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Abstract

Aims Thymus plant is a very useful herbal medicine with various properties such as anti-inflammatory and anti-
bacterial. Therefore, the properties of this plant have made this drug a suitable candidate for wound healing. In this
study, hydroxypropyl methylcellulose (HPMC) gel containing Zataria multiflora volatile oil nanoemulsion (neZM)
along with polycaprolactone/chitosan (PCL-CS) nanofibrous scaffold was used, and the effect of three experimental
groups on the wound healing process was evaluated. The first group, HPMC gel containing neZM, the second group,
PCL-CS nanofibers, and the third group, HPMC gel containing neZM and bandaged with PCL-CS nanofibers (PCL-CS/
neZM). Wounds bandaged with common sterile gas were considered as control.

Methods The nanoemulsion was synthesized by a spontaneous method and loaded into a hydroxypropyl methyl-
cellulose (HPMC) gel. The DLS test investigated the size of these nanoemulsions. A PCL-CS nanofibrous scaffold

was also synthesized by electrospinning method then SEM and contact angle tests investigated morphology

and hydrophilicity/hydrophobicity of its surface. The animal study was performed on full-thickness skin wounds

in rats, and the process of tissue regeneration in the experimental and control groups was evaluated by H&E and Mas-
son'’s trichrome staining.

Results The results showed that the nanoemulsion has a size of 225£9 nm and has an acceptable dispersion.

The PCL-CS nanofibers synthesized by the electrospinning method also show non-beaded smooth fibers and due
to the presence of chitosan with hydrophilic properties, have higher surface hydrophobicity than PCL fibers.

The wound healing results show that the PCL-CS/neZM group significantly reduced the wound size compared

to the other groups on the 7th, 14th, and 21st days. The histological results also show that the PCL-CS/neZM group
could significantly reduce the parameters of edema, inflammation, and vascularity and increase the parameters

of fibrosis, re-epithelialization, and collagen deposition compared to other groups on day 21.

Conclusion The results of this study show that the PCL-CS/neZM treatment can effectively improve wound healing.
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Introduction

Acute and chronic wounds are one of the major and
fundamental problems in society’s healthcare system,
causing high financial and social burdens [1]. Autolo-
gous and allograft transplantation can be considered
the gold-standard treatment options currently available
for wound healing. However, due to the lack of access to
healthy donors and immune response, they face many
limitations [2—4]. Nevertheless, the emergence of tissue
engineering, which is based on the use of scaffolds, stem
cells, and growth factors, has led to the creation of a new
generation of wound dressings that have the potential to
significantly improve the healing process [5-7]. There-
fore, given the progress in the synthesis of various bio-
materials particularly polymeric biomaterials in recent
years, the construction of engineered scaffolds for wound
healing is considered an alternative to grafting methods
[8-10]. Amongst, scaffolds synthesized by phase separa-
tion, self-assembly, and electrospinning techniques are
the most effective methods to mimic the biological and
physical properties of healthy skin [11, 12].

Electrospinning is a simple and highly effective tech-
nique for producing micro and nanofibers from natu-
ral and synthetic polymers. Compared with other 3D
nanostructures, electrospun nanofibers can simulate the
extracellular matrix of the natural skin and create suitable
physical and mechanical conditions for cell attachment,
proliferation, and differentiation. The important factors
of this high biocompatibility are associated with the high
specific surface area and high porosity that prevent fluid
accumulation and facilitate oxygen permeability [13—16].
However, none of the skin substitutes has been able to
restore the characteristics of healthy skin completely.
Therefore, selecting a suitable combination of materials
to improve biological and mechanical properties seems
necessary [17-20].Since the use of a single polymer in a
scaffold may not meet all expected requirements for bio-
compatibility and mechanical properties, researchers are
interested in using systems based on the combination of
two or more polymers [21-24].

Chitosan (CS) is an abundant polymer with advan-
tages such as biocompatibility, biodegradability, anti-
bacterial and blood coagulation properties, so it seems
ideal for wound healing applications. However, due to
the polycationic nature of the chitosan solution and its
rigid chemical structure, its electrospinnability is lim-
ited [25]. Therefore, it combines with other polymers
such as polyvinyl alcohol (PVA), polyethylene oxide

(PEO), or polycaprolactone (PCL) to overcome this
limitation [26-28]. Polycaprolactone is a biocompatible
and biodegradable polymer that can produce suitable
electrospun scaffolds and exhibits good mechanical
strength in aqueous environments [29, 30]. As a result,
the combination of chitosan with PCL improves its
electrospinning ability to obtain nanofibrous scaffolds.
Studies reveal that the PCL-CS combined electrospun
scaffolds exhibit desirable properties such as mechani-
cal strength, controlled degradability, water retention,
and admissible wound healing [31, 32].

On the other hand, applications of sustained drug
delivery systems in regenerative medicine, especially in
wound healing, have increased drastically [33—36]. Mean-
while, the use of herbal medicinal extracts in wound heal-
ing has attracted the attention of many researchers due
to its advantages, such as few side effects, ease of extrac-
tion, and reasonable price [37, 38]. Amongst, Zataria
Multiflora Boiss (ZM), called in Persian "Shirazi thyme",
has anti-inflammatory, antioxidant, and immunomodula-
tory effects, making it a suitable option for use in wound
healing scaffolds [39—41]. This is a plant species belong-
ing to the Lamiaceae family and is native to Southeast
Asia. However, it mainly grows in the central and south-
ern regions of Iran, Pakistan, and Afghanistan [42]. It is
beneficial in treating cramps-associated pains [43], dys-
menorrhea [44], indigestion [45], nausea, diarrhea [46],
and infectious diseases [47, 48]. Also, pharmaceutical
researches demonstrated that this plant has antifungal
and antimicrobial properties [45, 49, 50]. Particularly, the
essential oil of this plant has long been used for bacterial
infections [51-53]. Previous studies have demonstrated
that the antibacterial activity of this plant can be attrib-
uted to phenolic compounds such as thymol and carvac-
rol. These compounds exhibit antibacterial properties by
destroying cell walls and membranes [50, 52].

Despite the particular medicinal properties of
this plant in accelerating wound healing, few stud-
ies have investigated the properties of wound heal-
ing. For instance, Farahpour et al. showed that Zataria
Multiflora essential oil with anti-inflammatory and
antibacterial properties improves wound healing com-
pared to the control group [54]. Also, Farahani et al.
also reported significant wound healing properties of
Zataria Multiflora essential oil loaded in the cellulose
acetate/gelatin nanofiber scaffold [55].

Additionally, regarding the great potential of nanoe-
mulsion formulations in drug delivery, their application
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in preparing novel scaffolds could be promising [56,
57]. Meanwhile, considering the desirable properties of
hydroxypropyl methylcellulose (HPMC), such as safety,
hydrophilic nature of gel matrix, and excellent skin bio-
compatibility, it can be considered as a good candidate
for preparing nanoemulsion formulation [58-61].

Subsequently, it seems that using plant extracts in
nanoemulsion formulation along with nanofiber dress-
ings in wound healing could be a promising novel
approach for improving wound healing. However,
few studies have investigated the use of this plant and
plant extracts in nanoemulsion formulation along with
nanofiber dressings in wound healing. For example, in a
study, a nanoemulsion of Zataria Multiflora (neZM) was
loaded in cellulose acetate/gelatin nanofibers, and prom-
ising results in improving wound healing were observed
[55]. Hence, In this study, neZM was loaded in an HPMC
gel substrate. This gel matrix is then coated on the PCL-
CS scaffold to provide a suitable scaffold for wound
healing.

Material & methods

Materials

The materials used in this project were purchased as the
following: polycaprolactone (PCL) (Sigma—Aldrich, Ger-
many), chitosan (Easter Holding Group, China, MW:
100 KDa, deacetylation degree: 93%), Zataria Multiflora
volatile oil (ZMVQO) (Zardband Pharmaceuticals Co,
Iran). Also, Tween 20, Tween 80, and span 80, Hydroxy-
propyl Methylcellulose (HPMC), Hexafluoro-2-propanol
(HFIP), Hematoxylin, and Eosin stain (H&E) were bought
from Merck, Germany. Glacial acetic acid and ethanol
(>99.7 %, Dr. Mojallali, Iran), and Masson trichrome
staining kit (Asiapajohesh, Iran). Deionized water (DW)
has been applied in all involved experiments.

Synthesis and characterization of nanogel containing
Zataria multiflora nanoemulsions (neZM)

The Qil in Water (O/W) nanoemulsion of ZM volatile
oil (neZM) was synthesized by the spontaneous method
according to the previous report [62]. Briefly, ZMVO (1%
v/v), surfactants of tween 20 (2% v/v), tween 80 (2% v/v),
and span 80 (1% v/v) were mixed completely to form a
homogenous solution using a stirrer (1500 rpm) in room
temperature (RT) for 10 mins. In the second step, the
deionized water was added dropwise and mixed (1500
rpm, 30 min).

The droplet size and droplet size dispersity of the pre-
pared neZM were investigated using a dynamic light
scattering (DLS) type apparatus (K-One NANO- Ltd.
Korea). D50 (median diameter of particles at 50 cumula-
tive percent) was considered as droplet size and droplet
size dispersity was calculated using the below equation:
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Droplet size dispersity = ~/'d75 + d25

Preparation and characterization of electrospun PCL-CS
NFs

PCL-CS nanofibers were prepared by electrospinning
methods as described in a previous report, with some
minor modifications [63]. Briefly, PCL (14% w/v), and
CS (1% w/v) solutions were prepared using hexafluor-
oisopropanol (HFIP); then, the solutions were mixed
with a ratio of 1:3 (v/v), respectively. The prepared pol-
ymeric solution was transferred into a 10-mL syringe
(15 mm internal diameter) and attached with a blunted
metal needle (22 G). The syringe was situated in a syringe
pump in the electrospinning machine (Fanavaran Nano-
Meghyas, FNM Co. Ltd, Iran). Instrumental factors were
set as follows: 0.8 mL/h injection rate, 15 kV applied DC
voltage, and 100 mm distance between the needle and
rotating cylindrical collector (100 rpm). A thin layer of
aluminum foil was wrapped on the collector to facilitate
the separation of the fabricated nanofibers.

The diameter and morphology properties of the
nanofibers were examined using scanning electron
microscopy (SEM; Vega 3, TESCAN Co, Czech Repub-
lic). The diameter size distribution of NFs was measured
using Image-] software (https://imagej.net/Fiji) along
with the sample size of 100 NE. The contact angle of the
water (0) with the surface of the nanofibers was measured
using a contact angle measurement system (CA-500A,
Sharif Solar Co. Iran). Attenuated Total Reflectance-
Fourier Transform Infrared spectroscopy (ATR-FTIR)
spectra for powders of CS and PCL and electrospun
NFs (PCL-CS) were recorded on a Tensor II instrument
(Bruker Co. USA) in the range of 500-3500 cm-1.

In vivo study
Sixty male Wistar rats, approximately two months old
and weighing 200-250 g, were received from the Fasa
Medical School animal house and used as a wound
healing model. The rats were kept in polystyrene cages
according to the conservation rules and respect for ani-
mal rights, with a light cycle of 12 hours, standard tem-
perature conditions (2512 °C), humidity, and free access
to food and water. All procedures and experiments
involving animals were approved by the Bioethics Com-
mittee of Fasa University of Medical Sciences (Ethics
code: IR.FUMS.AEC.1401.012) and performed in accord-
ance with the guidelines for the care and use of labora-
tory animals in Iran. All methods are reported according
to the ARRIVE guidelines.

Before the experiments, the cages and chambers were
disinfected with Dettol and then exposed to UV radia-
tion for 24 hours to create a pathogen-free environment.
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The rats were anesthetized with an intraperitoneal injec-
tion of ketamine-xylazine (70:30). Then, the animal’s back
hair was shaved and thoroughly cleaned at the wound
site. The expected wound area was disinfected with a 10%
Povidone Iodine solution. Then, using a stencil ruler, a 4
cm? wound was created by a full-thickness surgical razor.
Finally, the treatments were applied directly to the newly
created wound (Figs. 1 and 2).

Study groups

Rats were randomly divided into four groups. In each of
the groups, there were five rats for the study on days 3, 7,
and 14. The study groups were studied as follows.
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Fig. 1 The processes of study. A Synthesis of hydroxypropyl methylcellulose (HPMC)

(neZM); (B) fabrication of fibrous scaffolds by electrospinning technique; (C)
site by PCL-CS nanofibers. Created in BioRender.com
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A Control group (wound washing with normal saline
and bandage with common sterile gas)

B The rats treated with HPMC gels containing neZM
(neZM group)

C The rats treated with nanofibers (PCL-CS group)

D The rats treated with nanofibers coated with HPMC
gels containing neZM (PCL-CS/neZM group)

The same amount of 2.5 X 2.5 cm of PCL-CS coated
with 2 ml of neZM was used for the respective groups.
This value was selected for the nanofibers based on the
size of the wound and for the neZM on how much it
can cover the entire wound. Then, they were kept in
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Fig. 2 A Surgical procedure on the skin of the rat, shaving the dorsal area of the rat. B generating a square-shaped wound with full-thickness

excision measuring 20 mm x 20 mm on the rat’s dorsal skin. C Implantation

of hydroxypropyl methylcellulose gel containing Zataria multiflora

volatile oil nanoemulsion into the wound site (D), covering the treated area with polycaprolactone/chitosan nanofibers
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separate cages and in a particular room until the end of
the study.

Macroscopic assessment of the wounds

The wound healing rate was assessed by measuring the
length and width of the wound with a common ruler
on days 7, 14, and 21. The wound closure area was per-
formed in different groups with five repetitions, and the
results were reported as mean + standard deviation (SD).

Histology study

After sacrificing the animals by CO2 euthanasia on day
21, the wound and approximately 5 mm surrounding
it were excised with scissors and forceps to maximum
thickness. The wound tissues were then fixed in 10% for-
malin solution, dehydrated in increasing concentrations
of alcohol, embedded in paraffin, sectioned, and mounted
on glass slides for Hematoxylin-Eosin and Masson tri-
chrome examination and examination—finally, more in-
depth histology. Qualitative assessment was performed
according to our previous study [64].

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 6.0 software. The normality of the data was meas-
ured by the Kolmogorov-Smirnov test. The qualitative
data (Edema, inflammation, vascularity, fibrosis tissue,
re-epithelialization, contracture, and Masson’s trichrome
staining scores) were converted to equivalent percent-
ages. Therefore, one-way ANOVA and Tukey post hoc
test were performed to compare the mean + standard
deviation (SD) for wound size and histopathological
scores. The significance level in all analyses was consid-
ered less than 0.05 (p <0.05).

Result

Characterization of neZM and PCL-CS nanofibers

DLS of neZM

Nanoemulsion is a category of emulsions with very small
and uniform droplet sizes of about 20 to 500 nm. Nanoe-
mulsions have high kinetic stability, which makes them
stable against precipitation and cream formation. The
droplet size of a nanoemulsion is an important factor in
evaluating the nanoemulsion. The droplet size of nanoe-
mulsion is affected by the loaded drug, oil, and surfactant
concentration [65—67]. This study used adjusted concen-
trations of ZMVO, Tween 20, Tween 80 and Span 80 sur-
factants to synthesize neZM.Figure 3 shows the droplet
size of the synthesized nanoemulsion; its average size
was calculated to be 225 + 9 nm, and the PDI was within
the acceptable range, i.e., 0.97. Therefore, it seems that
the nanoemulsion synthesized in this study has uniform
droplet size and its droplets are nanosized.
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Fig. 3 The droplet size of neZM was synthesized by a spontaneous
method; the average droplet size was about 225 + 9 nm and their PDI
was 0.97

PCL-CS nanofibers

One of the important characteristics of electrospun
nanofibers is morphology because these nanometer-
sized fibers mimic the structure of the natural extra-
cellular matrix. Therefore, cells can completely adapt
to the environment created by the scaffold and induce
better growth, proliferation, and migration [68-70].
Figure 4 shows the SEM image of the nanofiber mor-
phology. The figure shows that the synthesized nanofib-
ers are grainless, smooth, and uniform, with an average
size of 194.7 + 39.9 nm.

Also, another important factor of nanofiber scaffolds
in tissue engineering is hydrophilicity, while nanofibers
with acceptable hydrophilicity contribute to better cell
adhesion and proliferation [71]. Figure 5A shows that
the PCL nanofibers lead to a contact angle of 145.44°,
which is due to the hydrophobic nature of this poly-
mer. However, the addition of chitosan as a hydrophilic
polymer due to OH groups has increased the hydrophi-
licity of nanofibers and decreased the contact angle of
PCL-CS nanofibers to 115.9° (Fig. 5B).

FTIR

The FTIR spectra of ZMVO, neZM, and PCL-CS
nanofiber mat are shown in Fig. 6. The FTIR spectra of
the ZMVO show a peak at 3386 cm™!, corresponding
to hydroxyl groups. Also, the observed peaks at 2956
cm™ and 2869 cm™! can be related to the vibration of
the bond C=H in the aromatic ring. Also, the peaks
at wavelengths of 1400 cm™! t01600 cm ™! may related
to the C=C-C ring vibration. Eventually, there is a
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distinctive peak at 809 cm™, which is an indicator peak
of thymol [72-74].

The FTIR spectra of the neZM shows HPMC-related
peaks at 3421 cm™ (—OH stretching), 2924 cm™ (-CH
stretching), 1629 cm™ (carbonyl group), 1091 cm™ (-C-
O- stretching vibrations), and 935 cm™ (pyranose ring)
[75]. However, in the FTIR spectrum of neZM, the indi-
cator peak of thymol was not visible, which demonstrated
complete encapsulating of neZM nanoemulsions via
HPMC nanogels.

The polycaprolactone spectrum revealed peaks
related to -C-H at about 2943 cm™ and 2865 cm™, and
a very sharp signal band may correspond to the car-
bonyl group at 1721 cm™ [76, 77]. With adding chitosan
to PCL, several new peaks have appeared in PCL-CS,
which confirms the addition of CS to PCL. The broad
index band around 3367 cm™ is related to the stretch-
ing vibrations of -NH2 groups and the high degree of
deacetylation of CS [78]. Peak 1590 is related to car-
bonyl stretching of amide bonds and N-H bending of
CS amino groups and the fingerprint band of chitosan
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corresponding to C-N has appeared at 1041 cm™ [79,
80]. The lack of observation of a new peak in nanofib-
ers can indicate the existence of a simple combina-
tion between them so that no chemical bonds have
occurred.

Wound size

Figure 7 shows the photograph of the wounds in all of
the animal groups of this study on the 7th, 14th, and
21st days, and Fig. 8 statistically evaluates the meas-
urements taken in millimeters. The statistical results
demonstrate that the wound size in the PCL-CS/
neZM group significantly decreased compared to the
other three groups in all time intervals. Furthermore,
on days 7 and 21, wound size decreased significantly
more in the neZM group than in the control group and
the PCL-CS group. In addition, the wound size in the
PCL-CS group was only lower compared to the control
group on days 7, 14, and 21 (Fig. 7).
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Fig. 7 Macroscopic photograph of wound size in all groups on the 7th, 14th, and 21st days. The PCL-CS/ neZM treatment group clearly has lower
wound size than all groups in all time intervals

14 21
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Fig. 9 Hematoxylin-Eosin staining (A-C) and Masson’s trichrome (D-E) in the control group. Although the epidermis is almost formed, inflammatory
granulation tissue and scar can be observed. The guide of symbols and letters in the figure is as follows: Star sign: granulation tissue, Cross

sign: fibrotic scar tissue, Head arrow: re-epithelialization, Arrow with letter E: edema, Letter I: inflammation, Letter A: micro-abscess, Letter V:
vascularization, Letter M: myofibroblasts, Letter S: scab
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Histological analysis

Figure 9 presents tissue sections with H&E and Masson
trichrome staining in the control group on day 21. Fig-
ure 9A shows that the epidermis is almost formed, and
the wound is not visible. Also, the granulation tissue
is not loose, and there is no micro-abscess, but moder-
ate to high inflammatory cell infiltration is observed,
which indicates the early stages and incomplete healing.
Moreover, the head arrow represents re-epithelialization,
and Letter I shows inflammatory cells (lymphocytes), in
chronic inflammation in granulation tissue. Additionally,
the Letter V also represents the new vessels in the granu-
lation tissue. This tissue consists of new blood vessels and
inflammatory cells. Letter M presents the myofibroblast
cells in the superficial layers, indicating that the granula-
tion tissue is in the midst stages of its development.

In Fig. 9B, the Letter S shows the scab, and the Let-
ter A represents the abscess in the lowest layer of the
wound. The arrow with the letter E reveals slight edema
and inflammation. Also, Letter I demonstrates hyperemia
congestion and chronic inflammatory cells in the middle
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of the tissue. Moreover, the same trend can be observed
in Fig. 9C. In Masson trichrome sections, the black star
indicates a middle phase of granulation tissue and scar
formation (Fig. 9D and E).

Figure 10 shows tissue sections with H&E and Mas-
son trichrome staining in the neZM group on day 21. In
Fig. 10A, the cross sign reveals pale pink tissue and a lack
of vascularity and inflammation, indicating the onset of
scar formation. Also, in Fig. 10B, the wound also begins
to contract, and a thick epithelial layer has formed, but it
has not reached the thickness of the epidermis of healthy
skin (Head arrow). Moreover, Letter I represents a small
number of monocytes and lymphocytes as inflamma-
tory cells, and Letter M indicates abundant myofibro-
blast cells. Furthermore, in Fig. 10D, Letter V shows a
few remaining blood vessels, indicating regeneration and
scar formation. In Masson trichrome sections, the cross
sign indicates scar tissue (Fig. 10E and F). In this group,
the scar tissue contains an average number of blood ves-
sels, and scar accumulation or contracture has not been
formed well.

_.

[zoowm |

{z000m |

Fig. 10 Hematoxylin-Eosin staining (A-D) and Masson'’s trichrome (E-F) in the neZM group. Although scar formation initiation was observed, its
contracture has not yet been well done. The guide of symbols and letters in the figure is as follows: Star sign: granulation tissue, Cross sign: fibrotic
scar tissue, Head arrow: re-epithelialization, Arrow with letter E: edema, Letter I: inflammation, Letter A: micro-abscess, Letter V: vascularization, Letter

M: myofibroblasts, Letter S: scab
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Fig. 11 Hematoxylin-Eosin staining (A-B) and Masson'’s trichrome (C-D) in the PCL-CS group. The scar formation is in the final phase, but the skin
appendages such as hair follicles and sebaceous are not appeared. Moreover, higher wound contracture was observed compared with the neZM
group. The guide of symbols and letters in the figure is as follows: Star sign: granulation tissue, Cross sign: fibrotic scar tissue, Head arrow:
re-epithelialization, Arrow with letter E: edema, Letter I: inflammation, Letter A: micro-abscess, Letter V: vascularization, Letter M: myofibroblasts,

Letter S: scab

Figure 11 demonstrates H&E and Masson trichrome-
stained tissue sections in the PCL-CS group on day 21.
In this group, the scar is in the final stages or late phase.
Blood vessels and inflammatory cells disappeared, as
well as most of the myofibroblast cells transformed into
spindle-shaped fibroblasts with irregular orientation.
However, the skin appendages, such as hair follicles and
sebaceous glands, are not seen in this part. The cross sign
represents the scars in Fig 11A and B.

Additionally, in Masson trichrome sections, the cross
sign indicates scar tissue (Fig. 11C and D). Wound con-
tracture was better formed than the neZM group. The
number of vessels has decreased, but the skin appendages
are still not clear. The amount of connective tissue has
increased, and abundant collagen has been deposited.

Figure 12 represents images of tissue sections with
H&E and Masson trichrome staining related to the PCL-
CS/neZM group on day 21. In Fig. 12A-C, the head
arrow represents the epidermis of the wound site, which
has completely regained the thickness of the previous
epidermis. The cross sign reveals that the wound site has
become very small due to the contracture caused by the
scar, and the edges of the wound are completely close
together. In the dermis of the scar tissue, a significant
amount of matrix and a number of regular-laid myofibro-
blasts can be seen.

Moreover, in Masson trichrome sections, the cross sign
indicates scar tissue (Fig. 12D and E). The scar tissue is

completely contracted, so it is very difficult to iden-
tify the location of the wound in low magnification. The
thickness of the epidermis has almost reached the thick-
ness of the natural skin, and skin appendages can be seen
on both edges of the wound.

Figure 13 compares the parameters of fibrosis, edema,
inflammation, vascularization, re-epithelialization, and
Masson trichrome blue color (indicating the amount of
collagen deposition) as a percentage in the groups of this
study on day 21. The statistical results revealed that the
percentage of fibrosis parameters, re-epithelialization,
and collagen deposition rate increased with the improve-
ment of wound healing in the experimental groups.
Hence, the PCL-CS/neZM group showed significantly
higher fibrosis and collagen deposition than all of the
other groups. Also, this group significantly indicates the
percentage of re-epithelialization compared to the con-
trol and PCL-CS groups. Contrary to these parameters,
the statistical results demonstrate that the decrease in
the percentage of edema, inflammation, and vasculari-
zation are associated with improving wound healing in
the experimental groups. Therefore, in the inflamma-
tion parameter, the PCL-CS/neZM, neZM, and PCL-CS
groups showed a significant decrease compared to the
control group, respectively. However, the reduction in
the inflammatory parameters in PCL-CS/neZM group
compared to the control and PCL-CS groups was signifi-
cantly higher.
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Fig. 12 Hematoxylin-Eosin staining (A-C) and Masson’s trichrome (D-E) in the PCL-CS/neZM group. Wound closure almost thoroughly happened,
as well as skin appendages clearly appeared. The guide of symbols and letters in the figure is as follows: Star sign: granulation tissue, Cross
sign: fibrotic scar tissue, Head arrow: re-epithelialization, Arrow with letter E: edema, Letter I: inflammation, Letter A: micro-abscess, Letter V:

vascularization, Letter M: myofibroblasts, Letter S: scab

Discussion

For centuries, the thyme plant has been known as an
anti-inflammatory and antimicrobial plant, and there
are several studies on reducing inflammatory factors and
bacterial count [81, 82]. These properties introduce this
plant as a suitable candidate for wound healing; despite
this, there are few studies on the therapeutic effects.
In this work, we prepared a hybrid novel bandage for
improving wound healing by combining sustained releas-
ing of Zataria Multiflora volatile oil (ZMVO) drug deliv-
ery and PCL-CS as an ECM biomimicry part.

In order to effectively manage wound dryness and
facilitate the exchange of nutrients and waste, it is cru-
cial to achieve optimal water absorption in nanofiber
wound dressings. It’s important to note that the ability
of a scaffold to absorb water is influenced by various fac-
tors, including the degree of polymer crystallinity, poros-
ity, and hydrophilicity. The water-absorbing capacity is
enhanced when there is an increased amorphous region
and higher porosity, which enables water to penetrate
at both micro and macro levels. Research has shown

that PCL/CS nanofibers exhibit greater water absorp-
tion compared to pure PCL. This can be attributed to
the hydrophilic nature and lack of crystallinity in the CS
chains, which makes them more inclined to interact with
water molecules. Additionally, the porous structure of
electrospun nanofibers containing CS facilitates water
absorption through a capillary effect [83—85].

Research has provided evidence that materials with
a high capacity for swelling are beneficial for promot-
ing cell growth and attachment, as well as facilitating
the movement of cells into three-dimensional scaffolds.
This enhanced swelling capability allows these matrices
to effectively absorb wound exudates, which are fluids
that ooze from wounds, and this, in turn, helps to keep
the wound area dry and safeguard it from potential infec-
tions. To explain further, when a wound dressing or scaf-
fold can absorb wound exudates and swell appropriately,
it creates an environment that is conducive to cell pro-
liferation and attachment. This is because the cells find
a favorable, moist but not overly wet environment that
encourages their growth and attachment to the scaffold.
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Fig. 13 Statistical analysis of histopathological parameters of the experimental groups. The PCL-CS/neZM group represents the highest value
in fibrosis parameters, re-epithelialization, and collagen deposition rate, as well as the lowest value in inflammatory parameters. *: p<0.05, **: p<0.01,

and ***: p<0.001 shows the difference of significance level between the g

roups. Control: Control group, PCL-CS: PCL-CS nanofiber group, neZM:

HPMC gels containing neZM group, PCL-CS/neZM: PCL-CS nanofibers coated with HPMC gels containing neZM group

Additionally, this moisture regulation helps to prevent
the wound from becoming overly moist, which can be a
breeding ground for infections. So, in summary, main-
taining the right level of swelling in the matrix not only
supports cell activity but also contributes to wound heal-
ing and protection against infections [84]. In numerous
previous research investigations, it has been consistently
observed that PCL/chitosan scaffolds exhibit a consider-
ably greater ability to absorb water when compared to
scaffolds made from pure PCL. Additionally, as the pro-
portion of chitosan within the composite increases, the
extent of swelling in these scaffolds has shown a notice-
able enhancement [85-87].

Electrospun nanofibers need to have suitable mechani-
cal characteristics, particularly in terms of their elon-
gation at the point of breaking, in order to be effective
for wound dressing purposes. This means that a wound
dressing must satisfy specific requirements to securely
cover the wound without tearing or breaking while the
wound heals. According to research conducted by Mosal-
lanezhad and colleagues, the tensile strength of nanofib-
ers made from PCL and a blend of PCL and chitosan was

found to be well-suited for wound dressing applications.
In their study, PCL and chitosan were used at concen-
trations of 15 wt% and 3 wt%, respectively. Pure PCL
nanofibers exhibited a tensile strength of approximately
1.9 + 0.2 MPa and an elongation at break of around 54 +
3.2%. When PCL was blended with chitosan, it led to a
slight increase in tensile strength (approximately 2.2 + 0.3
MPa) compared to pure PCL, but it resulted in a decrease
in elongation at break (approximately 43 + 3.6%) [85].
Various studies have examined the mechanical prop-
erties of PCL nanofibers and their combinations with
chitosan for different applications, primarily focusing
on wound dressing. In one study, pure PCL nanofibers
at a 10 wt% concentration exhibited satisfactory tensile
strength (7 MPa) and elongation (35%). When chitosan
was added (3 wt%), the strength properties remained
relatively unchanged, making them suitable for wound
dressings [84]. Another study combined PCL and chi-
tosan solutions with acetic acid at a 3:1 volume ratio. This
significantly reduced UTS and elongation at break due
to introducing chitosan into the PCL solution [86]. Saat-
cioglu et al. assessed the impact of chitosan on ligament
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scaffolds produced through electrospinning. Adding
1 wt% chitosan to a 10 wt% PCL solution significantly
increased tensile strength, but higher concentrations of
chitosan led to decreased tensile strength. Higher chi-
tosan content improved the elongation at the point of
break [87]. Surucu and Sasmazel created coaxial electro-
spun scaffolds with PCL and chitosan. The combination
displayed higher tensile strength than PCL and chitosan
fibers produced separately [88].

By evaluating the tensile strength test results of PCL/
chitosan fibrous scaffolds from previous studies, it seems
that the tensile strength of PCL/chitosan fibers prepared
in this study is in a suitable range for wound dressing
applications.

The efficiency of ZMVO in wound healing by reduc-
ing inflammation and bacterial load has been confirmed
by previous researchers. For instance, Farahpour et al.
synthesized an ointment containing 2 and 4% of ZMVO.
They showed that ZMEO exhibits antibacterial and anti-
inflammatory properties and significantly reduces wound
size. The ZMEO also increased angiogenesis, collagen
deposition, and re-epithelialization compared to the con-
trol group [54]. Also, Ardekani et al. fabricated different
percentages of ZMVO in CS/PVA/Gelatin polymers in
the form of electrospun nanofibers. Nanofiber contain-
ing 10% ZMEO showed that it can completely stop the
growth of Staphylococcus aureus, Pseudomonas aerugi-
nosa, and Candida albicans bacteria and is non-toxic
to L929 mouse fibroblast cell line [51]. Moreover, Fara-
hani et al. synthesized cellulose acetate/gelatin nanofib-
ers containing ZM nanoemulsion and showed that this
wound dressing can significantly improve wound healing
after 22 days compared to other groups [55].

Additionally, hydroxypropyl methylcellulose (HPMC)
has many applications in cosmetic materials and prepar-
ing skin creams [89, 90]. On the other hand, the efficiency
of Zataria multiflora creams in clinical wound healing
has been approved previously. For example, an evalu-
ation of Zataria multiflora cream’s therapeutic effect on
the wound healing process of partial-thickness skin graft
donor sites was conducted in a prospective, randomized,
placebo-controlled trial. Enrolled patients applied twice-
daily Z. multiflora cream and placebo (petrolatum oint-
ment) on the skin graft donor site in two parts after the
intervention day. There was a significant reduction in
wound surface area and total score in the Z. multiflora
group. In the second and third weeks, 30% and 90% of
patients had fully epithelized wounds, respectively, in the
Z. multiflora group. The control group’s values were 3.3%
and 36.7%, respectively, so the healing time was ~9-fold
in the second week and 2.45-fold in the third week in the
Z. multiflora group compared with the control group.
A significant increase in healing and reepithelialization
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was observed in the first, second, third, and fourth weeks
after intervention in the Z. multiflora treatment group.
This result was related to the modulation of the inflam-
matory phase and improving the proliferative phase [91].

Furthermore, in another study by Dashipour et al,
Zataria multiflora Boiss (Avishan-e Shirazi) essential oils
were incorporated into carboxymethyl cellulose films
(1, 2, and 3% v/v) to evaluate their antibacterial, antioxi-
dant, and antimicrobial properties. The results revealed
that films containing the highest ZEO concentration had
the highest total Phenolic (TP) content and antioxidant
activity. ZEO was effective against Gram-positive and
Gram-negative bacteria at all concentrations compared
to control films (without ZEO) [92]. Also, Nasseri et al.
reported that Zataria multiflora essential oil (ZEO) is
effective at controlling fungi through solid lipid nano-
particles (SLNs) as a carrier [93]. In addition, Mahboubi
and Ghazian Bidgoli showed that infections caused by
Methicillin-resistant S. aureus (MRSA) were significantly
reduced by Z. multiflora oil [94].

Hence, it seems that the ZMVO nanoemulsion-loaded
HPMC could be considered as a suitable choice for pre-
paring advanced drug-loaded nanogel-based creams.
Therefore, it proposed that our approach to wound heal-
ing has the potential for future clinical wound healing by
considering nanogel as an advanced cream and PCL-CS
nanofiber as an advanced bandage.

Conclusion

This study presents compelling evidence of the potential
of a novel wound healing approach employing a com-
bination of HPMC gel containing neZM and PCL-CS
nanofibrous scaffold. The results obtained through a
series of well-structured experiments and analyses offer
valuable insights into the remarkable therapeutic efficacy
of the PCL-CS/neZM treatment in wound healing.

The animal study, conducted on full-thickness skin
wounds in rats, underscored the effectiveness of the PCL-
CS/neZM treatment. Over the 7th, 14th, and 21st days,
wounds treated with PCL-CS/neZM consistently demon-
strated accelerated wound closure, outperforming both
the individual treatment groups and the control group,
which used common sterile gas bandaging. Histological
assessments, particularly on the 21st day, revealed sub-
stantial improvements in key wound healing parameters,
including reduced edema, inflammation, and vascular-
ity, coupled with increased fibrosis, re-epithelialization,
and collagen deposition. This not only signifies enhanced
wound closure but also points to improved tissue regen-
eration and scar quality.

The results of this study are promising and highlight
the potential of the PCL-CS/neZM treatment as an effec-
tive modality for enhancing wound healing processes.



Osanloo et al. BMC Complementary Medicine and Therapies

Acknowledgments
The authors gratefully acknowledge the financial support of this work pro-
vided by Fasa University of Medical Sciences (Grant # 400132).

Authors’ contributions

Mahmoud Osanloo (Prepare the PCL-CS nanofiber and neZM), Fariba Noori
and Aida Goodarzi (Perform the laboratory tasks), Alireza Tavassoli (Prepare
and interpret histological slides), Negar Varaa and Lida Ebrahimi (Scientific
consultant), Maryam Talebi Moghaddam (Analyze the data), Zahra Abpei-
kar (Help in the first revision of the manuscript), Ahmad Reza Farmani and
Mohsen Safaei (Help in the second revision of the manuscript), Narges Fer-
eydouni (The corresponding author, Write the text) and Arash Goodarzi (The
corresponding author, designed the study).

Funding
This research was supported by Fasa University of Medical Sciences (FUMS)
financial support (Grant # 400132).

Availability of data and materials
All data generated during the current study are available from the correspond-
ing author upon reasonable request.

Declarations

Ethics approval and consent to participate

All animal procedures and experiments were approved by the Bioethics
Committee of Fasa University of Medical Sciences (Ethics code: IR.FUMS.
AEC.1401.012). Experiments were performed under the guidelines for the care
and use of laboratory animals in Iran. All methods are reported under ARRIVE
guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Medical Nanotechnology, School of Advanced Technolo-
gies in Medicine, Fasa University of Medical Sciences, Fasa, Iran. 2Department
of Tissue Engineering, School of Advanced Technologies in Medicine, Fasa
University of Medical Sciences, Fasa, Iran. >Department of Anatomy, School

of Medicine, Fasa University of Medical Sciences, Fasa, Iran. “Department

of Pathology, School of Medicine, Fasa University of Medical Sciences, Fasa,
Iran. °Noncommunicable Diseases Research Center, Fasa University of Medical
Sciences, Fasa, Iran. 5Student Research Committee, Fasa University of Medical
Sciences, Fasa, Iran.

Received: 6 March 2023 Accepted: 13 January 2024
Published online: 25 January 2024

References

1. Sen CK: Human wounds and its burden: an updated compendium of
estimates. In,, vol. 8: Mary Ann Liebert, Inc., publishers 140 Huguenot
Street, 3rd Floor New ...; 2019:39-48.

2. Mirhaj M, Labbaf S, Tavakoli M, Seifalian AM. Emerging treatment strate-
gies in wound care. Int Wound J. 2022;19(7):1934-54.

3. Megahed M, Elkashity S, Talaab A, AboShaban M. The impact of human
skin allograft as a temporary substitute for early coverage of major burn
wounds on clinical outcomes and mortality. Ann Burns Fire Disasters.
2021;34(1):67.

4. Dreifke MB, Jayasuriya AA, Jayasuriya AC. Current wound healing
procedures and potential care. Mater Sci Eng C Mater Biol Appl.
2015;48:651-62.

5. Soriano JL, Rios M, Lopez E, Garrido MT, Clares B, Galvez P: Chap-
ter 16 - Tissue engineering in wound healing. In: Nanotechnology and

(2024) 24:56

20.

21.

22.

23.

24.

Page 14 of 16

Regenerative Medicine. edn. Edited by Santana MH, Souto EB, Shegokar
R: Academic Press; 2023: 411-453.

Qin J, Chen F, Wu P, Sun G. Recent advances in bioengineered scaffolds
for cutaneous wound healing. Front Bioeng Biotechnol. 2022;10:841583.
Farmani AR, Nekoofar MH, Ebrahimi-Barough S, Azami M, Najafipour S,
Moradpanah S, Ai J. Preparation and in vitro osteogenic evaluation of
biomimetic hybrid nanocomposite scaffolds based on Gelatin/Plasma
Rich in Growth Factors (PRGF) and lithium-doped 45s5 bioactive glass
nanoparticles. J Polymers Environ. 2023;31(3):870-85.

Fereydouni N, Darroudi M, Movaffagh J, Shahroodi A, Butler AE, Ganjali
S, Sahebkar A. Curcumin nanofibers for the purpose of wound healing. J
Cell Physiol. 2019;234(5):5537-54.

Fereydouni N, Movaffagh J, Amiri N, Darroudi S, Gholoobi A, Goodarzi A,
Hashemzadeh A, Darroudi M. Synthesis of nano-fibers containing nano-
curcumin in zein corn protein and its physicochemical and biological
characteristics. Sci Rep. 2021;11(1):1-15.

Fereydouni N, Zangouei M, Darroudi M, Hosseinpour M, Gholoobi A. Anti-
bacterial activity of chitosan-polyethylene oxide nanofibers containing
silver nanoparticles against aerobic and anaerobic bacteria. J Mol Struct.
2023;1274:134304.

. Vasita R, Katti DS. Nanofibers and their applications in tissue engineering.

Int J Nanomed. 2006;1(1):15.

Sundaramurthi D, Krishnan UM, Sethuraman S. Electrospun nanofibers as
scaffolds for skin tissue engineering. Polymer Rev. 2014;54(2):348-76.
Jiang T, Carbone EJ, Lo KW-H, Laurencin CT. Electrospinning of polymer
nanofibers for tissue regeneration. Progress Polym Sci. 2015;46:1-24.

Tan GZ, Zhou Y. Electrospinning of biomimetic fibrous scaffolds for
tissue engineering: a review. Int J Polyme Mater Polym Biomater.
2020;69(15):947-60.

Chen K, Hu H, Zeng Y, Pan H,Wang S, Zhang Y, Shi L, Tan G, Pan W, Liu

H. Recent advances in electrospun nanofibers for wound dressing. Eur
Polymer J. 2022;178:111490.

Bouhajeb R, Abreu AC, Selmi S, Gerke C, Bellalah A, Alvear-Jiménez A,
Lozano Chamizo L, Marciello M, Villaverde G, Tristan Al, et al. Implantable
electrospun nanofibers with wound-healing capabilities in the reduction
of pressure ulcers. ACS Appl Polymer Mater. 2023;5(1):429-40.

Lobo AO, Afewerki S, De Paula MMM, Ghannadian P, Marciano FR, Zhang
YS, Webster TJ, Khademhosseini A. Electrospun nanofiber blend with
improved mechanical and biological performance. Int J Nanomed.
2018;13:7891.

Bakhshayesh D, Rahmani A, Asadi N, Alihemmati A, Tayefi Nasrabadi H,
Montaseri A, Davaran S, Saghati S, Akbarzadeh A, Abedelahi A. An over-
view of advanced biocompatible and biomimetic materials for creation
of replacement structures in the musculoskeletal systems: focusing on
cartilage tissue engineering. J Biol Eng. 2019;13(1):1-21.

He C,Yu B, LvY,Huang Y, Guo J, Li L, Chen M, Zheng Y, Liu M, Guo S, et al.
Biomimetic asymmetric composite dressing by electrospinning with
aligned nanofibrous and micropatterned structures for severe burn
wound healing. ACS Appl Materlnterfaces. 2022;14(29):32799-812.
Abpeikar Z, Safaei M, Alizadeh AA, Goodarzi A, Hatam G. The novel treat-
ments based on tissue engineering, cell therapy and nanotechnology for
cutaneous leishmaniasis. Int J Pharm. 2023,633:122615.

Farzamfar S, Naseri-Nosar M, Sahrapeyma H, Ehterami A, Goodarzi A, Rah-
mati M, Ahmadi Lakalayeh G, Ghorbani S, Vaez A, Salehi M. Tetracycline
hydrochloride-containing poly (e-caprolactone)/poly lactic acid scaffold
for bone tissue engineering application: in vitro and in vivo study. Int J
Polym Mater Polym Biomater. 2019;68(8):472-9.

Astaneh ME, Goodarzi A, Khanmohammadi M, Shokati A, Mohandesn-
ezhad S, Ataollahi MR, Najafipour S, Farahani MS, Ai J. Chitosan/gelatin
hydrogel and endometrial stem cells with subsequent atorvastatin injec-
tion impact in regenerating spinal cord tissue. J Drug Deliv Sci Technol.
2020;58:101831.

Ababzadeh S, Farzin A, Goodarzi A, Karimi R, Sagharjoghi Farahani M,
Eslami Farsani M, Gharibzad K, Zahiri M, Ai J. High porous electrospun
poly (e-caprolactone)/gelatin/MgO scaffolds preseeded with endo-
metrial stem cells promote tissue regeneration in full-thickness skin
wounds: an in vivo study. J Biomed Mater Res Part B Appl Biomater.
2020;108(7):2961-70.

Salehi M, Farzamfar S, Ehterami A, Paknejad Z, Bastami F, Shirian S, Vahedi
H, Koehkonan GS, Goodarzi A. Kaolin-loaded chitosan/polyvinyl alcohol



Osanloo et al. BMC Complementary Medicine and Therapies

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

electrospun scaffold as a wound dressing material: In vitro and in vivo
studies. J Wound Care. 2020;29(5):270-80.

Vega-Cézarez CA, Sénchez-Machado DI, Lépez-Cervantes J. Overview

of electrospinned chitosan nanofiber composites for wound dressings.
Chitin-Chitosan-Myriad Funct Sci Technol. 2018:157-81.

Bizarria M, d’Avila M, Mei L. Non-woven nanofiber chitosan/PEO mem-
branes obtained by electrospinning. Br J Chem Eng. 2014;31:57-68.
Arkoun M, Daigle F, Holley RA, Heuzey MC, Ajji A. Chitosan-based
nanofibers as bioactive meat packaging materials. Pack Technol Sci.
2018;31(4):185-95.

Elsabee MZ, Naguib HF, Morsi RE. Chitosan based nanofibers, review.
Mater Sci Eng C. 2012;32(7):1711-26.

Joseph B, Augustine R, Kalarikkal N, Thomas S, Seantier B, Grohens Y.
Recent advances in electrospun polycaprolactone based scaffolds for
wound healing and skin bioengineering applications. Mater Today Com-
mun. 2019;19:319-35.

Abpeikar Z, Javdani M, Alizadeh A, Khosravian P, Tayebi L, Asadpour S.
Development of meniscus cartilage using polycaprolactone and decellu-
larized meniscus surface modified by gelatin, hyaluronic acid biomacro-
molecules: a rabbit model. Int J Biol Macromol. 2022;213:498-515.
Prasad T, Shabeena E, Vinod D, Kumary T, Anil Kumar P. Characteriza-

tion and in vitro evaluation of electrospun chitosan/polycaprolactone
blend fibrous mat for skin tissue engineering. J Mater Sci Mater Med.
2015;26(1):1-13.

Semnani D, Naghashzargar E, Hadjianfar M, Dehghan Manshadi F,
Mohammadi S, Karbasi S, Effaty F. Evaluation of PCL/chitosan electrospun
nanofibers for liver tissue engineering. Int J Polym Mater Polym Biomater.
2017,66(3):149-57.

Mansour A, Romani M, Acharya AB, Rahman B, Verron E, Badran Z. Drug
delivery systems in regenerative medicine: an updated review. Pharma-
ceutics. 2023;15(2):695.

Mo R, Zhang H, Xu'Y, Wu X, Wang S, Dong Z, Xia Y, Zheng D, Tan Q. Trans-
dermal drug delivery via microneedles to mediate wound microenviron-
ment. Adv Drug Deliv Rev. 2023;195:114753.

Liu M, Wei X, Zheng Z, LiY, Li M, Lin J, Yang L: Recent Advances in Nano-
Drug Delivery Systems for the Treatment of Diabetic Wound Healing. Int J
Nanomed. 2023, 18(null):1537-1560.

Farmani AR, Salmeh MA, Golkar Z, Moeinzadeh A, Ghiasi FF, Amirabad

SZ, Shoormeij MH, Mahdavinezhad F, Momeni S, Moradbeygi F, et al. Li-
doped bioactive ceramics: promising biomaterials for tissue engineering
and regenerative medicine. J Funct Biomater. 2022;13(4):162.

Nikam A, Thomas A, Giram P, Nagore D, Chitlange S. Herbal-

based dressings in wound management. Curr Diabetes Rev.
2023;19(4):e010422202937.

Soni S, Namdeo S, Agrawal P, Haider T, Soni V: Novel modalities of deliver-

ing herbal medicines for wound healing: a review. Dermatol Rev. n/a(n/a).

Khazdair MR, GhoraniV, Alavinezhad A, Boskabady MH. Pharmacological
effects of Zataria multiflora Boiss L. and its constituents focus on their
anti-inflammatory, antioxidant, and immunomodulatory effects. Fund
Clin Pharmacol. 2018;32(1):26-50.

Nazaryanpour E, Nejad Ebrahimi S. Phytochemical investigation of meth-

anolic extract of Zataria multiflora Boiss. J Med Plants. 2020;19(75):239-53.

Yazarlu O, Iranshahi M, Kashani HRK, Reshadat S, Habtemariam S,
Iranshahy M, Hasanpour M. Perspective on the application of medicinal
plants and natural products in wound healing: a mechanistic review.
Pharmacol Res. 2021;174:105841.

Nejatbakhsh F, Aghababaei Z, Shirazi M, Mazaheri M, Ghaemi M.
Medicinal plants with abortifacient or emmenagogue activity: a narrative
review based on traditional persian medicine. Jundishapur J Nat Pharm
Products. 2022;17(2):e119559.

Mahboubi M. Therapeutic potential of Zataria multiflora boiss in treat-
ment of irritable bowel syndrome (IBS). J Diet Suppl. 2019;16(1):119-28.
Sodouri M, Alavi NM, Fathizadeh N, Taghizadeh M, Azarbad Z, Memar-
zadeh M. Effects of Zataria multi-flora, Shirazi thyme, on the severity of
premenstrual syndrome. Nurs Midwifery Stud. 2013;2(4):57.

Hashemi SA, Azadeh S, Nouri BM, Navai RA. Review of pharmacological
effects of Zataria multiflora Boiss.(thyme of Shiraz). Int J Med Res Health
Sci. 2017,6(8):78-84.

Amanlou M, Beitollahi JM, Abdollahzadeh S, Tohidast-Ekrad Z. Micona-
zole gel compared with Zataria multiflora Boiss. gel in the treatment of
denture stomatitis. Phytother Res. 2006;20(11):966-9.

(2024) 24:56

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 150f 16

Al-Abodi HR, Al-Shadeedi SM, Al-Alo K, Ghasemian A. Zataria Multiflora
bois as an auspicious therapeutic approach against Echinococcus granu-
losus: current status and future perspectives. Comp Immunol Microbiol
Infect Dis. 2019;66:101335.

Mahboubi MM. Systematic review: The potency of Zataria multiflora Boiss
in treatment of vaginal infections. Infectio. 2018;22(2):76-83.

Kavoosi G. Teixeira da Silva JA, Saharkhiz MJ: Inhibitory effects of Zataria
multiflora essential oil and its main components on nitric oxide and
hydrogen peroxide production in lipopolysaccharide-stimulated mac-
rophages. J Pharm Pharmacol. 2012;64(10):1491-500.

Sajed H, Sahebkar A, Iranshahi M. Zataria multiflora Boiss.(Shirazi
thyme)—an ancient condiment with modern pharmaceutical uses. J
Ethnopharmacol. 2013;145(3):686-98.

Ardekani NT, Khorram M, Zomorodian K, Yazdanpanah S, Veisi H, Veisi

H. Evaluation of electrospun poly (vinyl alcohol)-based nanofiber mats
incorporated with Zataria multiflora essential oil as potential wound
dressing. Int J Biol Macromol. 2019;125:743-50.

Zomorodian K, Saharkhiz M, Rahimi M, Bandegi A, Shekarkhar G, Bande-
gani A, Pakshir K, Bazargani A. Chemical composition and antimicrobial
activities of the essential oils from three ecotypes of Zataria multiflora.
Pharmacogn Mag. 2011;7(25):53.

Sharif Rohani M, Dashtiannasab A, Ghaednia B, Mirbakhsh M, Yeganeh'V,
Vahabnezhad A: Investigation of the possibility use of Zataria multiflora
(Avishan-e Shirazi) essence in control of fungal contamination of cultured
shrimp, Litopenaeus vannamei. 2013.

Farahpour MR, Sheikh S, Kafshdooz E, Sonboli A. Accelerative effect of
topical Zataria multiflora essential oil against infected wound model

by modulating inflammation, angiogenesis, and collagen biosynthesis.
Pharm Biol. 2021;59(1):1-10.

Farahani H, Barati A, Arjomandzadegan M, Vatankhah E. Nanofibrous
cellulose acetate/gelatin wound dressing endowed with antibacterial
and healing efficacy using nanoemulsion of Zataria multiflora. Int J Biol
Macromol. 2020;162:762-73.

Chhabra J, Chopra H, Pahwa R, Raina N, Wadhwa K, Saini S, Negi P, Gupta
M, Singh |, Dureja H, et al. Potential of nanoemulsions for accelerated
wound healing: innovative strategies. Int J Surg. 2023;109(8):2365-77.
Wilson RJ, LiY, Yang G, Zhao C-X. Nanoemulsions for drug delivery. Par-
ticuology. 2022;64:85-97.

Yin J,Fang Y, Xu L, Ahmed A. High-throughput fabrication of silk fibroin/
hydroxypropyl methylcellulose (SF/HPMC) nanofibrous scaffolds for skin
tissue engineering. Int J Biol Macromol. 2021;183:1210-21.

Khaled SA, Burley JC, Alexander MR, Roberts CJ. Desktop 3D print-

ing of controlled release pharmaceutical bilayer tablets. Int J Pharm.
2014,461(1-2):105-11.

Lin C-C, Metters AT. Hydrogels in controlled release formulations:
network design and mathematical modeling. Adv Drug Deliv Rev.
2006;58(12-13):1379-408.

Vanti G, Wang M, Bergonzi MC, Zhidong L, Bilia AR. Hydroxypropy!
methylcellulose hydrogel of berberine chloride-loaded escino-

somes: dermal absorption and biocompatibility. Int J Biol Macromol.
2020;164:232-41.

Osanloo M, Amani A, Sereshti H, Abai MR, Esmaeili F, Sedaghat MM.
Preparation and optimization nanoemulsion of Tarragon (Artemisia
dracunculus) essential oil as effective herbal larvicide against Anopheles
stephensi. Ind Crops Products. 2017;109:214-9.

Yang X, Chen X, Wang H. Acceleration of osteogenic differentiation

of preosteoblastic cells by chitosan containing nanofibrous scaffolds.
Biomacromolecules. 2009;10(10):2772-8.

Osanloo M, Noori F, Tavassoli A, Ataollahi MR, Davoodi A, Seifalah-Zade M,
Taghinezhad A, Fereydouni N, Goodarzi A. Effect of PCL nanofiber mats
coated with chitosan microcapsules containing cinnamon essential oil
for wound healing. BMC Complement Med Ther. 2023;23(1):84.

Uson N, Garcia MJ, Solans C. Formation of water-in-oil (W/O) nano-emul-
sions in a water/mixed non-ionic surfactant/oil systems prepared by a
low-energy emulsification method. Colloids Surfaces A Physicochem Eng
Aspects. 2004;250(1-3):415-21.

Porras M, Solans C, Gonzalez C, Gutierrez J. Properties of water-in-oil
(W/0O) nano-emulsions prepared by a low-energy emulsification method.
Colloids Surfaces A Physicochem Eng Aspects. 2008;324(1-3):181-8.
Tadros T, Izquierdo P, Esquena J, Solans C. Formation and stability of nano-
emulsions. Adv Colloid Interface Sci. 2004;108:303-18.



Osanloo et al. BMC Complementary Medicine and Therapies

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Hama R, Reinhardt JW, Ulziibayar A, Watanabe T, Kelly J, Shinoka T. Recent
tissue engineering approaches to mimicking the extracellular matrix
structure for skin regeneration. Biomimetics. 2023;8(1):130.

LiY,Wang J, Qian D, Chen L, Mo X, Wang L, Wang Y, Cui W. Electrospun
fibrous sponge via short fiber for mimicking 3D ECM. J Nanobiotechnol.
2021;19(1):131.

Vijayan A. CKN, Vinod Kumar GS: ECM-mimicking nanofibrous scaffold
enriched with dual growth factor carrying nanoparticles for diabetic
wound healing. Nanoscale Adv. 2021;3(11):3085-92.

Levengood SL, Erickson AE, Chang FC, Zhang M. Chitosan-
Poly(caprolactone) Nanofibers for Skin Repair. ] Mater Chem B.
2017;5(9):1822-33.

Trivedi MK, Patil S, Mishra RK, Jana S. Structural and physical properties
of biofield treated thymol and menthol. Mol Pharm Org Process Res.
2015;3(2):1000127.

Ibrahim T, Alayan H, Mowaget YA. The effect of Thyme leaves extract on
corrosion of mild steel in HCI. Prog Org Coat. 2012;75(4):456-62.

Kumari S, Kumaraswamy R, Choudhary RC, Sharma S, Pal A, Raliya R,
Biswas P, Saharan V. Thymol nanoemulsion exhibits potential antibacterial
activity against bacterial pustule disease and growth promotory effect on
soybean. Sci Rep. 2018;8(1):1-12.

Shetty GR, Rao BL, Gowda M, Shivananda C, Asha S, Sangappa Y. The
preparation and characterization of silk fibroin blended with low molecu-
lar weight hydroxypropyl methylcellulose (HPMQ). India: AIP conference
proceedings: 2018: AIP Publishing LLC. 2018;1942(1):070032.

Elzein T, Nasser-Eddine M, Delaite C, Bistac S, Dumas P. FTIR study of
polycaprolactone chain organization at interfaces. J Colloid Interface Sci.
2004,273(2):381-7.

Seddighian A, Ganji F, Baghaban-Eslaminejad M, Bagheri F. Electrospun
PCL scaffold modified with chitosan nanoparticles for enhanced bone
regeneration. Prog Biomater. 2021;10(1):6-76.

Zakaria Z, 1zzah Z, Jawaid M, Hassan A. Effect of degree of deacetylation
of chitosan on thermal stability and compatibility of chitosan-polyamide
blend. BioResources. 2012;7(4):5568-80.

Ibrahim M, Osman O, Mahmoud AA. Spectroscopic analyses of cellulose
and chitosan: FTIR and modeling approach. J Comput Theor Nanosci.
2011,8(1):117-23.

Yuan TT, Jenkins PM, DiGeorge Foushee AM, Jockheck-Clark AR, Stahl
JM. Electrospun chitosan/polyethylene oxide nanofibrous scaffolds

with potential antibacterial wound dressing applications. J Nanomater.
2016;2016:25.

Lorenzo JM, Mousavi Khaneghah A, Gavahian M, Marszatek K, Es |,
Munekata PE, Ferreira IC, Barba FJ. Understanding the potential benefits
of thyme and its derived products for food industry and consumer
health: From extraction of value-added compounds to the evaluation

of bioaccessibility, bioavailability, anti-inflammatory, and antimicrobial
activities. Crit Rev Food Sci Nutr. 2019;59(18):2879-95.

Spisni E, Petrocelli G, ImbesiV, Spigarelli R, Azzinnari D, Donati Sarti M,
Campieri M, Valerii MC. Antioxidant, anti-inflammatory, and microbial-
modulating activities of essential oils: Implications in colonic pathophysi-
ology. Int J Mol Sci. 2020;21(11):4152.

Bolaina-Lorenzo E, Martinez-Ramos C, Monledn-Pradas M, Herrera-Kao
W, Cauich-Rodriguez JV, Cervantes-Uc JM. Electrospun polycaprolac-
tone/chitosan scaffolds for nerve tissue engineering: physicochemical
characterization and Schwann cell biocompatibility. Biomed Mater.
2016;12(1):015008.

Fahimirad S, Abtahi H, Satei P, Ghaznavi-Rad E, Moslehi M, Ganji A. Wound
healing performance of PCL/chitosan based electrospun nanofiber
electrosprayed with curcumin loaded chitosan nanoparticles. Carbohydr
Polym. 2021;259:117640.

Mosallanezhad P, Nazockdast H, Ahmadi Z, Rostami A. Fabrication and
characterization of polycaprolactone/chitosan nanofibers contain-

ing antibacterial agents of curcumin and ZnO nanoparticles for use as
wound dressing. Front bioeng biotechnol. 2022;10:1027351.

Hashemi S-S, Mohammadi AA, Rajabi S-S, Sanati P, Rafati A, Kian M, Zarei
Z: Preparation and evaluation of a polycaprolactone/chitosan/propolis
fibrous nanocomposite scaffold as a tissue engineering skin substitute.
Biolmpacts: Bl 2023, 13(4):275.

Saatcioglu E, Ulag S, Sahin A, Yilmaz BK, Ekren N, Inan AT, PalaciV,
Ustundag CB, Gunduz O. Design and fabrication of electrospun

(2024) 24:56

88.

89.

90.

91

92.

93.

94.

Page 16 of 16

polycaprolactone/chitosan scaffolds for ligament regeneration. Eur
Polymer J. 2021;148:110357.

Surucu S, Sasmazel HT. Development of core-shell coaxially electrospun
composite PCL/chitosan scaffolds. Int J Biol Macromol. 2016,92:321-8.
Choudhari M, Damle S, Saha RN, Dubey SK, Singhvi G. Emerging applica-
tions of hydroxypropyl methylcellulose acetate succinate: different
aspects in drug delivery and its commercial potential. AAPS PharmSc-
iTech. 2023,;24(7):188.

Pan P, Svirskis D, Waterhouse GIN, Wu Z. Hydroxypropyl methylcellulose
bicadhesive hydrogels for topical application and sustained drug release:
the effect of polyvinylpyrrolidone on the physicomechanical properties
of hydrogel. Pharmaceutics. 2023;15(9):2360.

Mahmoodi Nesheli M, Khorasani G, Hosseinimehr SJ, Rahmati J, Yavari A.
The effects of Zataria Multiflora cream on split-thickness skin graft donor-
site management: a randomized, blinded, placebo-controlled studly. J
Integr Complement Med. 2022;28(12):948-54.

Dashipour A, Razavilar V, Hosseini H, Shojaee-Aliabadi S, German JB,
Ghanati K, Khakpour M, Khaksar R. Antioxidant and antimicrobial carboxy-
methyl cellulose films containing Zataria multiflora essential oil. Int J Biol
Macromol. 2015;72:606—13.

Nasseri M, Golmohammadzadeh S, Arouiee H, Jaafari MR, Neamati H.
Antifungal activity of Zataria multiflora essential oil-loaded solid lipid
nanoparticles in-vitro condition. Iran J Basic Med| Sci. 2016;19(11):1231.
Mahboubi M, Bidgoli FG. Antistaphylococcal activity of Zataria mul-
tiflora essential oil and its synergy with vancomycin. Phytomedicine.
2010;17(7):548-50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	The wound healing effect of polycaprolactone-chitosan scaffold coated with a gel containing Zataria multiflora Boiss. volatile oil nanoemulsions
	Abstract 
	Aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Material & methods
	Materials
	Synthesis and characterization of nanogel containing Zataria multiflora nanoemulsions (neZM)
	Preparation and characterization of electrospun PCL-CS NFs
	In vivo study
	Study groups
	Macroscopic assessment of the wounds
	Histology study
	Statistical analysis

	Result
	Characterization of neZM and PCL-CS nanofibers
	DLS of neZM
	PCL-CS nanofibers
	FTIR

	Wound size
	Histological analysis

	Discussion
	Conclusion
	Acknowledgments
	References


