aureus. PBP2a is responsible for cell wall crosslinking and is associated with B-lactam antibiotic
resistance. Sortase A is a membrane-anchored enzyme involved in anchoring virulence-associated proteins to
the bacterial surface, facilitating adhesion and immune evasion. Due to the unavailability of lanosterol synthase
structure from Aspergillus niger, the homologous enzyme from A. fumigatus (PDB ID: 4UYM) was selected. This
enzyme catalyzes a critical step in ergosterol biosynthesis, a key component of fungal membranes.

The protein structures were prepared using UCSF Chimera v1.19 for water removal, polar hydrogen addition,
and energy minimization. Ligand preparation and charge assignment were conducted using AutoDock Tools
(ADT) with Kollman charges. Docking simulations were performed via the HDOCK web server, which
automatically generates 100 binding poses per ligand-receptor pair and ranks them based on predicted docking
energy. Docking was performed on the full hexamer without fragmenting or averaging scores across repeating
units. The single top-ranked pose for each protein-ligand pair was selected, and the corresponding docking
score reported. The top 10 ranked poses were retrieved, and the best-scoring pose (rank 1) was selected as
the representative binding model for further visualization and interaction analysis using the Protein-Ligand
Interaction Profiler (PLIP) server.

Statistical analysis

One-way analysis of variance (ANOVA) was utilized for a completely randomized statistical analysis. Tukey’s
multiple comparison test was also applied at a significance level of P < 0.05 to determine the significant differences
among means. The SPSS software (version 23.0) was used for the statistical analyses. All the antioxidant assays
(section "Antioxidant activity assays") and in vitro cell studies (section "In vitro cell studies") were performed in
triplicate and the results were expressed as the mean value + SD of three independent experiments.

Results and discussion

Synthesis of ChNPs and their loading with CEO and Vit E

The effect of different ratios of Ch to TPP on the synthesis of ChNPs was investigated by monitoring of the
absorbance wavelength (200 to 600 nm) of the reaction mixtures at specific time intervals over 60 min using a
UV-Vis spectrophotometer (HP/Agilent 8453, USA). The results (Fig. 1a) showed the appearance of a prominent
absorption peak at 236 nm, which is the characteristic wavelength of ChNPs?, indicating the successful synthesis
of ChNPs. The absorbance spectra also clearly showed a fast reaction kinetics during the first few minutes.
Moreover, a more intense absorption peak was observed at 236 nm by increasing of the Ch concentration that
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Fig. 1. Monitoring of the absorbance spectra of synthesized ChNPs at specific time intervals over 60 min (a),
and the colloidal stability of synthesized CEO-Vit E ChNPs with different concentrations (left to right: 2.4, 4.9,
7.4 and 9.9 mg mL™!) of CEO and Vit E (b).

indicates the synthesis of more NPs. This observation was also confirmed by measuring of the dry weight of
ChNPs after centrifugation and freeze drying of the colloids (Table S1). However, the colloidal stability of ChNPs
decreased significantly in the higher concentration of Ch, leading to their rapid precipitation. Based on the
results, Ch toTPP ratio of 0.5:1 was chosen as the optimum ratio for further studies.

In the next step, different concentrations of CEO and Vit E with the equal ratios (1:1) were loaded into
ChNPs, and the colloidal stability of resulted NPs was evaluated to determine the optimum condition. The
results (Table S2) showed the significant effect of oil concentration on the colloidal stability of NPs over time.
Based on the results, a final concentration of 7.4 mg mL™! oil phase (75 uL CEO and 75 uL Vit E in total reaction
volume of 20 mL) and Ch to TPP ratio of 0.5 to 1 mg mL™", respectively, was selected as the optimum condition
for synthesis of stable CEO-Vit E ChNPs. The resulted colloids remained stable more than three months at 4 °C,
without the significant creaming or sedimentation (Fig. 1b).

Characterization of CEO-Vit E ChNPs

The average hydrodynamic sizes of ChNPs and CEO-Vit E ChNPs were first measured using dynamic light
scattering (DLS) instrument. The results showed significant increase of the hydrodynamic size of ChNPs from
198.1 nm to 306.6 nm (Fig. S1), following the incorporation of oil phase that is in consistent with the previous
reports?”**. Hosseini et al.”” similarly reported an increase in the average size of ChNPs from 281.5 nm to 309.8-
402.2 nm after loading with the oregano EO. However, they also used CH,Cl, and Tween 80 in the synthesis of
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ChNPs, which are toxic and unsuitable for the biomedical and food applications. Interestingly, we succeeded to
synthesize stable ChNPs loaded with CEO and Vit E without using any surfactants.

The resulted CEO-Vit E ChNPs also represented a polydispersity index of 0.387, indicating their relatively
uniform size distribution. This result was also in accordance with the results of TEM analysis (Fig. 2a) that
reveled the synthesis of semi-spherical, uniform and monodisperse ChNPs with the sizes of less than 50 nm.
However, our attempt to achieve high-quality FE-SEM images of CEO-Vit E ChNPs failed (Fig. S2), mainly due
to the presence of CEO that interfere with the complete drying of the samples. The obvious difference observed
between the actual size of ChNPs and their hydrodynamic sixe could be attributed to the significant hydration
layer surrounding the ChNPs. The thick hydration layer is responsible for high colloidal stability of NPs which
is also consistent with the visual observations. The resulted CEO-Vit E ChNPs also represented a zeta potential
value of —17 mV (Fig. S3) that indicates high negative surface charge of ChNPs. Similarly, the negative zeta
potential values of up to —21.12 mV and —23.1 mV were reported for ChNPs loaded with Satureja hortensis
L.% and turmeric EOs%, respectively. This significant negative charge that is mainly attributed to the carbonyl,
hydroxyl, and carboxyl functional groups on the surface of ChNPs, plays a crucial role in their colloidal stability
and prevents their agglomeration and subsequent precipitation.

The FTIR spectra of ChNPs, CEO ChNPs, Vit E ChNPs, and CEO-Vit E ChNPs are presented in Fig. 2b.
The FTIR spectrum of ChNPs contains outstanding peaks at 3445 cm™ (O-H), 3298 cm™ (N-H2 stretching),
2991 cm™! (C-H stretching), 1546 cm™ (N-H, of amide II), 1367 cm™ (C-N stretching), 1201 cm™ (-(1-4)
glycosidic linkage), 1065 cm™! (C-O-C stretching in the glucose ring), 997 cm™! (C-O stretching), and 904 cm™!
(vibration of the pyranose ring)*’. The peaks at 1065 cm™! (C-O-C stretching in the glucose ring) and 1546 cm™
(amide II) also suggest the electrostatic interactions between the PO,* group of TPP and the NH,* group of
Ch?728 The outstanding peaks located at 2732 cm™}, 2672 cm™!, and 2599 cm™! in the FTIR spectrum of Vit E
are corresponding to C-O-OH, N-H, and C-H stretching, respectively, while peak at 1100 cm™ is attributed
to the C-O stretching®%.

Antioxidant activity measurement

Regarding the well-known antioxidant activity of Vit E** and CEO?studying the effects of encapsulation on their
antioxidant properties is appropriate. For this purpose, both free and encapsulated forms of CEO and Vit E were
evaluated by the well-known ABTS and DPPH methods. The results (Fig. 3) showed a concentration-dependent
antioxidant activity of the compounds. Based on the results, CEO and CEO-Vit E emulsions represented higher
antioxidant activities than Vit E emulsion. Interestingly, the antioxidant activity of compounds increased after
their encapsulation in ChNPs. ABTS assay revealed that the antioxidant activities of Vit E, CEO, and CEO-Vit
E emulsions in the concentration of 2000 ug mL™! increased from 36.84, 55.97, and 46.21% to 43.37, 75.66, and
59.42%, respectively, after Ch encapsulation (Fig. 3). The antioxidant activity of 98.34% also obtained for the
equal concentration of ascorbic acid. The results were also confirmed by the DPPH assay. The results clearly
showed the comparable antioxidant activity of CEO ChNPs with the control (ascorbic acid). In contrast, ChNPs
showed the lowest antioxidant activity with 30.87% at the same concentration. Recently, the similar results have
also been reported by Dordevi¢ et al. regarding the improved antioxidant activity of Ocimum basilicum L. and
Satureja montana L. EOs after Ch encapsulation*!. Similar results have also been reported by Xie et al. for the
Pickering emulsions of peppermint oil stabilized by resveratrol-grafted zein covalent conjugate/quaternary
ammonium Ch*2. However, no synergistic effect was observed following the co-loading of CEO and VitE that
could be attributed to the masking effect due to the interaction between Vit E and CEO constitutes*>. Another
interesting result was the improved antioxidant activity of Vit E ChNPs over time. According to the results (Fig.
S4), while the antioxidant activity of Vit E increased slightly (from 37.2 to 43.5%) over 48 h, the antioxidant
activity of Vit E ChNPs significantly increased from 36.2 to 77.7%. This result can be attributed to the improved
stability and gradual release of Vit E following Ch encapsulation. The high surface area to volume ratio of ChNPs,
led to the increased bioavailability of hydrophobic CEO and thus, its higher biological activity®.
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Fig. 2. TEM image of CEO-Vit E ChNPs (left) and FTIR spectra of ChNPs, CEO ChNPs, Vit E ChNPs, and
CEO-Vit E ChNPs loaded with CEOQ, Vit E, and CEO-Vit E combination (right).
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Fig. 3. The antioxidant activity of different concentrations of CEO, Vit E, and CEO-Vit E emulsions before
(left) and after (right) encapsulation in ChNPs by ABTS (up) and DPPH (down) methods. The corresponding
concentrations of ascorbic acid were used as the control.

In vitro cell studies

The antibacterial activity of ChNPs, CEO ChNPs, Vit E ChNPs, and CEO-Vit E ChNPs was first studied on
S. aureus and E. coli strains using the agar well diffusion method. The results (Fig. 4a) indicated that ChNPs
exhibited the highest antibacterial activity on S. aureus, with an average IZ of 18.1 mm in the final concentration
of 0.5 mg mL~!, while IZ of 19.4 mm was obtained for the same concentration of the antibiotic amoxicillin. The
obtained 1Zs for CEO ChNPs, CEO-Vit E ChNPs, and Vit E ChNPs include 16.9, 16.1, and 14.5 mm (Table 1).
The results of well diffusion method also indicated that the antibacterial effects of these NPs on E. coli were lower
than those observed against S. aureus that could be attributed to the complex cell wall structure of gram-negative
E. coli and thus, its lower permeability to the NPs3!.

The antibacterial activity of the samples was further evaluated on S. aureus and E. coli using the microbroth
dilution method. The results (Table 1), in accordance with the results of agar well diffusion method, showed the
higher antibacterial activity of samples on S. aureus than E. coli. Similarly, ChNPs and CEO ChNPs represented
the highest antibacterial activity on S. aureus with the MIC value of 152 and 550 ug mL™! while the MIC values
of 987.5 and 1000 pug mL™! obtained for Vit E ChNPs and CEO-Vit E ChNPs, respectively. Moreover, MBC
values of 250, 1200, and 3950 pg mL™! obtained for ChNPs, CEO ChNPs and CEO-Vit E ChNPs, respectively,
while none of the tested concentrations of Vit E ChNPs caused complete bacterial death. The CEO loading of
ChNPs led to the reduction of MIC from 975 to 550 ug mL~! and also reduction of MBC from 1950 to 1200 pg
mL~L. Therefore, the encapsulation of CEO in ChNPs enhanced its antibacterial efficacy. This observation can
be attributed to the increased stability and bioavailability of CEO after Ch encapsulation. Moreover, Ch can
enhance the permeability of bacterial cell membranes* and thus, increase the penetration efficiency of EOs. On
the other hand, Ch encapsulation can lead to the controlled and sustained release of EOs, ensuring a prolonged
antibacterial effect®.

The antifungal index of different concentrations of CEO ChNPs against A. Niger is presented in Fig. S5. The
growth inhibition of A. Niger discs on the PDA media containing different concentrations of CEO ChNPs is also
presented in Fig. 4b. The results clearly indicate the concentration-dependent antifungal activity of the samples
such that the complete growth inhibition of fungal mycelial was achieved at 50 mg mL~! of CEO ChNPs. This
results are in accordance with the results reported by Hasheminejad et al.*®, regarding the complete inhibition
of the mycelial growth of A. niger by the CEO encapsulated ChNPs. Since the using of high concentrations
of EOs can negatively affect the smell and taste of food products, the encapsulation of EOs can reduce their
concentration in the food products and, as a result, mitigate the related problems*”*8. The higher antifungal
against Aspergillus flavus and antiviral effects against human immunodeficiency virus type 1 were also reported
previously through the nano-encapsulation of Mentha piperita EO and foscarnet?*>?. Furthermore, Jose et al.’!
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Fig. 4. Agar well difussion assay of ChNPs, Vit E ChNPs, CEO ChNPs, CEO-Vit E ChNPs and the
coresponding antibiotic (gentamycin and amoxicillin) on E. coli and S. aureus (a). Antifungal activity of
different concentrations (0, 10, 20, and 50 mg mL!) of CEO ChNPs against A. niger (b).

E. coli S. aureus

1Z MIC MBC 1Z MIC MBC
Antibacterial activity | (mm) | (ugmL™) | (ugmL™) | (mm) | (ugmL™') | (ug mL™?)
ChNPs 14.5 250 --- 18.1 152 250
Vit E ChNPs 139 1750 --- 14.5 1000
CEO ChNPs 136 | 1200 169 | 550 1200
CEO-VitEChNPs | 141 | 3700 161 |987.5 3950
Antibiotic 18.5 --- --- 19.4

Table 1. 1Z, MIC, and MBC values of chnps, Vit E chnps, CEO chnps, CEO-Vit E ChNPs and (F) the
coresponding antibiotic (gentamycin and amoxicillin) on E. coli and S. aureus.

reported the potent antifungal activity of polyvinyl alcohol nanocomposites integrated with CEO and ChNPs
against Pythium aphanidermatum. This study suggests the potential applications of Ch-based nano-formulations
in antimicrobial coatings and biomedical fields.

Given the importance and necessity of biocompatibility and the absence of harmful toxic effects of food
ingredients, including the additives and preservatives, the potential cytotoxicity of NPs was also preliminary
investigated using the MTT assay. Certainly, a complete understanding of the effects of nano-formulations
requires an extensive and complete study on their biocompatibility, anti-cancer effects, anti-inflammatory
activity, and wound healing properties in vitro and in vivo, which will be addressed in subsequent studies.
Interestingly, the results (Fig. S6) showed that the CEO and Vit E loading led to the improved biocompatibility
of ChNPs. While only 35.61% of the cells remained viable after 24 h exposure with 200 ug mL~! ChNPs, the cell
viabilities of 72.84% and 81.73% were observed using CEO ChNPs and CEO-Vit E ChNPs, at the same condition.
The results indicate that the resulted nano-formulation does not exhibit toxicity toward human cells, making it
appropriate for a variety of biomedical and food applications. The improved biocompatibility of ChNPs could
be mainly attributed to the well-known antioxidant activity of CEO and Vit E5>, which reduces the potential
oxidative stress and inflammation of ChNPs.
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Target Protein | PDB ID | Microorganism | Ligand | Number of H-Bonds | HDOCK Score (arb. units)
DNA gyrase 1AB4 E. coli Ch 14 -226.36
Eugenol | 2 -93.21
VitE 3 -134.78
DHFR 1RA3 E. coli Ch 9 -191.82
Eugenol | 4 -87.38
Vit E 4 -136.21
MURA 1UAE E. coli Ch 3 -203.85
Eugenol | 1 -96.06
VitE 4 -125.57
PBP2a IMTW | S. aureus Ch 16 -238.43
Eugenol | 3 -98.50
Vit E 7 -136.87
Sortase 1T2W S. aureus Ch 17 -254.97
Eugenol | 4 -102.13
VitE 7 -138.04
DNA gyrase 2XCT S. aureus Ch 22 -343.58
Eugenol | 21 -134.22
VitE 18 -207.34
Lanosterol 4UYM | A. fumigatus Ch 11 -240.25
Eugenol | 6 -104.25
Vit E 11 -173.11

Table 2. Molecular Docking results of ch, eugenol, and Vit E against different microbial proteins. Docking
scores are from the HDOCK server (arbitrary units; more negative values indicate stronger predicted binding).

Recently, Suflet et al.>* have also reported the low toxicity of CEO loaded Ch-oxidized pullulan hydrogels
that further confirm the high potential of ChNPs as a carrier for delivering of the natural compounds. Yadav
et al. have also reviewed the high potential of Ch-based nano-formulations for drug delivery and therapeutic
applications with emphasis on their high biocompatibility®®. Sharma et al. have also reported recently, the non-
toxic nature of Ch nanocomposites and their suitability for the biomedical applications®. Ch was also reported
by Detsi et al. as an excellent biopolymer matrix for encapsulation of the natural products with low toxicity®”.

Molecular docking

The computational methods are commonly used to predict the interaction of natural substances with the
bacterial targets, such as DNA gyrase, DHFR, and PBP*®%. Therefore, the molecular docking was used to better
understand the molecular action mechanisms of Ch, eugenol, and Vit E on E. coli, S. aureus, and A. niger. Docking
simulations were performed using the HDOCK server, which applies a hybrid strategy combining template-
based modelling and ab initio docking. This platform was used because it supports large and flexible ligands,
such as Ch hexamer, without requiring extensive manual preprocessing or fragmentation. This server integrates
both template-based and template-free docking, making it suitable for targets with the limited co-crystallized
ligand data, such as A. fumigatus lanosterol synthase. Moreover, the application of a single docking engine for all
ligand-target pairs could ensure the comparability of results. In the simulations, Ch was modelled as a hexamer
consisting of six p-(1>4)-linked D-glucosamine units, with fully protonated amino groups to reflect its cationic
nature at the physiological pH. This oligomer length has been widely employed for the in silico Ch research®,
because it retains the essential interaction features of the polymer while remaining computationally tractable.
Importantly, the 3D structure of Ch hexamer used in this study was obtained from the Figshare repository,
where pre-constructed and validated Ch oligomer models are publicly available. This ensures the reliability and
reproducibility of the ligand structure, avoiding potential biases or inaccuracies from de novo modeling. For
each protein-ligand pair, the top-ranked pose predicted by HDOCK was selected for further analysis.

The obtained 3D images by the Protein-Ligand Interaction Profiler web tool showed the interaction of
ligands (Ch, eugenol, and a-tocopherol) with different target proteins of E. coli (Fig. S7), S. aureus (Fig. S8) and
A. fumigatus (Fig. S9). The numerical values reported in Table 2 represent HDOCK docking scores, which are
calculated from a knowledge-based statistical potential combined with shape complementarity, rather than direct
thermodynamic free energies (AG) in kcal-mol™. Although such scores are sometimes referred to as “binding
energies” for simplicity, they are expressed in arbitrary units and should be interpreted only in a relative sense:
more negative values indicate stronger predicted binding compared to other ligands docked to the same target
under identical conditions. The significant reduction was observed in the calculated HDOCK docking scores
following the interaction of the ligands with the bacterial and fungal proteins (Table 2), indicating high affinity
of the ligands to the targeted proteins. These observations revealed that Ch, eugenol, and a-tocopherol can bind
to different bacterial and fungal proteins and thus, affect their function and viability of cells. The docking results
(Table 2) showed that Ch consistently achieved the most negative scores and formed the largest number of
hydrogen bonds with the target proteins, particularly S. aureus DNA gyrase (—343.58), Sortase (—254.97), and A.
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fumigatus lanosterol synthase (-240.25). These strong predicted interactions suggest the potential interference
with the critical microbial processes, such as DNA replication, protein anchoring to the cell wall, and membrane
biosynthesis. In contrast, eugenol and VitE exhibited less negative docking scores and fewer hydrogen bonds,
which aligns with their lower direct antimicrobial activity observed in vitro. Notably, encapsulation of eugenol
and VitE in ChNPs enhanced their antimicrobial activity, likely due to the Ch-mediated facilitation of cellular
uptake and improved accessibility to intracellular targets.

Although Vit E showed strong docking scores (e.g., —173.11 kcal mol™! with lanosterol synthase), no
similar performance was observed in vitro, likely due to its poor water solubility and limited bioavailability in
the physiological environment. Since 3D structure of lanosterol synthase has not been reported for Aspergillus
niger until now, the 3D structure of A. fumigatus enzyme (PDB ID: 4UYM) was used as a target for molecular
docking. Similarly, Ch represented strongest binding (-240.25 kcal mol™) to A. fumigatus lanosterol synthase,
followed by Vit E (-173.11 kecal mol™!) and eugenol (-104.25 kcal mol™), reflecting the same ranking observed
in antibacterial docking. Overall, the docking simulations support the experimental findings by suggesting that
Ch can strongly interact with multiple microbial proteins, potentially disrupting their biological function, while
also serving as an effective carrier to enhance the activity of co-encapsulated bioactive compounds.

Conclusion

Despite the unique biological properties of Vit E and plant EOs, their high hydrophobicity and volatility
have severely limited their applications. Encapsulation of these compounds with biopolymers such as Ch is
an effective strategy to solve this problem. In addition, the well-known antimicrobial activity of Ch may
represent the synergistic effects, leading to achievement of new formulations with superior biological properties.
Moreover, the multifunctional nano-formulations with diverse biological properties can be developed by using
different compounds and also by the modification of physicochemical characteristics of ChNPs. The results of
present study demonstrated high potential of ChNPs as nanocarriers for development of such multifunctional
nano-formulations with the antioxidant, antibacterial and antifungal effects. This significant bioactivity can be
attributed to the better dispersion, increased surface area, and controlled release of ingredients. The enhanced
antibacterial activity may also stem from the electrostatic attraction of positively charged Ch and bacterial cell
membranes, which disrupts membrane integrity and boosts the bioavailability of active compounds. Regarding
the results of computational studies that revealed strongest bonding of Ch to the target proteins, it can be
concluded that co-delivery of EOs and Vit E in ChNPs enhances the bioactivity, solubility, membrane disruption,
and cellular uptake of compounds, possibly through the synergistic effects. Given the high nutritional value of
plant EOs, especially CEO, their combination with Vit E can be used in the development of functional foods,
which is very valuable in nutritional health. The antibacterial and anti-fungal properties of these compounds
play a significant role not only in improving consumer health but also in the preservation and shelf life of the
food products. Therefore, development of such delivery systems can be a very suitable alternative to chemical
preservatives in food products. Moreover, investigating different combinations of these food additives to achieve
superior and novel biological and pharmaceutical properties is an attractive field of research that can also
improve human health. In this regard, the computational studies of the potential inter-molecular interactions
can also be useful to select the appropriate combinations and to obtain the highest bioactivities.

Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary
Information file).
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