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Polycaprolactone/chitosan core—shell
nanoparticles for the acceleration of second-
degree burn healing in CD1 mice
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Burn injuries are a major global health problem, and finding treatments for them is critical. Therefore, we
aimed to design a drug delivery formulation for tea-tree oil comprising polycaprolactone/chitosan core—
shell nanoparticles in order to accelerate the wound healing process in second-degree burns induced in
CD1 mice. The present work is a continuation of our previously reported results on the antimicrobial and
anti-inflammatory activity of the suggested nanomaterial. The nanoparticles (NPs) were optimized and
characterized using FTIR spectroscopy, electron microscopy, dynamic light scattering, and zeta potential
measurement. The investigations revealed that the best NP composition is 2:1 (PCL/CS, w/w), which
showed an average particle size of 10.1 nm and a spherical core—shell structure. The nano-formulation
was applied to burnt CD1 mice and showed a significant improvement in healing rate (21 days).
Immunological analyses showed a significant increase in IL-13 and TNF-a levels. The immune response
was enhanced in the early stages of burns, as revealed by the presence of CD8" T-cell subsets being
more than the CD4" T-cells. Histological examination of burn areas showed healthy skin with a normal
epidermal layer, newly formed blood capillaries, no scar formation, and apparently healthy hair follicles.

Received 22nd April 2025
Accepted 22nd September 2025

DOI: 10.1039/d5na00391a TTO-loaded PCL/CS NPs provide a novel nanomaterial-based treatment for second-degree burns that

rsc.li/nanoscale-advances can accelerate the wound healing process and prevent skin deformations via inducing tissue regeneration.

Open Access Article. Published on 13 October 2025. Downloaded on 2/19/2026 3:23:36 PM.

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

(cc)

Introduction

Burns affect more than 6.6 million people worldwide, and they
are among the most prevalent injuries that cause 1% of overall
deaths." Burn injuries are classified according to their severity,
and they are the most destructive type of trauma that affects
human life because they cause systemic damage and alter
homeostasis.>* Several factors lead to burns such as electricity,
chemicals, high temperature, radiation and friction.®* However,
heat from hot liquids, fire or solids causes the most dangerous
burn injuries. Burns can lead to necrosis in different skin layers,
which act as the primary physiological barrier that protects deep
layers from damage. The degree of damage is affected by
temperature, period of exposure and the causative agent's
energy transmission.” Burns may also be classified based on
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their size and depth. First-degree burns affect the uppermost
layer of the skin (ie., the epidermis) only, so they are called
superficial burns. In this case, the skin turns red, and the pain
is only felt for a short period of time. Second-degree burns lead
to the separation of the epidermis from its underlying layer (i.e.,
the dermis), causing blisters, discomfort, and redness. These
burns only affect the epithelium, sparing the dermis, and may
result in local necrosis.® Third-degree burns are total-thickness
injuries that impact the entire dermis. Because the nerve
endings in the dermis are damaged, pain is not one of the
manifestations of this kind of burn. Third-degree burns must
be protected from infection, and if they are extremely small,
surgical care might be needed. Fourth-degree burns typically
result in the loss of the burnt area and the damage might extend
to the underlying muscles or bones.>”

Second-degree burns affect the epidermis and the papillary
dermis, as mentioned above. They are partial-thickness burns
that may leave scars but do not need surgery. These burns are
weepy, painful, and necessitate the use of wound dressings
during the course of treatment. Deep second-degree burns are
less painful (owing to the partial destruction of the pain
receptors), drier, require surgery and lead to scar formation.
This kind of burn mainly influences the epidermis and the
reticular dermis.*® In this case, the burns are soft, wet, and
blanch upon contact. They could be due to exposure to hot
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surfaces, flames or hot liquids. The majority of second-degree
burns require extended hospital stays, and the recovery is
relatively difficult.®*°

Tea-tree oil (TTO), also known as Melaleuca alternifolia oil, is
made from the leaves of the native Australian evergreen tea tree
(a member of the Myrtaceae family) via steam-distillation. Along
with other Melaleuca species, the leaves and branches of M.
alternifolia have many essential oils, and could adapt to
different climatic conditions. TTO is a volatile essential oil well
known for its antibacterial, anti-inflammatory, antioxidant and
anticancer activities."™* TTO and terpinen-4-ol concentrations
must be greater than 30%, while those of 1,8-cineole must be
less than 15% based on the International Organization for
Standardization (ISO) 4730 criteria. The mechanism of action
for terpinen-4-ol is via regulating plasma extravasation and
vasodilation. It also inhibits the synthesis of tumour necrosis
factor (TNF), prostaglandin E2, interleukin-1 (IL-1), IL-8, and IL-
10. Terpinen-4-ol and alpha-terpineol are two of the water-
soluble components that inhibit superoxides of oxygen
species through monocytes rather than by neutrophils.***®
According to the above-mentioned information, TTO is there-
fore widely used to treat burns, acne, wounds and fungal
infections.*

Poly(e-caprolactone) (PCL) is a common synthetic, poly-
crystalline, biodegradable and biocompatible polymer exten-
sively employed in the fabrication of nano-drug delivery
systems. Moreover, chitosan (CS) is a natural polysaccharide
that is effective on large open wounds by promoting re-
epithelialization and regeneration of the granular layer."”** CS
also exhibits many other properties such as antibacterial,
biodegradability, biocompatibility, antifungal, antitumor and
haemostatic properties. In the literature, it was employed in
dressings and nanofibers to treat burn wounds. Recently,
nanozymes and other materials were employed in the treatment
of burn exacerbations such as microbial infections by
antibiotic-resistant bacteria and muscle loss.**"*?

In wound healing applications, combining PCL and CS may
improve their properties such as water conservation, suitable
degradation rate, and vascularization.”® The present study is
a continuation of our previous study published elsewhere.**
Here, we propose the use of PCL/CS core-shell nanoparticles
(NPs) for the topical delivery of TTO to accelerate wound healing
in second-degree burns in CD1 mice. We hypothesize that the
incorporation of a small amount of TTO in the water-soluble CS
shell will relieve wound inflammation (due to TTO's anti-
inflammatory activity) and prevent bacterial growth (due to
CS's antibacterial activity), and then the prolonged release of
TTO from the PCL core will further maintain the anti-
inflammatory, antibacterial and analgesic actions, and induce
wound healing and cell proliferation at the burn site. The PCL
core was selected because of its hydrophobic nature which
permits the loading of a high amount of the oil to be delivered.
Moreover, CS was selected as a thin shell due to its well-known
antimicrobial activity which will be exerted at the burn site
before the release of the loaded TTO from the core. The
proposed core-shell NPs will be applied topically with the aid of
a cream formulation. It is supposed that the core-shell
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structure is crucial here because the outer shell layer (CS layer)
will act as an antibacterial layer in the first stage to prevent the
delay of the healing process due to infection. On the other hand,
this layer forms a hydrogel which swells in the presence of
moisture and allows for the sustained release of TTO from the
PCL core. The main objective of the present study is to find an
effective and rapid treatment for second-degree burns, and help
in reducing the cost of hospitalization and medical care. This
study introduces a novel drug delivery system using tea-tree oil-
loaded polycaprolactone/chitosan core-shell nanoparticles
optimized at a 2 : 1 ratio, which significantly accelerates healing
of second-degree burns in CD1 mice by enhancing early
immune response and promoting tissue regeneration without
scar formation.

Experimental
Materials

Poly(e-caprolactone) (PCL) (linear, molecular weight: ~45 000 g
mol ') and low-molecular-weight poly vinyl alcohol (PVA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Chitosan
(CS) powder (Acros Organics, molecular weight = 600 000-800
000 g mol ") (Belgium) was used for core-shell nanoparticle
preparation. Tea-tree oil (TTO) was obtained from Nefertari
(Egypt). Dichloromethane (DCM) was supplied by Diachem
Chemicals, Egypt. Glacial acetic acid was obtained from Pio-
chem (Egypt). Deionized water was obtained from a laboratory
water deionizer, and was used for solution preparation
throughout the work. All reagents were of analytical grade and
were used without any further purification.

Synthesis of PCL/CS core-shell NPs

The proposed PCL/CS core-shell NPs were synthesized via
a nanoemulsion-solvent evaporation method. The preparations
were divided into four ratios of CS to PCL, namely 2:1,1:1,2:
3, and 1:2 (w/w), respectively. TTO-loaded PCL/CS core-shell
NP preparation was achieved as follows. For the 1:1 (PCL/CS)
ratio, 0.2 g of PCL was dissolved in 2.0 mL of DCM, and then
0.07 mL of TTO was added. The obtained mixture was poured
into 23 mL of 2% acetic acid solution containing 0.2 g of CS and
1.0 g of PVA dissolved in 10 mL of deionized water. This mixture
was vigorously stirred until the organic solvent was totally
evaporated, and a suspension was formed. The remaining ratios
(1:2, 3:2 and 2:1 (PCL/CS)) were prepared by varying the
weights of CS. The procedure to prepare plain PCL/CS core-
shell NPs was the same as the above-mentioned procedure but
without adding TTO. The synthesis of TTO-loaded core-shell
NPs is illustrated in Fig. 1.

Cream preparation

The cream formulation (100 g) was prepared using the oil-in-
water method with minor modifications.”® The oil phase was
composed of 10 g of stearic acid, 10 g of cetyl alcohol, 2 g of bee
wax, and 5.48 mL of almond oil. These components were heated
to 75 °C and mixed well during heating. The aqueous phase was
composed of 88.8 mL of deionized water, 3.97 mL of glycerine

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A comprehensive diagram illustrating the general outline of the synthesis of the TTO-loaded core—shell nanoparticles and the cream

formulation.

and 1.69 mL of benzyl alcohol. The components of the aqueous
portion were heated to 75 °C and mixed well during heating.
Thereafter, the aqueous phase was poured into the oil phase
with continuous stirring until the cream was formed. To
prepare the NP-containing cream for wound treatment, 10% (w/
w, with respect to the cream weight) of pure TTO, plain PCL/CS
core-shell NPs, or TTO-loaded PCL/CS core-shell NPs were
mixed with the cream and stored for subsequent application.

Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) absorption spectroscopy was
used to confirm TTO loading onto the PCL/CS core-shell NPs.
The FTIR spectra of TTO-loaded PCL/CS NPs, pure PCL, pure CS
and pure TTO were recorded in the mid-IR region over the
wavenumber window of 400-4000 cm ' using the KBr-disc
method and an FTIR spectrometer, model Nicolet 6700 (USA).

Transmission electron microscopy

A transmission electron microscope (TEM) (JEOL GEM-1010,
Tokyo, Japan) was used at 80 kV to investigate the morphology
of the PCL/CS core-shell NPs at the Regional Centre for Mycology
and Biotechnology (RCMB), Al-Azhar University, Egypt. A drop of
an aqueous suspension of the NPs was applied to the carbon-
coated copper grids (CCG), and then the CCGs were allowed to
dry at room temperature prior to imaging.

Dynamic light scattering and zeta potential

The prepared plain and TTO-loaded PCL/CS core-shell NPs
were analysed for their particle size distribution and

© 2025 The Author(s). Published by the Royal Society of Chemistry

polydispersity index at a fixed angle of 173° at room tempera-
ture by photon correlation spectroscopy using a dynamic light
scattering (DLS) particle size analyser (Zetasizer Nano ZN,
Malvern Panalytical Ltd, United Kingdom). The samples were
analysed in triplicate. The same instrument was used to deter-
mine the zeta potential (ZP) of the prepared NPs.

In vivo experiments

Ethical approval. All animal experiments were approved by
the Cairo University Institutional Animal Care and Use
Committee with permission number CU/I/F/56/21.

Experimental design. A pre-calculated number of CD1 albino
mice (weighing 20-23 g) was used in the animal model experi-
ments. The animals were obtained from the National Organi-
zation for Drug Control and Research (NODCAR), Giza, Egypt.
In order to induce the second-degree burn, the Priya method
was applied.” The dorsal skin of the mice was shaved and burnt
by a sterile metal plate of 1.0 cm diameter. All these procedures
were performed under general anaesthesia using ketamine
(50 mg kg™") and xylazine (10 mg kg™ ') via the intraperitoneal
injection route. The animal groups were divided into six groups
(5 animals per group) as shown in Table 1. For the topical
treatment using the cream formulation, 500 mg of the plain or
loaded cream formulation were applied topically once daily over
the burn area for 21 days. The animals were euthanized after 21
days of treatment, and skin, blood and spleen samples were
collected for assessment.

Macroscopic observations. The optimal temperature for
inducing the second-degree burn was 120 °C for 3 s. Digital

Nanoscale Adv., 2025, 7, 8001-8012 | 8003
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Table 1 Animal groups used in the animal model experiments in the present study

Group code Group name Treatment

G1 Normal animals (negative control) Normal mice (unburnt and untreated)

G2 Positive control Burnt untreated mice

G3 TTO Burnt mice topically treated with pure TTO

G4 Plain Burnt mice treated with a cream formulation containing plain PCL/CS core-shell NPs
G5 Cream Burnt mice treated with a pure cream formulation

G6 Whole formulation Burnt mice treated with TTO-loaded PCL/CS core-shell NPs

images of the burn area were captured using a digital camera,
while positioning a ruler adjacent to the wound to measure the
diameter of the burn area on days 1, 3, 5, 8, 10, 15, and 21. The
wound diameter was measured using the ImageJ image analysis
software.

Enzyme-linked immunosorbent assay (ELISA). Sera were
collected from all mice 3 days after receiving the dose of treat-
ment, and then tested for cytokine levels. Levels of the mouse
cytokines that play a main role in wound healing; namely, TNF-
o and IL-13, were quantified by sandwich capture enzyme-
linked immunosorbent assay (SELISA) kits (Cloud-Clone Corp,
USA) according to the instructions of the manufacturer.

Flow cytometry. The collected spleen samples from all
animal groups were squeezed gently in PBS buffer (pH 7.4) with
a dilution factor of 1:10 by a syringe piston. The cells were
suspended in 1.0 mL of the PBS solution and centrifuged for
10 min at 1200 rpm. After discarding the supernatants, the
pellets were resuspended in 200 pL of the PBS solution and
gently vortexed. Subsequently, 100 puL of the suspended cells
were put into the reaction tubes. Monoclonal antibodies were
added as follows: 7.0 uL of CD8" and 5.0 uL of CD4*. The
reaction tubes containing 100 pL of the cell suspensions
received the antibody volumes, whilst the control tube
remained empty of antibodies. After incubation in the dark for
15 min, 2.0 mL of the lysing buffer was added to each reaction
tube, and then the tubes were incubated in the dark for 10 min.
The tubes were then centrifuged for 3 min, the supernatants
were discarded, and the cell pellets were washed with 1.0 mL of
the PBS solution. After washing, the cell pellets were resus-
pended in 400 pL of the PBS solution for subsequent flow
cytometry analysis using BD FACS™ Lysing Solution (BD
Biosciences, USA).

Histological examination. Skin tissue samples of each
mouse were fixed in a neutral 10% buffered formaldehyde
solution, and then embedded in paraffin. Four-micrometre
sections were stained with haematoxylin/eosin (H&E) for
histopathological examination. A system of scoring for burn
wounds was used based on re-epithelialization as follows: score
0, absence of epithelialization; score 1, poor epidermal organi-
zation; score 2, incomplete epidermal organization; score 3,
moderate epithelial proliferation; score 4, complete epidermal
remodelling. The same scoring system was used based on
granulation (score 0, immature and inflammatory tissue; score
1, thin immature and inflammatory tissue; score 2, moderate
remodelling tissue; score 3, thick granulation layer; score 4,
complete tissue organization. Similarly, the samples were
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scored according to the number of inflammatory cells as
follows: score 0, 13-15 inflammatory cells; score 1, 10-13
inflammatory cells; score 2, 7-10 inflammatory cells; score 3, 4-
7 inflammatory cells; score 4, 1-4 inflammatory cells. Finally,
a similar scoring system was used to indicate the degree of
angiogenesis as follows: score 0, absence of angiogenesis; score
1, 1-2 vessels in site; score 2, 3-4 vessels in site; score 3, 5-6
vessels in site; score 4, more than 7 vessels in site).””

Statistical analysis. The obtained data were expressed as
mean (M) + standard error of the mean (SEM). All experiments
were repeated at least three times. To determine the statistical
significance of the differences between the experimental and
control groups, Statistical Package for the Social Sciences (SPSS)
version 24.6 was used. Statistical significance was accepted at P
values less than 0.05 by using the Student's ¢-test.

Results

FTIR spectroscopy

The FTIR spectra of pure TTO, plain PCL/CS core-shell NPs, and
TTO-loaded PCL/CS core-shell NPs were recorded over the
spectral window of 400-4000 cm™*. The observed infrared
absorption bands are shown in Fig. 2A.

For pure TTO, absorption bands are observed at 2965 cm™
(C-H stretching) and 1127 em™" (C-O stretching), correspond-
ing to the tertiary alcohol of both terpenes and terpineol. In
addition, the bands appearing at 910, 889, 864, and 799 cm "
correspond to the C=C bending of terpinene-4-ol,>® and those
observed at 830, 815, and 780 cm™ ' correspond to the C=C
bending of y-terpinene.?® The C=0 peak of the PCL/CS NPs can
be observed at 1721 cm™ "*° Most of the above-mentioned
infrared absorption bands of TTO can be observed in the
FTIR spectrum of TTO-loaded PCL/CS core-shell NPs. For
instance, the band at 2965 cm™' (C-H stretching of TTO) is
obvious in the FTIR spectrum of the TTO-loaded PCL/CS core-
shell NPs. Moreover, the band observed at 1721 cm™" (C=O0 of
PCL/CS) is also found in the same spectrum. Therefore, the
FTIR results confirm the loading of PCL/CS core-shell NPs with
TTO.

The FTIR spectrum of the cream formulation showed an
absorption band at 3304 cm™ ', which may be attributed to the
O-H stretching of cetyl alcohol, benzyl alcohol and glycerine. In
addition, the bands observed at 2914 and 2847 cm™ ' are
assigned to C-H stretching of the methyl and methylene groups,
respectively. The carbonyl group of the bee's wax appeared as
a sharp absorption band at 1735 cm™". The band observed at

1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) FTIR absorption spectra of pure TTO, plain PCL/CS core—
shell NPs, and TTO-loaded PCL/CS core-shell NPs; (B) TEM image of
TTO-loaded PCL/CS core—-shell NPs; (C) TEM image of plain PCL/CS
core-shell NPs.

1469 cm™ " may be assigned to the bending of the ~-CH, groups
of the aliphatic chains.

TEM imaging

TEM was used to observe the morphological characteristics of
the plain and TTO-loaded PCL/CS core-shell NPs. Fig. 2B and C
depict the TEM images of plain and TTO-loaded NPs, respec-
tively. The NPs appear spherical in shape and show a homoge-
neous size distribution. The PCL and TTO (Fig. 2B) appear in
the core, while CS appears as a thin shell around it. The CS shell
is very obvious in both the plain and TTO-loaded NPs. It is worth
mentioning that the NP size in the case of TTO-loaded PCL/CS
core-shell NPs is less than 100 nm, which is slightly less than
that of the plain PCL/CS core-shell NPs. This reduction in the
NP size may be attributed to the presence of TTO. No aggregates
could be observed, indicating the good dispersibility of the NPs
in the sample suspension.

DLS and ZP measurements

The zeta sizer apparatus was used to determine the size distri-
bution and the ZP of plain and TTO-loaded PCL/CS core-shell

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Zeta potential and particle size of PCL/CS core—shell NPs
comprising different ratios of PCL and CS*

Composition
Code PCL CS PVA ZP (mV) Size (nm)
NP1 1 2 1 31.0 £0.98 50.5
NP2 1 1 1 45.7 £ 0.23 17.1
NP3 2 3 1 44.1 £ 1.99 23.6
NP4 2 1 1 52.1 £ 2.00 10.1
NP5 2 1 1 47.2 + 1.15 5.60

¢ NPs (1-4): TTO-loaded; NPs 5: plain.

NPs. Table 2 shows the measured ZP values and the particle size
distribution of PCL/CS core-shell NPs comprising different
ratios of PCL and CS. The ZP results indicate that all NPs have
positive ZP values. The highest ZP value (52.1 + 2.00 mV) was
observed in the case of TTO-loaded PCL/CS core-shell NPs with
a2:1 (PCL/CS) ratio (NP4). This result reflects the high stability
of the NP suspension containing NP4. Accordingly, the 2:1
(PCL/CS) particle composition was selected as the best, and was
used for the preparation of the plain and TTO-loaded PCL/CS
NPs throughout the rest of the experiments. It is worth
mentioning that NP4 showed a particle size of 10.1 nm which is
the smallest obtained particle size amongst all the TTO-loaded
NPs. Furthermore, NP5 (plain PCL/CS core-shell NPs with 2:1
PCL/CS ratio) showed a particle size distribution of 5.6 nm.

Regarding the stability of the cream formulation, it is worth
mentioning that the stability of the cream formulation was
stable for 20 days at room temperature with no observable
phase separation or viscosity change.

Macroscopic observations of burn areas

The burn wound diameter was monitored in all animal groups
(Fig. 3). On day 1 of burn induction, the diameter was 10 mm.
After 3 days, G6 animals showed a diameter of 10 mm, while in
the case of G2, G3, G4, and G5 animals, the wound diameter
showed an obvious increase. By day 5, the diameter of the
wound in G6 animals became smaller (ca. 9 mm). Furthermore,
on day 8, the wound diameter remained at 9 mm in G6 when
compared to G2 whose burn diameter reached 15.45 mm. The
healing progress appeared on day 10, when the wound diameter
of G6 animals was found to be 8.34 mm, while in G2 it was
found to be 14.76 mm. Finally, after 21 days, the wound
diameter was 4.8 mm in G6 animals, thus indicating the
successful acceleration of wound healing by the TTO-loaded
PCL/CS core-shell NPs. All animal groups showed a reduction
in the wound diameter by day 10. For instance, G3 and G4
demonstrated a wound diameter of 8.41 and 9.36 mm, respec-
tively. It is worth mentioning that G3 animals showed the
smallest wound diameter (2.94 mm) on day 21, followed by G6
animals (4.8 mm). This indicates the potency of TTO in accel-
erating the wound healing process based on wound diameter
measurement. However, wound diameter measurement alone is
not enough to govern the efficacy of the proposed nano-

formulation, and further assessment methods (e.g,

Nanoscale Adv., 2025, 7, 8001-8012 | 8005
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depicted in millimetres over each digital image. A ruler is placed beside each mouse to show the scale.

histopathological and immunological investigations) must be
performed. The results of these investigations are summarized
in the following parts of this section.

Cytokine profiles

The levels of IL-13 and TNF-a after 21 days of treatment
following burn induction are shown in Fig. 4. G6 animals
showed a significant increase in IL-13 levels (84.06 £ 3.95 pg
mL ™", P<0.05) compared to G2 animals (67.22 + 4.46 pg mL ™).
In addition, IL-13 levels were significantly decreased in G2
animals (67.22 + 4.46 pg mL ™', P < 0.05), compared to G1
animals (87.62 & 4.56 pg mL ™', P< 0.05). The level of IL-13 in G3
animals did not show a significant difference when compared
with G2 animals. G5 and G2 animals showed a significant
decrease in IL-13 levels compared to G1 animals.

The pro-inflammatory cytokine, TNF-a,, showed the highest
level in G6 animals (994.28 + 85.87 pg mL ™", P < 0.05) compared
G1 and G2 animals. Moreover, G3 and G4 animals showed
622.35 =+ 34.154 and 956.56 + 62.59 pg mL ' (P < 0.05) of the

8006 | Nanoscale Adv., 2025, 7, 8001-8012

TNF-o. cytokine, respectively. These levels were significantly
different from those of G1 and G2 animals. However, animals of
G4 showed intermediate levels of TNF-o (956.56 + 62.59 pg
mL~") between G6 and G3.

Flow cytometry

CD4" cells. The histogram of the CD4" expression is depicted
in Fig. S1 in the SI. The percentage frequency of parent CD4"
expression in G6 animals was low (11.8 + 0.88%) and close to
that of G1 animals. It is observed that the mice treated with
TTO-loaded PCL/CS core-shell NPs showed significantly the
lowest percent compared to G3 and G4 animal groups. In
addition, G1 mice demonstrated a CD4" expression percentage
of 9.43 £ 0.84%. Furthermore, it is worth mentioning that the
mean percentage of CD4" expression in G6 animals was
significantly higher (P < 0.05) than that of the normal mice in
G1. The CD4" expression in the studied animal groups is in the
order: G1 < G2 < G6 < G4 < G3 < G5 as shown in Fig. 5A.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Levels of IL-13 and TNF-a assayed in skin samples obtained
from G1, G2, G3, G4, G5 and G6 animals. Values are expressed as mean
+ SEM (n = 3). The symbol # indicates a significant difference (P < 0.05)
compared to Gl animals, and * indicates a significant difference
(P < 0.05) compared to G2 animals.

CD8" cells. The CD8" expression histogram is presented in
Fig. S2. G6 animals showed a reduction in CD8" expression
(18.4 £ 6.39%) compared to G3 (20.5 + 1.55%), G4 (48.96 +
7.78%) and G5 (28 + 3%) animal groups. Meanwhile, the
percentage frequency of parent CD8" in G6 was closer to that of
G1 (15.53 £ 6.14%) than that of G2 (14.56 + 7.31%). However,
the CD8" frequency was significantly (P < 0.05) increased in G4
mice compared to G2. Moreover, the animals of G3 demon-
strated a high CD8" expression (20.5 & 1.55%) compared to G2,
but with no significant difference (Fig. 5B).

CD4"/CD8" cells. The CD4"/CD8" dot plot is shown in Fig. S3,
where each quadrate represents the cell proportions after
gating. In all animal groups, most of the cells are represented in
the double negative for both CD4 and CD8 (CD4 /CD8™). Mice
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of G6 showed double negative (CD4~/CD8") close to G1 and G2
animals, while G3, G4 and G5 mice showed a highly double
positive cell expression. In Fig. 5C, the animals of G6 showed
the lowest percentage frequency of the parent of CD4"/CD8" (0.5
+ 0.057%) with a significant difference compared to G1 normal
mice. In addition, G4 animals showed a significant difference in
CD4'/CD8" expression (0.96 4 0.08%) compared to G1 and G2
animals. The percentage frequency of the parent of CD4'/CD8"
in G5 was significantly higher (1.26 £+ 0.28%) than those of G1
and G2.

Histological examination. The histological results (Fig. 6) of
G1 animals showed an intact skin structure comprising both
the epidermis and the dermis. The control group (G2) revealed
second degree burns with thermal degenerative changes in the
epidermal layer. These changes included vacuolation of prickle
cells with vesicle formation and haemorrhagic patch formation
in the hyaline layer of the epidermis. Dermal oedema was also
observed, along with dispersed collagen fibres and infiltration
of mononuclear inflammatory cells and mast cells in the
dermis. Additionally, some hair follicles showed different
degenerative changes. Mice of G6 showed good response to skin
healing, as evidenced by the apparently healthy epidermis and
dermis. Moreover, newly formed blood capillaries, apparently
healthy hair follicles, and normal collagen fibres were noticed
in the dermis. G4 animals revealed healing with scar formation
in the superficial epidermal layer. Furthermore, thinning and
deformation of the epidermal layer were observed in almost all
skin parts with mild regeneration in hair follicles, congestion of
the dermal blood vessel and moderately dispersed collagen
fibres with severe mononuclear inflammatory cell infiltration.
Meanwhile, mild vacuolation of prickle cells in the epidermal
layer was also found.

For G3 animals, the skin showed an apparently healthy, yet
thickened epidermal layer. Mildly dispersed collagen fibres,
mild vacuole degeneration of the prickle cells and fine rete pegs
(ridges), epithelial extensions projecting into the underlying
connective tissue, were observed. Furthermore, there was a mild
degeneration in the hair follicles and sebaceous glands.
Regarding G5 animals, the skin showed a mild regeneration in
the thinner epidermal layer. Moderate degenerative changes
were observed in sebaceous glands and hair follicles with
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Fig. 5 Percentage frequency of CD4" (A), CD8" (B) and CD4*/CD8" (C) cells in G1, G2, G3, G4, G5 and G6 animals. The symbol * indicates
a significant difference (P < 0.05) compared to G2 animals, and # indicates a significant difference (P < 0.05) compared to G 1 animals. The

experiments were performed in triplicate (n = 3).
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Fig. 6 Histopathological examination of skin stained with H&E. (A) and (B) normal skin structure of the epidermal layer and dermis (400x). (C)
Skin from G2 showing vacuolar degeneration and vesicle in the prickle cell layer of the epidermis (400x). (D) Skin from G2 showing separation in
the epidermal layer (arrow) with dermal oedema (star) (200x). (E) Skin from G2 showing burns with coagulative necrosis and dispersed collagen
fibres and mononuclear inflammatory cell infiltration in the dermis (200 x). (F) Skin from G3 showing apparently healthy skin with thickening of
the epidermal layer and mildly dispersed collagen fibres (400x). (G) Skin from G3 showing the epidermal layer with fine rete ridges and few areas
of dispersed collagen fibres (400 x). (H) Skin from G3 showing rete pegs (ridges), the epithelial extensions that project into underlying connective
tissue (arrow) (400x). (1) Skin from G4 showing dermis degeneration and coagulative necrosis of collagen fibres (400 x). (J) Skin from G4 showing
thinning of the epidermal layer with congestion of the dermal blood vessel (arrow) (200x). (K) Skin from G4 showing mild vacuolation of prickle
cells of the epidermal layer (400x). (L) Skin from G5 showing mild regeneration of skin with a thinner epidermal layer (200x). (M) Skin from G5
showing response to healing (400 x). (N) Skin from G5 showing apparently healthy structure (200 x). (O) Skin from G6 showing apparently healthy
skin with an apparently normal epidermal layer (red arrow) and newly formed blood capillaries and normal collagen fibres in the dermis (black
arrow) (200x). (P) Skin from G6 showing apparently healthy skin with an apparently normal epidermal layer and dermis with newly formed blood
capillaries and apparently healthy hair follicles were noticed (200x). (Q) Skin from G6 showing apparently healthy skin with an apparently normal
epidermal layer and dermis with apparently healthy hair follicles (x400).

dispersed collagen fibres. Moreover, dermal haemorrhagic
patches and mononuclear inflammatory cell infiltration were
present. Fig. 7 shows that the animal groups can be arranged in
the following order according to the used scoring system
mentioned in the materials and methods section: G2 < G4 < G5
< G3 < G6, which means that the best healing was observed in
G6 animals, and the worst was observed in G2 animals.

8008 | Nanoscale Adv, 2025, 7, 8001-8012

Discussion

Burns of the second degree are prevalent; however, these burns
heal without the need for surgery. It is important to verify
wound protection from infection, wound conversion and
dehydration.** Developing PCL-based NPs has been described
for improving drug encapsulation and release control. It was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Histological scores in G1, G2, G3, G4, G5 and G6 animals.
Values are expressed as mean + SEM (error bars, n = 3). The symbol *
indicates a significant difference (P < 0.05) compared to G2 animals.

discovered that diffusion or matrix erosion are considered the
principal mode of action for drug release in PCL nano-
materials.**** There are many advantages for core-shell nano-
formulations such as increasing encapsulant bioavailability,
permitting improved chemical stability, reducing toxicity,
increasing intracellular uptake, preventing aggregation and
enhancing solubility.** Therefore, incorporating TTO in PCL/CS
core-shell NPs is a promising approach for the delivery of TTO
because it allows for TTO's sustained release and facilitates its
penetration through the skin.*® In the literature, PCL with CS
nanofibrous scaffolds were developed as a wound dressing.*® In
the present study, FTIR absorption analysis confirmed the
formation of PCL/CS core-shell NPs and proved that TTO was
successfully encapsulated inside them. The presence of CS in
the shell was confirmed and with the CS coating, a well-defined
core-shell structure of TTO-loaded PCL/CS core-shell NPs was
formed. The inner spherical shape was observed with the aid of
TEM imaging; these results are in good agreement with those
reported in recent studies.’”*® The ZP values of the suggested
TTO-loaded PCL/CS core-shell NPs herein agree with the results
reported in the literature, that showed a positive ZP value for
PCL with CS.* Since the ZP value of the PCL/CS core-shell NPs
is higher than 30 mV, they are considered very stable in
suspension.***® This strong positive charge (which is attributed
to the presence of the cationic CS polymer in the shell) might
provide more potent antibacterial action.** For the TTO-loaded
NPs with a 1:2 (PCL/CS) ratio, the ZP was 31.0 = 0.98 mV.
However, NPs containing a 1:1 (PCL/CS) ratio showed a ZP
value of 45.7 £+ 0.23 mV. Meanwhile, the NPs comprising a 2: 3
(PCL/CS) ratio had a ZP value of 44.1 & 1.99 mV. Moreover, plain
NPs with a 2:1 (PCL/CS) ratio showed a ZP value of 47.2 +
1.15 mV. Therefore, the suspensions of the NPs containing 1: 2,
1:1, and 2: 3 (PCL/CS) ratios were not very stable and showed
aggregations. On the other hand, there was no aggregation in
the suspension of the 2:1 (PCL/CS) TTO-loaded core-shell
NPs.*®* Furthermore, the particle size analysis confirmed the
encapsulation of TTO inside the PCL/CS core-shell NPs due to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the increase in the particle size compared to that of the plain
PCL/CS core-shell NPs. Based on the particle size and ZP
measurements, the 2:1 (PCL/CS) ratio was selected for the
fabrication of the TTO-loaded core-shell NPs.

It was reported that nanolipogels promote the release of
TTO, and make it easier for it to penetrate and deposit in the
skin layers; as a result, dermal repair/healing speeds up.** In
another study, wound treatment with core-shell PCL/gelatine
showed a mean wound closure of 85.9 + 15.8%.** Therefore,
TTO is a potential candidate that contributes to cell migration,
and improves the process of wound closure with more than 70%
in the present study. The lipophilicity of TTO enables it to enter
the cell membrane. In addition, the physicochemical charac-
teristics of oils help in preventing microbial invasion, stopping
water loss, lowering colonization, and thus preventing wound
infection.*>*¢

In the present study, the wound diameter in G6 animals
decreased over 21 days, indicating accelerated wound healing.
On the other hand, the burn size was increased in all other
studied animal groups on day 3. In a previous study, PCL with
ZnO NPs showed full wound healing on day 25 after wound
induction, possibly due to cell migration and proliferation.*’
For treating burn wounds in the backs of rats, CS/polyethylene
oxide membranes loaded with 2% bromelain showed full
healing for the wounds, re-epithelialization and development of
collagen fibres.”® In addition, core-shell CS/PVA/alginate with
asiaticoside enhanced wound closure (99.2 + 1.11%) and
developed new hairs after 21 days.* Moreover, CS/PVA nano-
fibers loaded with honey and Nepeta dschuparensis plant extract
were reported for the treatment of second-degree burns.*® The
results revealed a high wound healing percentage (59.85 +
0.14%) after 21 days. Saghafi et al. reported electrospun PCL/CS
nanofibers that reduced the period of wound healing to 7 days.**
The use of PCL with CS for wound healing was also reported in
the form of a nanofibrous mat in a double-layered wound
dressing loaded with propolis ethanolic extract, which induced
complete wound healing within 15 days. The nanofibrous mat
showed a well-formed dermis, growth of hair follicles, seba-
ceous glands, and structured collagen fibres on day 15.%> In the
current experimental work, plain PCL/CS core-shell NPs
showed a burn diameter of 6.92 mm on day 21, confirming their
participation in the wound healing process.

It is well known that significant levels of pro-inflammatory
cytokines are released into the bloodstream following severe
burns. In addition to disrupting the intestinal barrier, pro-
inflammatory cytokines such as IL-13 and TNF-a also increase
intestinal permeability.*® In burns, researchers claim that TNF-
o promotes the production of IL-13.>* IL-13 is one of the
powerful modulators of skin fibrosis and scarring. In the wound
healing process, IL-13 promotes the proliferation and differ-
entiation of fibroblasts, and triggers type I collagen expres-
sion.”® In addition, IL-13 has several immune functions due to
its transmitting activities, and it also regulates inflammation,
fibrogenesis and allergic reactions.>® A clinical study on burns
showed an elevation in IL-13 levels, which might be attributed
to activation of the immune system, where anti-inflammatory
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and pro-inflammatory mediators are increased and prolonged
for several months.*”

TNF-a is a potential growth factor in the initial systemic
response after burn injury. It is normally produced by mast
cells, macrophages and neutrophils. This growth factor
performs several effector immunological functions that are
partly conflicting.*® TNF-a. induces apoptosis of many cell types,
and contributes to the antimicrobial response. Epidermal burn
damage promotes cell death due to chronic inflammation.> CS
was involved in hydrogel formulation with hyaluronic acid,
gelatine, zinc oxide, and copper oxide for the treatment of
second-degree burns. This hydrogel showed a reduction in TNF-
a levels after 7 days from burn induction, which became slower
after 14 days.®® Curcumin-encapsulated CS downregulates TNF-
o expression, so it controls the pro-inflammatory response.®* In
the present study, G6 animals showed the highest level of TNF-
a, whereas G3 showed the lowest level compared to G6 and G4
mice.

A previous study investigated the impact of TTO on the
release of inflammatory mediators by activating blood mono-
cytes with lipopolysaccharides (LPSs) in vitro. The findings
suggested that certain components of TTO might be harmful to
monocytes, whereas terpinen-4-ol, a-terpineol, and 1,8-cineole
inhibit their release without significant toxicity. After 40 hours
of incubation, the water-soluble constituents of TTO signifi-
cantly reduced the levels of TNF-a, IL-10, IL-8, IL-18 and pros-
taglandin E2.%>%

T-cells are activated and undergo proliferation and devel-
opment into effector or memory T cells. The activated CD4" T-
cell subset is involved in orchestrating the adaptive immune
response through releasing pro-inflammatory cytokines (e.g. IL-
2, IFN-y, and TNF-a), which are implicated in cell-mediated
immunity. Additionally, CD4" T-cells release cytokines that
influence the humoral immune response, such as IL-4, IL-10,
and IL-13, as well as cytokines of T helper type 2 (Th2) cells.*

Following burn injury, CD8" T-cells are more observed than
CD4" T-cells in the proliferation processes. Furthermore,
compared to the proliferation of isolated CD4" T-cells, CD8" T-
cell proliferation seems to be less dependent on other immune
cells. The present study emphasized the significance of CD8" T-
cells in the early immune response to second-degree burn
injury.** Meanwhile, the study showed that CD8" T-cell subsets
were more than CD4" T-cells in the G6 animals, which may
contribute to the immune reaction after the burn in the early
stage of the induction.

Previous results showed a reduction in the CD4'/CD8" ratio
in the burn area, and that double-negative T-cells may play
a role in the pathophysiology of burn wounds. This mechanism
may be ascribed to multiple factors and linked to alterations in
growth factors, cytokines and haematological responses caused
by burns. In order to reduce the initial inflammatory reaction to
damage, the double-negative T-cells are a suitable option
because they can prevent activation of myeloid cells and inhibit
lymphocyte proliferation through cytokines of Th2 or
suppressor myeloid cells. Moreover, it was suggested that T-
cells may be important in regulating the transition from the
inflammatory to tissue remodelling stages of wound healing.*®

8010 | Nanoscale Adv., 2025, 7, 8001-8012
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In our study, the percentage frequency of the parent of CD4"/
CD8' in G6 animals was the lowest among all other animal
groups, thus confirming the regulating effect of T-cells in
wound healing.

A PCL/CS nanofibrous scaffold loaded with Zataria multi-
flora's volatile oil showed a clear decrease in wound size on days
7, 14 and 21. The histological parameters on day 21 referred to
the ability of these nanofibrous scaffolds to reduce vascularity,
oedema and inflammation, while increasing re-
epithelialization, collagen deposition and fibrosis.*® Moreover,
CS with glycosaminoglycan scaffolds in the burn model showed
good histological results of complete epidermal layer formation
and no inflammatory cell infiltration after 18 days.®” Further-
more, a hydrogel of carboxymethyl CS and plantamajoside was
reported for wound healing application. It was found that the
hydrogel increased granulation tissues, stimulated collagen
deposition and significantly enhanced re-epithelialization.®® In
another study, a mixture of CS and heparin was used to treat
burns in the back of rats. The histological results revealed that
the animals that received CS had lower burn injury than the
control animal group, and that the used formulation reduced
burn progress in the preliminary stage, after 72 h.* Further-
more, CS with high molecular weight showed the development
of epithelialization and high formation of granular tissue in rat
burns.” All the above-mentioned reports confirm the role of CS
and PCL in accelerating second-degree burn healing as reported
in the present study.

Conclusions

The present work described the fabrication and characteriza-
tion of tea-tree oil loaded PCL/CS core-shell NPs for the treat-
ment of second-degree burns. The work is a continuation of our
previously published study devoted to in vitro characterization
of the anti-microbial and anti-inflammatory activities of the
same nano-formulation. The performed investigations revealed
that the suggested TTO delivery system provided a novel,
biocompatible, and effective potential treatment for second-
degree burns in albino mice. It provided long-term anti-
inflammatory anti-microbial activity, promoted tissue regener-
ation, induced haemostasis, and will have a good impact on
improving the quality of life of second-degree burn patients.
The drug delivery system suggested herein is applied topically
using a cream formulation, and acts as an effective and fast cure
for burns, as well as reducing the economic burden of their
treatment.
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