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Nano-encapsulated Senecio glaucus L. essential oil
with potent antioxidant, anticancer, and wound-
healing properties
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and Hesham S. M. Soliman®

Senecio glaucus L. essential oil (EO), rich in mono- and sesquiterpenes, demonstrates multiple bioactivities;
however, it suffers from volatility and poor water solubility. This study developed a nano-encapsulation of
EO to improve its stability and bioactivity. GC-MS analysis mainly identified terpene derivatives, with
dehydrofukinone being the dominant compound (29.9%). Physical characterization confirmed the nano-
sized structure of the essential oil-loaded nanoparticles (EO-NPs). Antioxidant assays (DPPH and ABTS)
showed enhanced radical scavenging activity of EO-NPs with 14.07 + 1.6 and 7.29 + 1.33 pg mL™ ICsq
values, respectively. The MTT assay demonstrated notable in vitro anticancer effects of EO-NPs against
PC3 prostate cancer (ICso = 64.71 & 2.91 pg mL™Y) and HCT-116 colorectal cancer cells (ICso = 74.59 +
2.3 ng mL™Y). At the molecular level, EO-NPs upregulated pro-apoptotic genes and proteins and
downregulated anti-apoptotic Bcl-2. Additionally, EO-NPs exhibited promising wound healing activity in
the migration scratch assay on BJ-1 fibroblast cells. These outcomes highlight the potential of EO-NPs

rsc.li/rsc-advances

1 Introduction

Essential oils (EOs), derived from plant sources, comprise
various bioactive compounds, including terpenes, phenolics,
and aliphatic hydrocarbons.»” These compounds exhibit
a range of biological activities, such as antimicrobial, antioxi-
dant, and anticancer effects, and have wide applications in
food, medicine, and cosmetics.*™*® EOs also serve as preserva-
tives and flavoring agents, as well as agricultural growth
enhancers, herbicides, and insecticides.* Despite their prom-
ising potential, the practical use of EOs is limited by challenges
such as high volatility, poor water solubility, and susceptibility
to oxidation and degradation under environmental condi-
tions.”** Nanotechnology offers a promising approach to
overcome these limitations. Nanoencapsulation of EOs can

“Biotechnology Department, Faculty of Basic and Applied Sciences, Egypt-Japan
University of Science and Technology, New Borg El-Arab, Alexandria, 21934, Egypt.
E-mail: amr.nassrallah@ejust.edu.eg

*Department of Chemistry, Faculty of Science, Aswan University, Aswan 81528, Egypt
‘Pharmaceutical Chemistry Department, Faculty of Pharmacy, Helwan University, Ain
Helwan, Cairo 11795, Egypt

“Department of Agro-Environmental Sciences, Graduate School of Bioresource and
Bioenvironmental Sciences, Kyushu University, Fukuoka 819-0395, Japan
*Biochemistry Department, Faculty of Agriculture, Cairo University, 12613 Giza, EgQypt
/Department of Pharmacognosy, Faculty of Pharmacy, Helwan University, Ain Helwan,
Cairo 11795, Egypt

¢Faculty of Pharmacy, Egypt-Japan University of Science and Technology, New Borg El-
Arab, Alexandria, 21934, Egypt

19094 | RSC Adv, 2026, 16, 19094-19108

as a therapeutic candidate with enhanced in vitro biological activity, warranting further investigation.

enhance their stability, bioavailability, and efficacy, while pro-
tecting them from oxidation and volatilization.”””* It also
improves their solubility, reduces side effects, and allows for
controlled release and targeted delivery to specific sites, thereby
enhancing therapeutic outcomes.*® Furthermore, encapsulating
EOs in nanoparticles can facilitate their transport across bio-
logical barriers, extend circulation times, and improve their
effectiveness and safety.”** Natural polysaccharides, such as
chitosan and hyaluronic acid, are increasingly explored as
biopolymers for the nanoencapsulation of bioactive compounds
like EOs.>® These polymers offer numerous advantages,
including high biocompatibility, biodegradability, and chem-
ical modifiability. Chitosan, a cationic copolymer obtained from
crustacean exoskeletons, has been extensively studied for
applications in tissue engineering, drug delivery, and cosmetics
due to its biocompatibility, mucoadhesiveness, and non-
immunogenicity.*® However, the cationic nature of chitosan can
lead to rapid clearance and nonspecific interactions with serum
proteins, potentially limiting its circulation time.*” To overcome
this limitation, chitosan nanoparticles can be surface-modified
with anionic polysaccharides such as hyaluronic acid, which
reduces protein adsorption and macrophage uptake. Hyalur-
onic acid, a naturally occurring glycosaminoglycan, exhibits
excellent biocompatibility and bioadhesive properties. It plays
a key role in biological processes such as wound healing,
inflammation, and tissue regeneration and can target specific
receptors such as CD44, which are overexpressed in certain
cancer cells and inflammatory conditions.”® Incorporating
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hyaluronic acid into drug delivery systems enhances the tar-
geting and selective uptake of therapeutic agents, particularly in
oncology and wound healing applications. Senecio glaucus L.
(SG), a member of the Senecio genus in the Asteraceae family, is
an annual wildflower indigenous to regions of North Africa and
parts of Asia. It is typically found in agrestal and ruderal sandy
habitats, as well as on stony hillsides, rocky ground, and along
riverbanks.* The essential oil of SG is mainly composed of
monoterpenes, sesquiterpenes, and oxygenated terpenes.*”
Previous studies had demonstrated the biological significance
of SG volatile compounds, including notable antimicrobial,
antioxidant, and anticancer activities,** as well as antifungal,
nematostatic, acaricidal, and repellent properties.**

Although extracts of SG have been employed in nanotech-
nology applications,*~** the essential oil from this plant has not
yet been explored for nano-encapsulation development.
Considering its established bioactivities, this represents
a significant research gap. The chemical composition of EO
suggests considerable potential for incorporation into nano-
particles and therapeutic applications. In the present study, we
aim to develop a chitosan/hyaluronic acid CS-HA nano-
encapsulated formulation of SG essential oil to improve its
stability, bioactivity, and prospective therapeutic -efficacy,
particularly for wound healing and anticancer applications.

2 Materials and methods
2.1 Plant collection and identification

The aerial parts (leaves and stems) of SG were collected during
the flowering season over a three-month period (February-April
2021) from the Aswan University campus, Aswan, Egypt. All
samples were harvested from the same geographical location
and at a consistent phenological stage to maintain composi-
tional uniformity. The collected plant materials were pooled to
form a single representative batch for the study. Botanical
identification was performed at the Department of Botany,
Faculty of Science, Aswan University, Egypt. The harvested
samples were carefully cleaned, air-dried in the dark at room
temperature, and finely ground into powder prior to essential
oil extraction and further analysis.

2.2 Extraction of the volatile oil

The EO from the leaves and stems of SG was extracted by hydro-
distillation using a standardized Clevenger-type apparatus.®®
Distillation was carried out for seven hours at 100 °C to ensure
complete extraction of volatile components. The collected EO
was dried over anhydrous sodium sulphate (Na,SO,) to remove
residual moisture, then stored in airtight, light-resistant vials at
low temperature to prevent oxidation and preserve stability
prior to further analyses, such as GC-MS.

2.3 Chemical composition analysis of essential oil

The chemical composition of the volatile oils was analyzed
using gas chromatography (GC) coupled with an Ultra Shi-
madzu QP 2010 mass spectrometer, equipped with a TRB-WAX
capillary column (30 m x 0.25 mm i.d., 0.25 pm film thickness).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Purified helium was used as the carrier gas at a constant flow
rate of 1.0 mL min~". A split ratio of 1:150 was applied. The
oven temperature program started with an initial hold at 60 °C
for 3 min, followed by a gradual increase at 5 °C min~" to 260 °©
C, which was maintained for 15 min. The injection temperature
was 260 °C, and a 1 uL sample (diluted 10: 100 in pure hexane)
was injected. Mass spectra were acquired in electron ionization
(EI) mode with an ionization energy of 70 eV, scanning a mass-
to-charge (m/z) range of 10-400. Compound identification was
performed using a dual approach: (1) comparison of retention
indices (RI) calculated against a homologous n-alkane series
(C7-C30) and (2) library matching using the NIST 11 Mass
Spectral Library.

2.4 Preparation of the EO hyaluronic acid functionalized
chitosan nanoparticles

An ionic gelation technique, based on Chiesa et al,’” was
employed with slight modifications. The CS-HA nano-
encapsulation was chosen due to the complementary physico-
chemical and biological properties of its components, making it
suitable for essential oil encapsulation. Chitosan (CS), under
mildly acidic conditions (pH 5), carries a positive charge that
enables electrostatic interaction with polyanionic crosslinkers,
facilitating stable nanoparticle formation via ionic gelation.
Hyaluronic acid (HA) was incorporated to improve nanoparticle
stability, enhance hydrophilicity, and provide potential biological
targeting due to its affinity for CD44 receptors, which are often
overexpressed in cancer cells. Tripolyphosphate (TPP) was added
to reinforce ionic crosslinking and enhance structural integrity.
The polymer concentrations and oil-to-polymer ratio were based
on a previously optimized formulation and confirmed through
preliminary trials to yield reproducible nano-sized particles with
good dispersion stability and encapsulation efficiency. Alterna-
tive concentrations were tested, but the reported composition
provided the most consistent physicochemical properties and
biological compatibility. For nanoparticle preparation, a 4 mg
mL " chitosan solution was dissolved in 1% (w/v) aqueous acetic
acid, stirred at room temperature, and kept overnight under mild
stirring. The solution was filtered through a 0.45 pm Millipore
filter, and Tween 80 (0.1 mg mL™ ") was added. The pH was
adjusted to 5 using 0.1 M NaOH. The essential oil was dispersed
in 0.5 mL of ethanol and added to the chitosan/Tween 80 solu-
tion under continuous stirring. The ratio of essential oil to chi-
tosan was 0.5:1 w/w. Hyaluronic acid (10 mg mL ') and TPP
(0.5 mg mL™") were separately dissolved in distilled water and
mixed at a 4 : 1 v/v ratio. This mixture was filtered through a 0.45
um Millipore filter. In acidic conditions, chitosan amino groups
are positively charged, facilitating interactions with the poly-
anionic crosslinkers. The carboxyl and hydroxyl groups of HA
further contribute to crosslinking and hybrid system formation.
The chitosan/oil dispersion was added dropwise to an equal
volume of the HA/TPP mixture using a 23-gauge syringe while
stirring at 1000 rpm. Nanoparticles spontaneously formed and
crosslinked. The mixture was stirred continuously for 15 min at
room temperature. Nanovesicles were collected by centrifugation
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at 7000 rpm for 60 min at 4 °C and retained for further
characterization.

2.5 Evaluation of entrapment efficiency percentage (EE%) in
the prepared oil nano-encapsulation

The entrapment efficiency (EE%) of the hyaluronic acid-chitosan
nanoparticles (NPs-Cont) was quantitatively determined indi-
rectly by quantifying the unentrapped EO in the separated
supernatant.®*®** Following centrifugation at 7000 rpm for 30
minutes at 4 °C, the supernatant was collected and filtered
through a 0.2 pm Millipore membrane filter. The filtered super-
natant was then diluted with ethanol and analyzed spectropho-
tometrically at 252 nm using a standard calibration curve.

The EE% was measured using the following equation:

EE%

mass of EO added — mass of free EO in the supernatant
mass of EO added

x 100

2.6 Characterization of the prepared nano-encapsulation

2.6.1 Size (PS), polydispersity index (PDI), and zeta poten-
tial (ZP) analysis. The particle size (PS), polydispersity index
(PDI), and zeta potential (ZP) of the prepared oil formulations
were assessed using a Zeta Sizer (Malvern Instruments Ltd,
Nano Series ZS90, IUK). The measurements were carried out at
25 °C using a helium-neon laser operating at 632 nm and
a detection angle of 90°. The Zeta Sizer is capable of measuring
ZP values within the range of —120 to +120 mV. Prior to analysis,
the samples were subjected to dilution at a 1: 20 (v/v) ratio with
deionized water to ensure optimal measurement conditions.
Each formulation, to ensure the accuracy and reproducibility of
the results, was analyzed in triplicate.

2.6.2 Transmission electron microscopy (TEM) analysis.
Morphological properties of the nanoparticles were measured
using a transmission electron microscopy (TEM) using a JEOL
JEM-2100 microscope (JEOL CO., JAPAN). The nanoparticle
suspension was carefully diluted at a 1:20 (v/v) ratio in bi-
distilled water. A drop of the diluted sample was placed on
a carbon-coated copper grid, then stained with 2% phospho-
tungstic acid to enhance contrast. The grid was allowed to air-
dry before being analyzed under the TEM.

2.6.3 Fourier transform infrared (FT-IR) spectroscopic
analysis. FT-IR analysis was performed to confirm nanoparticle
formation and identify potential molecular interactions
between components. The EO, EO-NPs, NPs-Cont physical
mixture, and optimized formulation were analyzed using a Per-
kinElmer spectrophotometer (Waltham, MA, USA) with the KBr
pellet method. Samples were mixed with spectroscopic-grade
anhydrous potassium bromide (KBr) and compressed under
vacuum to form transparent pellets of uniform thickness.
Spectra were recorded over the mid-infrared range (400-
4000 cm ') at a resolution of 4 cm ™!, with 32 scans per sample
to ensure signal accuracy. This analysis enabled the identifica-
tion of functional groups and molecular interactions within the
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samples. FT-IR spectra of all samples were compared to detect
shifts in characteristic absorption peaks, indicating chemical
bonding changes or encapsulation of the essential oil.

2.7 Biological assessments

2.7.1 Antioxidant activity. The antioxidant scavenging
potential of EO, EO-NPs, and NPs-Cont was assessed using both
ABTS and DPPH assays.

2.7.1.1 DPPH assay. The free radical scavenging capacity of
the samples was quantitatively evaluated using (DPPH) assay
described by Li et al., with minor modifications.*® Briefly, 900 pL
of 50 mM DPPH solution was added to 100 uL of diluted test
samples at varying concentrations, vortexed, and incubated in
the dark at room temperature for 30 minutes. Ascorbic acid and
methanol were used as positive and negative controls,
respectively.

2.7.1.2 ABTS assay. ABTS radical scavenging activity was
measured using a method adapted from Re et al., with slight
modifications.*" ABTS solution (7 mM) was mixed with an equal
volume of 2.45 mM potassium persulfate and incubated at 4 °C
in the dark for 16 hours. The absorbance of the ABTS reagent
was adjusted to 0.7 £ 0.03 at 734 nm. Subsequently, 900 uL of
ABTS reagent was mixed with 100 pL of the tested sample,
incubated in the dark at room temperature for 15 minutes, and
the absorbance was measured at 734 nm.

2.7.1.2.1 Calculation of radical scavenging activity. For both
assays, the percentage inhibition of free radicals was calculated
using a single standardized equation:

Inhibition (%) = (4o — A)/Ay x 100

where A, is the absorbance of the control (reaction mixture
without sample), and A; is the absorbance of the tested sample.

Both assays were performed in triplicate to evaluate the
radical scavenging activity of EO, EO-NPs, and NPs-Cont.

2.7.2 MTT assay. The cytotoxic effects of (EO, EO-NPs, NPs-
Cont) were evaluated against HCT-116 (ATCC® CCL-247T™),
HepG-2 (ATCC® HB-8065™), MCF-7 (ATCC® HTB-22™), PC3
(ATCC® CRL-1435™), and RPE-1 (ATCC® CRL-4000™) cells
using the MTT assay with slight modifications.*” Cells were
seeded in 96-well plates at 1 x 10" cells per well and incubated
for 24 h to allow attachment. Subsequently, cells were treated in
triplicate with EO, EO-NPs, and NPs-Cont at 12.5, 25, 50, and
100 pug mL ™~ for 48 h.

After treatment, 40 uL of MTT solution (2.5 mg mL ™" in PBS)
was added to each well and incubated for 3 h at 37 °C. Formazan
crystals formed by viable cells were dissolved with 100 pL of
10% SDS solution and incubated overnight. Absorbance was
measured at 570 nm using a microplate reader. Cell viability
was calculated relative to untreated controls, and IC5, values
were derived from dose-response curves using nonlinear
regression analysis.

2.7.3 Gene expression profiling. mRNA transcripts of
essential pro- and anti-apoptotic marker genes were analyzed
within PC3, HCT-116, HepG-2, and RPE-1 cells exposed to ICs,
concentrations for 72 h. RNA was extracted using the Total RNA

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Purification Kit (Norgen Biotek Corp., Thorold, ON, Canada) as
the manufacturer's instructions stated. RNA quality was
assessed and subjected to cDNA synthesis as previously
described.** Amplification programs and PCR amplicon speci-
ficity were carried out with Rotor-Gene 6000 (Corbett Life
Sciences, Sydney, Australia) in 100-well Gene Discs with Quan-
tiTect SYBR-Green PCR Kit (Qiagen, Germany) as previously
documented in standard protocols.** Gene expression analysis
and PCR thermal cycling program to measure the fold change
relative to the 18S gene were performed as previously reported.*®

2.7.4 Scratch wound healing test. The scratch assay was
carried out using the scratch technique according to previously
reported methods.***” In brief, fibroblast human normal cell
line BJ-1 (ATCC® CRL-2522™) was plated into 12-well cell
culture plates at 37 °C, 5% CO, with a concentration of 2 x 10>
cells per well in a medium containing 10% FBS. After incuba-
tion for 24 h, the cell monolayers were scraped linearly using
a sterile yellow micropipette tip to create a scratch, and the wells
were then washed to remove detached cells. Cells were subse-
quently treated for 24 h with either EO, EO-NPs, and NPs-Cont
as a control. The applied concentration for EO and EO-NPs was
50 pg mL ™. Untreated cells served as a negative control. Images
were captured using a digital camera mounted on an inverted
microscope and analyzed to assess cell migration and
morphological changes.

2.7.5 Statistical analysis. GraphPad Prism 9 software
(version 9.1.0 (221), La Jolla, CA, USA) was used for statistics,
and the data were evaluated using 2-way ANOVA with the rec-
ommended Tukey's multiple comparisons test. The results were
reported as mean + SD (n = 3). Significance was accepted at P <
0.05.

3 Results and discussion

3.1 GC-MS characterization of the chemical composition of
EO

In the present study, the essential oil extracted from the leaves
and stems of SG yielded 0.5%, appearing as a transparent yellow
oil with a clear appearance. Gas chromatography analysis and
chemical identification by GC-MS were performed. In Fig. 1, the
total ion chromatogram (TIC) exhibited several peaks that
mainly belonged to terpenes and hydrocarbons, which were
identified according to the NIST11 library and comparison of
their retention indices with those reported in the literature.
Among the detected peaks, the chromatogram showed
a distinct peak at a retention time of 32.23 minutes, which was
the most abundant component (48.88% of the total area), cor-
responding to dehydrofukinone with a molecular weight of 218
and significant fragmentation peaks at m/z 161 and 147. The
predominance of dehydrofukinone strongly influences the
biological profile of EO. As a sesquiterpene ketone,
dehydrofukinone possesses moderate lipophilicity, enabling
efficient interaction with biological membranes, which may
underlie its reported antifungal, sedative, anaesthetic, and
anticonvulsant properties.*** Its high abundance suggests that
it is a principal contributor to the observed bioactivities of the
oil, either directly through membrane disruption and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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modulation of cellular signaling pathways, or indirectly through
synergistic interactions with co-occurring terpenoids.

The occurrence of dehydrofukinone in different segments of
several Senecio genera has been established by previous
studies.**** It was previously reported from SG and identified as
a major component (21%) of its essential oil by De Pooter and
colleagues, who confirmed its structure using IR, UV, and 1D-
NMR spectroscopy after preparative GC isolation.*® Further-
more, with respective amounts of 17.20% and 19.90%,
dehydrofukinone was identified as the third most prevalent
constituent in essential oils extracted from SG capitula and
shoots.** A recent study on volatile oils extracted from the whole
plant of SG reported dehydrofukinone as a major sesquiterpene
constituent (27.15%); the compound was subsequently isolated
via HPLC and structurally elucidated using 'H- and "*C-NMR
spectroscopy.’® These findings from different Egyptian
regions—the Cairo-Ismailia desert road,*® the Egyptian eastern
desert,** and the Nile Delta,** confirm that dehydrofukinone is
consistently a key volatile marker of the species. Other notable
terpenoid compounds were detected (Table 1), including the
monoterpene o-terpineol (0.53%), the diterpenoid phytol
(3.18%), and the sesquiterpenes valencene (3.05%), curcumene
(2.75%), caryophyllene oxide (0.6%), a-humulene (0.58%), and
a-selinene (0.56%). These constituents, although present in
lower proportions, may significantly modulate the overall bio-
logical response. EOs are known to exert bioactivity through
multi-target mechanisms, including membrane permeabiliza-
tion, enzyme inhibition, oxidative stress modulation, and
interference with quorum sensing in microorganisms.

Importantly, the overall essential oil often demonstrates
greater biological efficacy than its isolated constituents, indi-
cating synergistic interactions.” Mechanistically, synergy may
arise when one component enhances membrane permeability,
facilitating the intracellular penetration of other active
compounds, or when multiple constituents target comple-
mentary biochemical pathways, resulting in amplified biolog-
ical responses.

From an encapsulation perspective, the high content of
dehydrofukinone and the presence of volatile terpenoids make
EO particularly suitable for nanoencapsulation. Due to their
hydrophobicity, volatility, and susceptibility to oxidative
degradation, terpenoid-rich oils may suffer from instability and
limited aqueous solubility. Nanoencapsulation systems can
enhance physicochemical stability by protecting active constit-
uents from evaporation, oxidation, and photodegradation.
Moreover, nanoscale carriers enable improved dispersion in
aqueous media, increased surface area, enhanced membrane
interaction, and controlled release kinetics. Crucially, nano-
encapsulation may also preserve and enhance synergistic
interactions among oil components. By co-encapsulating
multiple terpenoids within the same nanocarrier, their rela-
tive proportions can be maintained during delivery, preventing
preferential loss of more volatile constituents. Controlled and
sustained release ensures simultaneous availability of active
compounds at the target site, thereby supporting cooperative
biological effects. Enhanced cellular uptake of nanodroplets
further promotes effective interaction with microbial or
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Fig.1 Totalion chromatogram (TIC) of EO analyzed by GC-MS, highlighting a major peak corresponding to dehydrofukinone and phytol at 32.23

and 35.33 minutes, respectively.

mammalian cell membranes, potentially amplifying the
intrinsic bioactivity of dehydrofukinone-rich oils.

The chromatographic profile (Fig. 1) thus illustrates
a chemically complex EO dominated by dehydrofukinone and
supported by a diverse array of minor terpenoids. This
compositional profile not only explains the biological potential
of EO but also provides a strong rationale for nano-
encapsulation as a strategy to optimize stability, delivery effi-
ciency, and synergistic therapeutic performance.

3.2 Preparation of the nano-encapsulation

Ionic gelation is a widely favored technique used for the
synthesis of SH-NPs. It facilitates the simple encapsulation of
sensitive molecules under mild conditions without requiring
harsh organic solvents or high temperatures, which may
damage sensitive molecules. This procedure is safe since it does
not use harsh organic solvents or elevated temperatures that
could compromise bioactive compounds. Ionic gelation is often
used to encapsulate active compounds, including EOs, for
application in food, cosmetics, and pharmaceutical products.
Importantly, two conceptually distinct processes occur during
nanoparticle preparation: (i) electrostatic crosslinking and (ii)

Table 1 Major terpenoid constituents of EO as identified by GC-MS“

surface functionalization. It relies on the ionic interactions and
crosslinking between the negatively charged polyanionic
components, such as sodium tripolyphosphate (TPP), and the
positively charged chitosan chains. The primary electrostatic
crosslinking mechanism occurs between chitosan and TPP,
where the negatively charged phosphate groups of TPP interact
with the protonated amino groups of chitosan, forming a three-
dimensional ionically crosslinked network responsible for
nanoparticle formation and structural stabilization.

In contrast, hyaluronic acid (HA) deposition represents
a surface functionalization process rather than a primary
crosslinking step. While HA is also negatively charged and can
interact electrostatically with chitosan, its role is mainly to
modify the nanoparticle surface through polyelectrolyte
complexation with residual positively charged amino groups
exposed on the nanoparticle interface.

The conventional multistep procedure involves the addition
of polyanionic sodium tripolyphosphate, followed by the addi-
tion of hyaluronic acid. This method can produce chitosan-
hyaluronic acid nanoparticles with a neutral or positive surface
charge. Such surface charge profiles indicate partial or limited
HA surface coverage, as complete surface functionalization

No. Compound RT Area% Height% Mwt MF Rlgem Rl

1 Dehydrofukinone 32.23 48.88 29.9 218 C;15H,,0 1678 1678 (ref. 31 and 52), 1688 (ref. 56)

2 Phytol 35.33 2.86 3.18 296 CooHu0 2045 2045 (ref. 31), 2058 (ref. 56), 2099 (ref. 57)
3 Valencene 17.12 2.46 3.05 204 Ci5Hpy 1474 1471 (ref. 31), 1488 (ref. 56)

4 Curcumene 18.78 2.20 2.75 202 Cy5Hy, 1524 1479 (ref. 56 and 57)

5 Caryophyllene oxide 24.35 0.57 0.60 220 Cy5H,40 1507 1582 (ref. 56)

6 a-Humulene 16.101 0.49 0.58 204 Cy5H,y 1579 1449 (ref. 57), 1452 (ref. 56)

7 a-Selinene 16.32 0.52 0.56 204 Cy5Hy, 1502 1498 (ref. 56)

8 o-Terpineol 17.050 0.44 0.53 154 CioH;50 1143 1186 (ref. 56)

% Rlgym = the determined retention indices, RIj;; = the reference retention indices from literature.
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would be expected to significantly reduce or reverse the positive
zeta potential of chitosan nanoparticles.

Therefore, HA surface deposition should not be assumed but
rather inferred from physicochemical characterization. A shift
in zeta potential toward less positive or more negative values
suggests masking of surface amino groups by HA. Additionally,
FT-IR spectra showing characteristic HA carboxylate (-COO™)
absorption bands at the nanoparticle surface further support
HA surface localization.

On the other hand, the adopted method in this study is
based on the Chiesa et al., 2018 technique, with slight modifi-
cation.”” It is a one-step process to produce hyaluronic-
functionalized chitosan nanoparticles with enhanced HA
surface exposure, allowing for more precise targeting and
cellular internalization. In this modified method, which is
described as inverse ionic gelation, a fixed volume of chitosan
solution is added to a similar volume of an aqueous solution
mixture containing both hyaluronic acid and TPP.

In this inverse ionic gelation approach, nanoparticle
formation (chitosan-TPP crosslinking) and HA interfacial
complexation occur simultaneously, favoring greater avail-
ability of HA at the particle surface compared to the conven-
tional sequential method.

Surface-exposed HA plays a critical biological role due to its
high affinity for CD44 receptors, which are overexpressed in
many cancer cells and are involved in cell adhesion, migration,
and proliferation. HA-decorated nanoparticles can bind to
CD44 receptors and undergo receptor-mediated endocytosis,
thereby enhancing selective cellular uptake in CD44-
overexpressing tumor cells. In the context of wound healing,
HA-CD44 interactions promote keratinocyte and fibroblast
migration, regulate extracellular matrix remodeling, and
modulate inflammatory responses. Consequently, improved HA
surface exposure may enhance cellular targeting, tissue regen-
eration, and therapeutic efficacy in both anticancer and regen-
erative applications.

3.2.1 Evaluation of encapsulation efficiency (EE%) of EO-
loaded chitosan-hyaluronic acid nanoparticles. The encapsu-
lation efficiency (EE%) of the formulated chitosan-hyaluronic
acid functionalized nanoparticles (NPs-Cont) loaded with EO
was determined to be 71.3 & 8.2%. This high efficiency can be
attributed to the strong polycationic-polyanionic interactions
between the polymeric components and the role of tri-
polyphosphate (TPP) in enhancing cross-linking. These inter-
actions promote the formation of a dense and stable
encapsulating matrix, aided by the abundance of functional
groups available for ionic bonding and cross-linking. The
resulting nanoparticles are compact and robust, which mini-
mizes oil leakage and improves entrapment stability.

However, encapsulation of EOs cannot be explained by
electrostatic interactions alone, as EOs are predominantly
hydrophobic in nature. Their limited aqueous solubility
promotes preferential partitioning into the hydrophobic
domains of the polymeric matrix during nanoparticle forma-
tion. This hydrophobic partitioning plays a crucial role in
retaining the oil within the interior of the nanoparticles.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the presence of hydroxyl and amine groups in
chitosan, as well as hydroxyl groups in phenolic compounds of
the EO, enables the formation of hydrogen bonds and electro-
static interactions. These molecular interactions further
contribute to the high encapsulation efficiency by strength-
ening the association between the EO and the polymeric matrix.

Therefore, the observed EE% is likely the result of multiple
complementary mechanisms, including: (i) ionic crosslinking
between chitosan and TPP, which creates a compact three-
dimensional network; (ii) hydrophobic partitioning of essen-
tial oil constituents into the less polar regions of the polymer
matrix; and (iii) matrix densification induced by crosslinking,
which reduces porosity and limits diffusion-driven oil leakage.
The combined effect of these structural and physicochemical
interactions explains the relatively high and stable encapsula-
tion efficiency observed in this system, rather than electrostatic
forces alone.

3.2.2 Nanoparticle characteristics: polydispersity index,
particle size, and zeta potential. The measured hydrodynamic
particle size was 333.6 = 85 nm. The nanosized particle size
indicates the effectiveness of the preparation procedure.
Although this size falls within the nanoscale range (<1000 nm),
it is relatively large compared to smaller nanocarriers (<200
nm), and this may influence cellular uptake behavior and bio-
logical performance. Particles in the 300 nm range are more
likely to be internalized via mechanisms such as macro-
pinocytosis or caveolae-mediated pathways rather than exclu-
sively clathrin-mediated endocytosis. Additionally, this size may
affect tissue penetration, biodistribution, and retention time,
which should be considered when interpreting biological
outcomes.

Also, the polydispersity index (PDI) value was 0.342. The
results demonstrated that the formulated particles had a nano-
scale size distribution with moderate and acceptable homoge-
neity rather than high uniformity. A PDI value that is less than
0.5 indicates that the particle size of the measured sample has
a reasonably narrow and acceptable distribution, although
values below 0.3 are typically considered highly monodisperse.

Moreover, the zeta potential of the formulation was —33.2 +
4.9 mvV. This value reflects the successful functionalization of
chitosan nanoparticles with hyaluronic acid. The localization of
hyaluronic acid on the outer surface of the NPs neutralizes the
positive charge of chitosan and imparts a moderately negative
zeta potential. This surface charge modification enhances
electrostatic repulsion between particles, thereby preventing
aggregation and ensuring sufficient colloidal stability of the
formulated nanoparticles. Furthermore, a negative surface
charge may reduce non-specific protein adsorption (opsoniza-
tion) under physiological conditions, potentially improving
dispersion stability in biological fluids and enhancing in vitro
and in vivo performance.

3.2.3 Analysis of transmission electron microscopy (TEM).
The morphological characteristics of the nanoparticles, as
shown in Fig. 2, demonstrate a well-defined, spherical, and
unaggregated structure. The EO-NPs exhibit a darker central
core surrounded by a faint, lighter grey outer shell, indicating
the presence of a surface coating likely corresponding to the
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Fig. 2 Physical characterization of formulated nano-essential oil. (A)
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nanoparticle matrix or functionalizing agents. This coating
further supports successful encapsulation. The particles appear
uniform in size, and their dimensions are consistent with the
average particle size obtained from dynamic light scattering
(DLS) analysis, confirming the nanoscale range and good
dispersion without significant aggregation.

3.2.4 FT-IR measurements. FT-IR analysis was performed
to provide crucial information about the possible interactions
involved in the nanoformulation process. The formation of the
nanoformulation was evaluated based on shifts, appearance, or
changes in intensity of characteristic peaks in the FT-IR spectra,
indicating physical entrapment and non-covalent interactions
rather than inclusion complex formation. As shown in Fig. 2,
the FT-IR spectra of the EO, EO-NPs, and NPs-Cont are pre-
sented for comparison.

The EO spectrum displayed characteristic peaks at 761 cm™
and 1219 cm ' (Table 2), corresponding to C-H bending
vibrations and C-O stretching, respectively. These peaks are
characteristic of the essential oil's molecular structure and

1
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functional groups. The FTIR spectrum of the NPs-Cont revealed
prominent peaks at 3442 cm™ ', assigned to -OH stretching
vibrations, indicating the presence of hydroxyl groups. Addi-
tionally, a strong peak at 1637 cm ' was observed, corre-
sponding to C=C-O stretching, typically associated with the
polymeric or organic structure of the nanoparticle matrix.

Interestingly, the EO-NPs spectrum showed a combination of
characteristic peaks from both the EO and the NPs-Cont. The
retention of key peaks from both components in the EO-NPs
spectrum, despite slight shifts and changes in intensity,
strongly suggests that interactions occurred between the essen-
tial oil molecules and the nanoparticle carrier. Importantly, the
absence of new characteristic peaks or significant peak disap-
pearance indicates that no covalent chemical modification
occurred during nanoparticle formation. Instead, the encapsu-
lation process is governed by physical entrapment within the
ionically crosslinked chitosan matrix and non-covalent interac-
tions such as hydrogen bonding and electrostatic forces.

Previous research has shown that the stabilization of nano-
formulation systems depends critically on electrostatic inter-
actions, which include both attractive and repulsive forces
between charged molecules. By reducing the possibility of
precipitation (where solid particles form and settle out) or
phase separation (where components split into multiple layers),
these forces aid in maintaining the formulation's structural
integrity.” These interactions are indicative of successful
encapsulation of the essential oil within the nanoparticle
structure, forming a stable nanoformulation.

The preservation of the essential oil's characteristic func-
tional group signals further confirms that its chemical structure
remained intact after encapsulation. This represents a key
advantage of the ionic gelation method, as maintaining struc-
tural integrity is essential for preserving the intrinsic biological
activity of the essential oil. This encapsulation strategy is crucial
for enhancing stability, solubility, and controlling the release
properties of the essential oil when formulated into nano-
particles. Thus, the FT-IR analysis confirms the successful
formation of essential oil-loaded nanoparticles through phys-
ical entrapment and non-covalent interactions, supporting the
structural preservation of the essential oil after incorporation
and suggesting that the developed system can offer promising
stability and bioavailability improvements.

3.3 Biological assessments

3.3.1 Antioxidant capacity. Despite the antioxidant capa-
bility of synthetic antioxidants, their toxicity and adverse effects
have prompted increasing interest in natural antioxidants being
incorporated into food and medical products, which directly
impact human health.®® The inhibitory activity of the examined

Table 2 Characteristic FT-IR peaks and functional group assignments of studied samples

Sample Key FTIR peaks (cm ™) Assignment

EO 761, 1219 C-H bending, C-O stretch
NPs-Cont 3442, 1637 -OH stretch, C=C-O stretch
EO-NPs Mixed (EO + NPs-Cont) peaks Combination of EO and matrix

19100 | RSC Adv, 2026, 16, 19094-19108
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samples against DPPH and ABTS radicals, as represented in
Fig. 3. Both tests provided a more complete overview of the
antioxidant characteristics and strengthened the reliability of
the data, as they use different types of radicals, solvents, and
reaction kinetics. In general, the nano-encapsulation of EO di-
splayed significant antioxidant activity, as determined by both
assays, compared to the EO. The results also revealed that
antioxidant activity increased in response to higher concentra-
tions. The concentration required to achieve 50% inhibition
(ICsp) is presented in Table 3. The results reflect the success of
the chitosan-functionalized hyaluronic acid NPs in protecting
the entrapped EO active components and maintaining their
antioxidant activity, particularly phenolics and terpenes.®>*
Importantly, the enhanced antioxidant activity of EO-NPs
cannot be attributed solely to increased surface area. Nano-
encapsulation also protects labile terpenoid and phenolic
constituents from oxidative degradation, evaporation, and
environmental exposure, thereby preserving their radical-
scavenging capacity and improving functional stability over
time. In addition, the EO-NPs exhibited improved antioxidant
activity partly owing to their increased dispersion and surface
accessibility compared to the free 0il.**~*® However, the essential
oil constituents remain the primary contributors to radical
scavenging activity, while chitosan and hyaluronic acid play
a supportive role. The distinctive antioxidant capacity demon-
strated by the investigated EO-NPs can be partially credited to
the presence of functional groups in chitosan and hyaluronic
acid that may facilitate hydrogen or electron donation. Never-
theless, the relatively high ICs, values of NPs-Cont compared to
EO and EO-NPs clearly indicate that the polymers alone
contribute modestly and synergistically rather than dominantly
to the overall antioxidant effect. Different studies have reported
that chitosan can enhance the antioxidant performance of
entrapped active components,®”” while hyaluronic acid has
been shown to augment DPPH radical scavenging of incorpo-
rated bioactive agents.”*”* Thus, their role in the present system
is best described as stabilizing and synergistic, enhancing the
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Table 3 Comparative ICsq results of EO and its nano formula

Material ICs0 (ng mL™") in DPPH ICs0 (ug mL™") in ABTS
EO 21.36 £ 1.9 9.43 £ 0.96
EO-NPs 14.07 + 1.6 7.29 + 1.33
NPs-Cont 69.18 + 8.7 21.89 + 8.4
Ascorbic acid 6.34 £+ 0.08 4.08 £ 0.11

functional performance of the encapsulated essential oil rather
than acting as primary antioxidants. As shown in Table 3,
although ascorbic acid exhibited lower ICs, values in both
assays, the developed nano-encapsulation is not intended to
replace pure antioxidant standards such as ascorbic acid.
Instead, it represents a multifunctional natural delivery system
that combines antioxidant activity with improved stability,
controlled release, and potential targeting or regenerative
properties.

Therefore, the prepared EO chitosan-functionalized hyalur-
onic acid NPs present a promising, completely natural (green)
nano-encapsulation with augmented and stabilized antioxidant
activity, suitable for applications in food additives, biomedical
formulations, or topical cosmeceutical systems aimed at
combating oxidative stress-related disorders and supporting
tissue regeneration.

3.3.2 Cytotoxicity evaluation. The development of nano-
encapsulated EOs has gained significant interest as a strategy
to boost their anticancer activity.” In our study, the in vitro
cytotoxic activity of the three tested samples against four
cancerous cell lines, HCT-116, HepG-2, MCF-7, and PC3, is
shown in Fig. 4. The EO-NPs exhibited more effective cytotoxic
properties, with ICs, values reported in Table 4, in comparison
to EO and NPs-Cont, with the exception of MCF-7, where
reduced cytotoxicity reflects the cell-line-dependent behavior
rather than being unpredictable. Previous studies have reported
that essential oil nano-encapsulations often exhibit enhanced
cytotoxic effects compared to free oils.”>** However, opposite

|-Eo = EO-NPs NPs-Cont|

ABTS

*¥% *%

80 - |_|
70 %

Antioxidanrs activity %
w
o

b o8
30 T B
20 = I
_ T
il | F I |
2.5 7.5

1 10

5
Cone (ng/ml)

(A) DPPH and (B) ABTS scavenging activity of the EO, EO-NPs, and NPs-Cont. The mean =+ standard deviation (SD) of three triplicate

determinations is used to express the results. Tukey's multiple comparisons test was used in conjunction with two-way ANOVA for statistical
analysis. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were established as significance thresholds for comparison differences between

experimental samples.
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comparison differences between experimental samples.

Table 4 1C5q data of the EO, EO-NPs and NPs-Cont cytotoxicity
effect

ICs0 (ng mL ™)
Cell line EO EO-NPs NPs-Cont
HCT-116 97.75 £ 1.3 74.59 £+ 2.3 404.85 + 62.67
HepG-2 98.18 + 3.4 83.84 + 2.5 641 £+ 94.6
MCF-7 40.22 + 0.6 66.97 + 4.36 110.42 + 14.75
PC3 130.67 + 4.35 64.71 £ 2.91 479.7 £+ 52.79
RPE1 777.7 £ 105 1363 £ 265 4358 + 1041

observations, where free EOs show greater activity than nano-
encapsulated forms, have also been documented, such as in the
case of free ginger EO toward HT-29 human colon cancer cells.*
This cell-line-dependent variation is commonly related to
differences in nanoparticle uptake efficiency, receptor expres-
sion, and endocytic mechanisms among cell types.

The reduced cytotoxicity of encapsulated EOs is also partly
attributable to their slower, controlled release from nanocarriers.
In this study, 48 hour incubation allowed partial evaluation of the
sustained-release effects, although longer exposure times could
further reveal the prolonged therapeutic potential of EO-NPs.
Beyond controlled release, several additional factors likely
contribute to the observed cytotoxic effects. The nano-
encapsulation improves water dispersibility and solubility of
the hydrophobic EO components, enhancing bioavailability at
the cellular interface. Nanoparticle size and surface charge can
influence cellular uptake, as smaller, positively charged chitosan-
based nanoparticles are more efficiently internalized via endo-
cytosis. Furthermore, coating with hyaluronic acid (HA) may

19102 | RSC Adv, 2026, 16, 19094-19108

facilitate receptor-mediated uptake through CD44 binding,
enhancing selective delivery to cancer cells while minimizing
toxicity to normal cells. The selectivity index, determined relative
to RPE-1 cells, highlights the preferential cytotoxicity of EO-NPs
toward cancer cells and supports the potential therapeutic
safety of nano-encapsulation. The combination of sustained
release, improved dispersion, enhanced solubility, and receptor-
mediated internalization is likely to act synergistically to increase
the cytotoxic efficiency of EO-NPs.

Overall, these findings highlight that nanoencapsulation not
only modulates EO release kinetics but also affects multiple
physicochemical and biological parameters that influence
therapeutic outcomes. While nanoencapsulation can improve
cytotoxic activity compared to free EOs, the extent of enhance-
ment is system-specific and requires careful experimental
evaluation for each formulation. Although ascorbic acid or
other standard antioxidants may exhibit lower ICs, values, the
EO-NPs system is designed as a multifunctional therapeutic
material that combines cytotoxic activity, selectivity, and
biocompatibility rather than replacing pure drugs or antioxi-
dants. These results are consistent with previous studies
demonstrating that nano-encapsulated bioactive compounds
can induce cancer cell death more effectively than free coun-
terparts while maintaining toxicity and good
biocompatibility.**

3.3.3 Gene expression and immunoblotting analyses.

low

Samples were evaluated as anticancer agents on four cancerous
and normal cells for their molecular activity in promoting
apoptosis through both transcriptional and protein expression
pathways. T Samples were evaluated as anticancer agents on
four cancerous and normal cell lines for their molecular activity

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09763k

Open Access Article. Published on 12 April 2026. Downloaded on 4/14/2026 11:48:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
A B
u Control
16 - 16 1 'm Control
cu **%% . xxxx | " :‘gs'c"“‘ " = NPs-Cont
S EO-NPs = FRXK KRRK KRR ]
=1 S, EO-NPs
@n w»n
5] @
510 HepG-2 L0 HCT-116
1 =
]
v 8 T I A ¥ 8 T
o A A @ A
|2 6 g 6 4 T
=, ] | X \ §
e ’ : R e q I
2 4 \4 2 1 " A \J
JmBB0 GEBY HBP gedt | 7| weBP SEBP G@BN s@.l
Caspase-3 p53 Bax Bcl-2 Caspase-3 p53 Bax Bcl-2
Target genes Target genes
C D
16 - KRR ¥ HXKeK =
il L 16 u Control
g 14 4 l  NPs-Cont = 14 4 u NPs-Cont
212 £ .g 12 | L3
i T A EO-NPs @ EO-NPs
s’ A 210
» PC3 ox
L 8 J
5 T %8 RPE1
E 6 A g 6 -
= A
= 4 I I -7y
Y A L A A ﬁ 4
“ Ll Bl il i | F:
oo _ I - T .
|l ma NN TTT T al T
Caspase-3 P53 Bax Bel-2 Caspase-3 p53 Bax Bcl-2
Target genes Target genes

Fig.5 Gene expression profiles of apoptotic markers in different cell lines after treatment with the prepared compounds. (A—D) Expression levels
of key pro-apoptotic genes (p53, Bax, Caspase-3) and the anti-apoptotic gene (Bcl-2) are shown. Data are presented as mean + standard
deviation (SD) of three independent experiments performed in triplicate. Statistical analysis was conducted using two-way ANOVA followed by
Tukey's multiple comparisons test. Significance thresholds are indicated as: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Upward
arrows (1) indicate gene upregulation, while downward arrows (| ) indicate gene downregulation.

in promoting apoptosis through both transcriptional and
protein expression pathways. The gene expression levels of pro-
and anti-apoptotic genes were analyzed, including Caspase-3,
p53, Bax, and Bcl-2 (Fig. 5).

The expression of pro-apoptotic genes (Caspase-3, p53, Bax)
was significantly upregulated following treatment with EO-NPs
at IG5, doses, whereas EO induced a lower transcriptional
response. Conversely, the anti-apoptotic gene Bcl-2 was down-
regulated in EO-NPs-treated cells, highlighting the shift toward
apoptosis. Upregulation of Caspase-3 mRNA corresponds to
activation of the intrinsic apoptotic pathway, where p53
induction increases Bax expression, leading to mitochondrial
outer membrane permeabilization, cytochrome c release, and
subsequent activation of caspases 9 and 3.*” Functionally, the
observed transcriptional changes translate into apoptosis
execution: increased caspase activity, mitochondrial disruption,
and inhibition of Bcl-2 facilitate programmed cell death.®® In
other words, these results indicate that nano-encapsulation of
EO enhances apoptotic induction at both the transcriptional
and functional levels. A plausible mechanism for the enhanced
pro-apoptotic effects of EO-NPs involves hyaluronic acid surface

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

functionalization. HA may mediate receptor (CD44)-dependent
cellular uptake, increasing intracellular delivery of the nano-
encapsulated EO and potentiating apoptosis in CD44-
overexpressing cancer cells. Overall, the coordinated changes
in pro- and anti-apoptotic markers correlate with observed
apoptotic activity, supporting the conclusion that EO-NPs
effectively promote programmed cell death in cancer cell lines
while maintaining low cytotoxicity toward normal cells.®>*°

3.3.4 Wound healing assay. EOs and plant-derived
compounds are known for their promising pharmaceutical
and cosmetic properties. In the current study, we assessed the
wound healing potential of essential oil extracted from SG and
its nanostructured form using the scratch assay on the BJ-1
normal human fibroblast cell line.

The results demonstrated that EO-NPs significantly
enhanced fibroblast migration compared to the control and free
EO, as evidenced by the marked reduction in wound gap over
the assay period (Fig. 6).

This improvement in migration can be attributed to a combi-
nation of factors: (i) the bioactive properties of chitosan, which
can stimulate fibroblast proliferation and migration; (ii)

RSC Adv, 2026, 16, 19094-19108 | 19103
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Fig. 6 Wound healing assay images showing the migration of cells treated with EO, EO-NPs, and their respective controls. Red lines indicate the
wound closure distance, which was quantified using Imaged software. The measured migration lengths are reported in um.

hyaluronic acid signaling, which may engage CD44-mediated
pathways that promote cytoskeletal reorganization and motility;
and (iii) sustained, nanoscale delivery of essential oil-
components, which maintains local EO concentration at the cell
interface and protects labile bioactives from rapid volatilization
or degradation. It is important to note that the scratch assay
primarily reflects cell migration and does not fully recapitulate
complete wound regeneration, which involves additional
processes such as matrix remodeling, angiogenesis, and epithe-
lialization. Nevertheless, these findings indicate that the nano-
structured EO formulation can enhance the early phases of
wound healing by promoting fibroblast migration more effec-
tively than free EO.

Nanotechnology developments, including polysaccharide-
based biopolymers such as chitosan and alginate, have been
widely employed to improve wound dressings due to their
biocompatibility, biodegradability, and capacity to accelerate
tissue repair.®~®> In particular, chitosan provides structural
support and bioactivity for fibroblast migration, while HA
functionalization enhances receptor-mediated interactions that
may synergistically improve wound closure.?®~%*

Overall, the nanostructured EO formulation demonstrates
superior migration-promoting effects compared to unmodified EO,

19104 | RSC Adv, 2026, 16, 19094-19108

highlighting the therapeutic potential of nanoscale delivery systems
for accelerating wound closure and supporting tissue repair.

4 Conclusions

Chitosan-hyaluronic acid nano-encapsulations of Senecio
glaucus essential oil were successfully prepared, demon-
strating enhanced functional performance and bioactivity
compared to the free oil. These results suggest that nano-
encapsulation can enhance bioactivity; however, the findings
primarily reflect in vitro outcomes, including antioxidant
activity, cytotoxic effects, gene expression modulation, and
fibroblast migration. Therefore, the potential applications of
this nano-encapsulation should be considered prospective
and exploratory, rather than as immediately translatable to
broad biomedical or therapeutic use.

Dehydrofukinone, identified as the dominant component
of the essential oil, likely contributes to the observed effects;
however, the absence of performing a direct mechanistic
analysis of individual constituents, the enhanced bioactivity
should be interpreted as a result of the overall EO nano-
encapsulation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Future studies should focus on release profiling, oxidative
and storage stability, and in vivo validation, in addition to
investigating the specific contributions of dehydrofukinone and
other key components to fully elucidate their mechanisms of
action. This work provides a foundation for further optimiza-
tion of EO nano-encapsulation for potential cosmetic or phar-
maceutical applications.
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