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ABSTRACT

Objective(s): Natural component-included scaffolds can provide numerous benefits for skin healing and
tissue regeneration. Nanofibers (NFs) with intricately intertwined three-dimensional structures afford
an exclusive matrix for delivering therapeutics. This research assessed nanofibrous scaffolds loaded with
Achillea wilhelmsii extract (5-15 wt%) for skin tissue engineering.

Materials and Methods: A. wilhelmsii-loaded scaffolds, composed of poly(vinyl alcohol) (PVA) and chitosan
(CS), were fabricated by the electrospinning process. Subsequently, the physicochemical properties of the
scaffolds were evaluated through relevant analyses. The antioxidant activity and degradation rate of the
scaffolds were also determined. Cell viability and scratch assays on dermal fibroblasts were conducted to
assess proliferation and migration activities.

Results: Electron micrographs revealed interconnected fibers with a nano-scale diameter (> 400 nm) and
uniform morphology. Additionally, the intact presence of A. wilhelmsii extract in the polymeric matrix
was confirmed without any undesirable interactions. The proposed scaffolds verified favorable mechanical
properties, a hydrophilic nature, high volume porosity (>90%), and water absorption capability (<500%).
Besides, the findings demonstrated the remarkable radical scavenging ability of A. wilhelmsii extract in the
nanofibrous scaffolds, along with controlled degradation kinetics over 72 h. The viability assay proved that
the A. wilhelmsii-loaded scaffolds not only exhibited no cytotoxicity but also improved cell proliferation. The
scaffolds also significantly accelerated fibroblast migration and complete closure of scratched areas.
Conclusion: At last, the obtained results revealed that A. wilhelmsii-loaded PVA/CS NFs can be applied as a
potential scaffold for skin regeneration and wound healing promotion.
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INTRODUCTION

The skin, as the largest body part in the human,
plays a critical role in safeguarding against bacterial
and viral pathogens, facilitating tactile sensations,
and regulating the body’s thermoregulatory
processes [1, 2]. The human integumentary
system encompasses three primary layers: the
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epidermis, dermis, and hypodermis. These layers
are susceptible to numerous potential afflictions,
including the development of cancerous lesions,
formation of acne, and occurrence of various types
of wounds [3]. Severe and chronic skin injuries,
especially profound woundscan lead to significant
morbidity and mortality [4]. The management of
injuries and wound repair relies heavily on being
timely and efficient. The wound healing process
in humans and animals occurs through a highly
intricate and sophisticated mechanism, comprising
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successive phases of hemostasis, inflammation,
proliferation, restoration, and reconstruction [5,
6]. However, various pathological and pathogenic
conditions can retard and impede the normal
wound healing process.

Noteworthy attention has been focused
on reducing the burden caused by wounds by
discovering novel wound care techniques and
speeding up the healing process. The emphasis
has been on discovering innovative therapeutic
methods and continuously improving technologies
to effectively manage both acute and chronic
wounds [7]. Exploiting wound dressings is one of
the main strategies for preventing infection, and
maintaining the wounds adequately moist [8].
Likewise,wounddressingsshouldbebiocompatible,
non-toxic, non-allergenic, removable, and non-
adherent to the wound. They should also provide
the capability to enhance epidermal proliferation
and migration [9]. Extensively investigated wound
dressings include different types of gauzes,
transparent films, foam dressings, hydrogels, and
hydrocolloids. While each of these options offers
several benefits, certain drawbacks have remained
relatively consistent, such as poor antimicrobial
and mechanical properties [10].

Nanofibers (NFs), a novel type of wound
dressing, have been recognized as a dynamic
class of one-dimensional nanomaterials with
incomparable physicochemical characteristics.
These structures possess high surface-to-area
ratios, porosity, and permeability, enabling them
to absorb moisture and exudate while facilitating
the exchange of oxygen, water, and nutrients [11].
NFs can also function as reservoirs or delivery
systems for loaded therapeutic agents, allowing
them to effectively prevent degradation before
reaching their target sites, thus diminishing
side effects [12]. The electrospun nanofibrous
structures render a distinctive architecture and
mirror biological characteristics similar to the
structure of the extracellular matrix (ECM) [13].
Numerous techniques are available for producing
NFs, with electrospinning having emerged as the
most widely exploited methodology.

Electrospinning is a technique through which
non-woven nanofibrous scaffolds are produced
from a polymer solution by applying an electric
field [14]. Electrospun nanofibrous structures
are predominantly fabricated using natural and
synthetic polymers, or a combination thereof, to
attain boosted properties [14].
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Polyvinyl alcohol (PVA) is one of the most
widely used synthetic polymers for producing
NFs. PVA as a semi-crystalline, hydrophilic,
cytocompatible, biodegradable, easy-to-process
and non-toxic polymer [15, 16], has significant
water permeability [17]. In addition, electrospun
PVA NFs hold great promise for use as drug delivery
carriers and wound dressing applications [18].
Besides, it can be co-polymerized with various
polymers, leading to enhanced physicochemical
characteristics of NFs [19]. Notably, chitosan (CS)
has been documented as a polymer that can
complete this outcome.

CS, a cationic biopolymer derived from
chitin, has garnered interest owing to its unique
structural properties and biological applications.
CS is obtained through the alkaline deacetylation
of chitin [20]. The distinguished attributes of
CS include biocompatibility, biodegradability,
and plasticity, along with its capacity to undergo
hydrolysis within lysosomes, assisting wound
healing. Moreover, this polymer displays
antibacterial activities, enhanced cellular function,
and reduced inflammatory responses during the
process of repairing the affected region [21].
The mechanical properties of CS are remarkably
enhanced through blending with PVA due to their
distinct intermolecular interactions [22].

Nowadays, herbal medicine-derived products
have been employed in treating skin injuries due
to their reasonable therapeutic impacts on wound
healing. Numerous plant species have been
considered for their potential in wound healing
and tissue engineering applications. Among these,
AchilleawilhelmsiiC.Koch (A. wilhelmsii),amember
of the Asteraceae family, is commonly applied as
a traditional medicine. A. wilhelmsii is one of the
most well-known Achillea species, typically found
in Iran and the Middle East. The prominent active
components identified in A. wilhelmsii include
flavonoids, polyphenols, monoterpenes, and
sesquiterpenes [23—25]. Thanks to the high content
of these components, diverse pharmacological
activities have been attributed to them, including
antioxidant, anti-inflammatory, and antimicrobial
properties. As a result, it has been employed
in the treatment of various conditions such as
skin wounds, infections, gastrointestinal ulcers,
hemorrhages, and pneumonia [23]. Despite the
various biological attributes of A. wilhelmsii-
derived products, its oral administration has been
restricted due to several obstacles, including acidic
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and enzymatic degradation, first-pass metabolism,
and poor absorption [26]. Whereas, localized and
controlled delivery systems, such as NFs-based
systems, can overcome these obstacles [27]. In
one study, Achillea millefolium (AM) and Viola
(V) extracts have been considered for emerging
biocompatible CS/PVA electrospun NFs. The
results revealed that Viola extract displayed great
mechanical properties, antibacterial efficacy, and
enhanced wound closure [28].

The present investigation aims to harness
the biological activities of A. wilhelmsii extract in
conjunction with the unique attributes of NFs to
promote skin regeneration and wound healing. To
this end, electrospun NFs, composed of PVA and
CS polymers, loaded with A. wilhelmsii extract
were produced and subsequently characterized
in terms of their physicochemical properties. The
antioxidant activity, degradation rate, and release
profile were then determined. Finally, in-vitro
studies on cell proliferation and cell migration
were conducted to unveil the potential for wound
healing promotion.

MATERIALS AND METHODS
Materials

PVA (Mw = 72 KDa, Hy = 99.5%) and CS
(Mw: 50-190 KDa, 75-85% deacetylated) were
purchased from Sigma-Aldrich (Germany). Acetic
acid, ethanol, dimethyl sulfoxide (DMSO), and
2,2-diphenyl-1-picrylhydrazyl (DPPH, 95%) were
procured from Merck Company (Darmstadt,
Germany). The materials used for cell studies
were obtained from Gibco (Marcg-enBarceul,
France), including Dulbecco’s modified Eagle’s
medium (DMEM) high glucose, fetal bovine
serum  (FBS), 3-(4,5-dimethylthiazol-2-yl-2,5-
diphenyltetrazolium bromide) (MTT), 0.05%
trypsin/EDTA, and phosphate buffer saline
(PBS). All other chemical solvents applied in the
experiments were of analytical grade.

A. wilhelmsii extraction

To prepare a hydro-alcoholic extract by
maceration method [26, 29], the fresh aerial parts
of A. wilhelmsii (stems, leaves, and flowers) were
collected from Kermanshah province of Iran in the
blooming season. The taxonomic identification
was confirmed by a pharmacognostic. First, they
were cleaned, dried in the shade, homogenously
ground, and then immersed in 70% ethanol in a
shaker for 72 hr at 25 °C. The obtained mixture
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was filtered using filter paper Whatman No. 42.
Following, it was dehydrated in a rotary evaporator
at 40 °C for 24 hr. Ultimately, the concentrated
extract was gathered and stored at 4 °C for the
subsequent studies.

Fabrication of A. wilhelmsii-loaded electrospun
NFs

The bare PVA/CS NFs and A. wilhelmsii-loaded
NFs were fabricated by electrospinning technique,
as previously reported [30]. Initially, CS was
dissolved in acid acetic (1 %) at the concentration of
2% w/v, and PVA was dissolved into distilled water
at 10% w/v. Then, they were blended at the ratio
of 80:20 v/v and subjected to electrospinning to
prepare the bare PVA/CS NFs. Similarly, 5-20 wt%
(5, 10, 15, and 20% w/w) of A. wilhelmsii extract
was added to the PVA/CS mixture, and electrospun
fibers were acquired at room temperature (25 °C).

The electrospinning process was set at a
constant flow rate of 1 mL/hr, the electric field
strength was 18 kV, and the needle tip-to-collector
distance was 18 cm. After electrospinning, the
resultant scaffolds were detached from the metal
drum and preserved for further characterization
and experiments.

Diameter and morphology characterization

The diameter and morphological analysis
of the proposed NFs was carried out through
scanning electron microscopy (SEM, DSM 960A,
Zeiss, Oberkochen, Germany). The imaging was
conducted at an accelerating voltage of 30.0 kV
after gold sputtering the surface of the samples.
Besides, Image J software was applied to calculate
the average diameter of samples by measuring
the diameter of 100 randomly selected fibers per
microscopic image.

Infrared spectroscopy analysis

The chemical structure of the extract and its
presence in the NFs were analyzed by Fourier
transform infrared (FTIR) spectrophotometer
(Shimadzu IRAffinity-IS; Shimadzu, Kyoto, Japan).
Spectra was recorded in the absorbance mode
from 400 to 4000 cm™at room temperature.

Antioxidant activity

The antioxidant properties of various samples
including the extract, and extract-loaded NFs
were evaluated by using the scavenging DPPH free
radical technique [31].
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Briefly, altered concentrations of the samples
were dispersed together with 10-4 M DPPH in
4 mL of ethanol. Then, the prepared mixtures
were incubated under shaking in the dark for 60
min at room temperature (25 * 1°C). After that,
the absorbance of the resultant dispersions was
examined by UV-Vis spectrometerat517 nm. Based
on the following equation, the percentage of
antioxidant activity was calculated:

Antioxidant activity (%) = [(Ac - As)/Ac] x 100

where Ac is the absorbance of DPPH solution
without samples, and As is the absorbance of
DPPH solution in the presence of samples.

Wettability, water absorption capacity, and
porosity measurement

The surface wettability of the prepared
nanofibrous mats was measured using the sessile
drop technique with a contact angle meter (G10,
KRUSS, Germany). The proposed scaffolds were
affixed to a glass slide, and 4 pL of distilled water
was dispensed onto the surface of each sample.
Subsequently, imaging was carried outimmediately,
and the contact angle value was measured.

The nanofibrous scaffolds were immersed
in PBS (pH 7.4) at 37 °C to determine the water
absorption capacity. Initially, the dry weight of
the samples (Wd) was measured after specific
incubation times that they were removed from
the medium. Then, they were situated on tissue
paper to drain off the excess water. Following, the
samples were weighed as the wet weight (Ww).
The W was expressed as the water absorption
percentage and calculated in the given equation:

W = [(Ww - Wd)/Ww] x 100%

The prepared scaffolds’ porosity was measured
via the liquid displacement method [32]. To do
so, the volume of a specific amount of ethanol
was initially calculated (V1), and the sample was
then immersed in it. After a 1 hr immersion, the
volume was measured (V2), and the sample was
subsequently eliminated. To end, the volume of the
solution without the sample (V3) was determined,
and the porosity percentage of the samples was
calculated using the following formula:

Porosity (%) = [(V1 - V2)/(V2 - V3)] x 100

Mechanical strength analysis

The mechanical properties of the bare and
loaded scaffolds were analyzed using a tensile
strength tester (Santam, Tehran, Iran). The samples
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with dimensions of 30 x 50 mm? were fixed between
two clamps of the instrument, and the stretching
rate was maintained at 2 mm/min under a load cell
of 10 N. The stress-strain curves were recorded, and
mechanical parameters were determined.

In-vitro degradation study

The degradation of the scaffolds was evaluated
by immersing the samples in a dimension of 3x3
cm?into 50 mL of PBS (0.01 M, pH 7.4). They were
placed in a shaker-incubator under shaking (100
rpm/min) at 37 °C. Then, the samples were omitted
from the solutions at specified times, dried in a
vacuum dryer, and weighed after complete drying.
The degradation rate at each time point was
determined by comparing the weight before and
after the immersion of specimens, as follows:

Weight loss (%) = [(Wi-Wt)/Wi] x 100

where Wi is the initial weight of the samples, and
Wt is the weight after drying at each time point.

Cell viability measurement

The viability of human dermal fibroblast
(HDF) cells, which play a crucial role in cutaneous
wound healing, on the nanofibrous scaffolds was
determined using direct MTT colorimetric assay.
The bare PVA/CS scaffold and PVA/CS scaffolds
containing 5-15 wt% A. wilhelmsii extract were
cut into circular disk shapes of 10 mm in diameter
and sterilized with UV light for 2 hr on each
side. Then, they were layered over the 48-well
culture plates, and HDF cells (10,000 per well)
were seeded on the plates in the DMEM/high-
glucose medium containing 10 % FBS and 1 %
penicillin/streptomycin in a humidified incubator
at 37 °C with 5 % CO,. After that, the plates were
incubated for 24 hr and 48 hr. Likewise, HDF
cells seeded into the wells without any scaffold
were set as the control group. After the elapsed
incubation time, cell mediums were discarded,
the cells were washed with PBS, and 100 pL of 0.5
mg/mL MTT aqueous solution was added to each
well and incubated for 4 hr. Next, the media was
removed, and DMSO was added to dissolve the
purple-colored formed formazan crystals. Finally,
absorbance was measured at 570 nm using a
plate reader and the percentage cell viability was
calculated as follows:

Cell viability (%) = [OD of the test sample/OD of
the control] x 100

In-vitro cell migration assay
Scratch assay was used to assess the fibroblasts’
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capacity for migration and wound closure as one
of the most critical stages of wound healing [33,
34]. To achieve this, HDF cells were cultivated
into a 24-well plate at 50,000 cells/well and then
were incubated at 37 °C for 24 hr to form a cell
monolayer with high confluency (> 80 %). Also, a
serum-free medium holding mitomycin C (5 g/mL)
was added to the wells to inhibit cell proliferation,
the medium was discarded, and the wells were
washed with PBS. Later, the middle of the HDF
monolayer with a micropipette tip was scratched
to create linear wounds with a cell-free zone.
Subsequently, both UV light-sterilized bare and
loaded scaffolds were placed in the wells over the
mediums without touching the cell monolayers.
In addition, the control group was considered
as an untreated monolayer of scratched cells
in the complete medium. The wound closure
rate was observed and photographed using a
light microscope at 0 hr, 24 hr, and 48 hr after
scratching. Finally, the unfilled wound area was
manually estimated by Image J software at the
appointed ftimes. The following formula was used
to determine the rate of wound closure:

Rate of wound closure (%) = [(AO - At)/A0] x 100

AO represents the initial wound, and At represents
the wound at the appointed time.

Statistical analysis
The measured data were described as the

mean + standard deviation (n=3). Statistical
analysis was implemented using one- or two-way
analysis of variance (ANOVA) by GraphPad Prism
9 software. The value of P<0.05 was considered
statistically significant.

RESULTS AND DISCUSSIONS
Diameter and morphological characterizations
Nanofibrous scaffolds can mimic natural
architecture in terms of size and morphology.
In addition, such scaffolds are capable of being
loaded with natural substances to promote
cell activities, e.g., adhesion, proliferation, and
migration. Therefore, an electrospun PVA/CS
scaffold was constructed and loaded with three
amounts of A. wilhelmsii extract. In this regard,
the bare and loaded fibers were microscopically
analyzed, as depicted in Fig. 1. The PVA/CS
scaffold indicated a porous structure having a
uniform morphological structure without beads
with a diameter distribution of 324 + 65 nm (Fig.
1a). After adding A. wilhelmsii fextract (5 wt%),
the uniform and bead-free NFs were shaped, and
the diameter was augmented to an average of
378 £ 70 nm (Fig. 1b). The further addition of the
extract (10 wt%) produced the smooth NFs with a
relatively uniform shape and morphology with a
slightly higher diameter of 395 + 68 nm (Fig. 1c).
Whereas increasing the extract to 15 wt% made
a blend of interconnected flat and ribbon-shaped
NFs with a slightly smaller average diameter and

Fig. 1. SEM micrograph of bare PVA/CS NFs (a) and NFs containing 5, 10, and 15 wt% A. wilhelmsii extract (b-d) with the corresponding
fiber diameter distribution histograms below them (The scale bar was 5 um for a-c and 10 um for d)
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wider size distribution (340 + 88 nm, Fig. 1d). This
outcome could be attributed to the insufficient
viscosity of the electrospinning solution and lower
lentanglement of the polymer’s chains [31, 35].
The higher amount of extracts (>10 wt%) induced
non-hemogenous fibers in formation comprising
the structural faults e.g., beads and drops,
which might lessen the dynamic surface area of
electrospun NFs and touch the release profile
[36, 37]. As a result, using higher amounts of the
extract (> 15 wt%) resulted in the generation of
weaknesses in fiber morphology and diameter,
which is why these conditions were not selected
for further experiments.

FTIR characterization

The chemical structure of the materials used in
the scaffolds and presence of A. wilhelmsii fextract
were inspected by FTIR spectroscopy (Fig. 2).
The spectrum of bare PVA/CS NFs indicated the
characteristic peaks related to the functional
groups of PVA and CS polymers at 842 cm™, 1091
cm?, 1249 cm?, 1730 cm-}, 2910 cm™, and 3280
cm?, assigned to the C-C, C-0, C-N, C=0, C-H,
and O—H bonds, respectively [30, 34]. Though the
spectra associated with CS may be disappeared in
PVA spectra, the polymers did not have a negative
effect on each other and stayed intact during
the process [30]. Moreover, A. wilhelmsii extract
appeared to have typical absorbance peaks
derived from the accessible compounds, mostly
terpenoids and flavonoids, at 1060 cm® (C-O
stretching), 1267 cm?® (C-N stretching), 1384
cm™ (—-CH3 bending), 1622 cm™ (C=0 stretching),
2926 cm™ (—CH scratching), and a broad peak at
3200-3600 cm™ relating to overlapped N-H and
O-H scratching bonds [27, 35]. By integrating A.
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wilhelmsiiextractin PVA/CSscaffold, the noticeable
distinctive peaks of the extract and PVA/CS NFs
appeared in the spectrum with a minor shift in
peaks and the change in their intensities [26, 38].
It is perhaps attributed to the physical association
between the functional groups of polymers and the
extract components. These results imply fthe intact
presence of polymers and the extract in the matrix
of the NFs without any undesirable nteraction.

Antioxidant activity

Oxidative stress and oxidant free radicals
are predominantly involved in decelerating and
impairing wound healing and tissue regeneration
processes, principally in chronic non-healing
wounds [39]. Hence, antioxidant components
can support the control of these processes
by cleansing and inactivating reactive oxygen
species (ROS) [40]. As shown in Fig. 3, the free
A. wilhelmsii extract showed DPPH scavenging
activity of 41% to 93% at 25-400 pg/mL. The
average scavenging activity of A. wilhelmsii-loaded
nanofibrous scaffolds (5 wt%) was around 24-65%
with a statistically significant difference compared
to the free extract. Moreover, the extract-loaded
NFs (10 wt%) provided 38% scavenging activity
at 25 ug/mL and reached a peak of 79% at 400
ug/mL, indicating the extract was incorporated
into the scaffold. At the same concentrations, the
extract-loaded NFs (15 wt%) supplied 39-86 %
antioxidant activity without statistical difference
compared to the free extract and the loaded
NFs (10 wt%) (P>0.05). These findings confirmed
the remarkable radical scavenging capability
of A. wilhelmsii extract, also preserved in the
nanofibrous scaffolds. The antioxidant activity is
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Fig. 2. FTIR spectrum of bare PVA/CS scaffold (a), A. wilhelmsii fextract (b), and A. wilhelmsii-loaded PVA/CS scaffold (c).
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Fig. 3. DPPH radical scavenging activity of A. wilhelmsii extract and the PVA/CS scaffolds containing 5, 10, and 15 wt% extract
(* represents P<0.05, ** represents P<0.01)

attributed to the bio-compounds present in the
extract, such as trans-carveol, linalool, camphor,
etc., that enable the inhibition and deactivation
of oxidative stress reactions generated by ROS
during wound healing process [23, 39, 41, 42].
Antioxidant features of natural compounds can be
associated with oxidation prevention mechanism
of bioactive molecules’” and consequently, confer
remarkable defense against stress linked to
syndromes [43]. Antioxidant compounds in a
reasonable concentration can also considerably
speed up wound healing process [44].

Porosity %

vad /o) Jo) Jo)
@ R S RCE
M% 5 w«ﬁ db@fs o
ot | ot o
¥ s e o st
N il (et et
[
800
610625
600
-
£
=
2
400
5'400—
= 326)
5 23
]
=
200

Porosity,
capability
Adesirable scaffold for wound healing purposes
should possess high porosity to allow permeability
for the diffusion of oxygen and nutrients as well
as facilitate cellular infiltration, proliferation, and
migration [45]. The porosity measurement of bare
PVA/CS scaffolds clarfied an average value of 95 %,
while the loading of 5, 10, and 15% A. wilhelmsii
ﬁextract resulted in the value of 93.6%, 92.1%,
and 90.1% porosity of the total scaffold volume,
respectively (Fig. 4a). These results endorsed the
high porosity of scaffolds and the extract loading
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Fig. 4. The percentage of porosity (a), value of water contact angle (b), and water absorption capacity (c) of bare and A. wilhelmsii-
loaded scaffolds (Average values are indicated above the columns).
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had no significant impact on the amount of
porosity. Likewise, SEM images indicate the nano-
scale pore size with high interconnection desirable
for the permeability of gases/nutrients and tissue
regeneration.

The surface hydrophilicity of the nanofibrous
scaffolds is of paramount importance, as it
influences cell adhesion, proliferation, and
spreading, along with the absorption of wound
fluids/exudates and control of moisture loss during
wound healing [39, 40]. Moreover, wettability of
wound dressing is an essential part of conserving
tissue moisture during healing process of a
wound [46]. As an indicator of hydrophilicity, the
contact angle of scaffolds was measured, and
the relevant values were presented in Fig. 4b.
The bare scaffold exhibited a contact angle of
17.4 + 3.19, indicating the scaffold surface’s high
wettability and hydrophilic nature. Further, the
loading of A. wilhelmsii extract slightly increased
the contact angle values to reach 24.1 + 2.89,
25.5 +3.29, and 25.6 * 3.62 after 5, 10, and 15 %
extract, successively. Also, all scaffolds’ contact
angles reached 09 after 10 s. Although the extract
inclusion into scaffolds elevated the contact
angle value, they were not statistically significant
compared to the bare scaffold.

Fig. 4c depicts the water absorption capability
of the obtained scaffolds. The bare PVA/CS scaffold
revealed that water uptake was about 275% after
1 hrimmersion and 625% after 48 hrimmersion. In
comparison, the extract-loaded scaffolds (5-15%)
showed roughly 250% water uptake and reached
576%, 561%, and 555% after 48 hr immersion,
respectively. This characteristic of the nanofibrous
scaffolds suggests that they could absorb a high
content of secretions/exudates and maintain
moisture at the wound site [47, 48].

Owing to hydrogen bonding amid polymeric
chains and water, the most hydrogel fibers
containing CS and PVA exhibited high water
absorbency [46, 49]. The aqueous functional
groups in the structure of CS/PVA, for instance
amine (NH2), hydroxyl [-OH], and amide (—-CONH-,
—-CONH2) could boost swelling degree of NFs [50].

Mechanical properties

Wound dressing materials would possess
sufficient mechanical properties, especially tensile
strength, to ensure structural integrity during
usage. Thus, the analyses were accomplished
to evaluate the effect of the incorporation of A.
wilhelmsii extract on the mechanical property, as
shown in Fig. 5. The bare PVA/CS scaffolds show
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Fig. 5. Representative stress versus strain curve of the obtained
nanofibrous scaffolds

that the average values of 11.2 MPa, 6.2 MPa and
55.8 % for tensile modulus, ultimate tensile stress,
and strain, respectively, while the subsequent
values after adding 5 wt% extract were 7.5 MPa,
5.1 MPa, and 68.1%. The addition of the extract
(10 wt%) caused the reduction of ultimate tensile
stress and strain to average values of 3.9 MPa and
32.3 %, though these values indicate favorable
strength and tensile for cutaneous wound
healing application [41]. In addition, the greater
incorporation of the extract (15 wt%) resulted in
more reduction in the mechanical parameters.
This could result from the disruption of the
scaffold network by reducing chain entanglements
and altering the formation of physical interactions
between the functional groups of the extract and
the polymer chains [30, 42].

In-vitro degradation studies

The in-vitro degradation rate of the scaffolds
is shown in Fig. 6. The bare PVA/CS scaffold loses
34%, 49%, 67%, and 95% of its initial weight
after 12 hr, 24 hr, 48h, and 72 hr, respectively,
possibly due to the surface/bulk erosion of matrix
and hydrolytic cleavage of the polymeric chains
[51, 52]. A. wilhelmsii-loaded scaffolds (5 wt%)
degraded 42% of its initial weight in just 12 hr and
close to complete degradation (96%) after 72 hr
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Fig. 6. Degradation behavior of bare PVA/CS scaffolds and A.
wilhelmsii-loaded scaffolds at the different incubation times
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incubation, albeit with no statistical difference
compared to the bare scaffold. The earlier
degradation in the case of the loaded scaffolds (10
wt%) was observed to be 52.7% and 92% after 12
hr and 48 hr, respectively. At the same time, the
rate of degradation was further accelerated for
the loaded scaffolds containing 15 wt% extract
and reached the peaks of 62.4% and 98%, which
was insignificant compared to the 10 wt% extract-
loaded scaffolds. Although the scaffolds covering
the high content of the loaded extract (10 and
15 wt% extract) exhibited a higher degradation
rate, possibly thanks to [dropped polymer chain
entanglements and enriched diffusion rate, all
scaffolds were just about completely degraded
after 72 hr in the controlled manner. Furthermore,
this would be owing to more density of chemical
binding between crosslinker and amine groups of
CS and leads to gentler depolymerization [53].

Viability evaluations of cutaneous fibroblasts
The viability of HDF cells directly exposed
to the scaffolds was determined at 24, 48, and
72 hr incubation, as shown in Fig. 7. First and
foremost, the bare and loaded scaffolds not only
had no cytotoxic effect but could also enhance
cell viability and proliferation. Cells grown on the
bare PVA/CS scaffold revealed a slightly increased
viability (= 10%) compared to the control group
after the three-time points. At 24 hr incubation,
the cell viability was augmented to about 114%
for 10 and 15 wt% extract-loaded scaffolds, more
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than the control group. The results on the 48 hr
incubation indicated the increasing growth of
the cells so that the scaffold containing 5 wt%
extract led to 110% viability, and even more cell
growth (> 120%) appeared by the 10 wt% and
15 wt% extract-loaded scaffolds. Besides, no
statistical difference was observed between the
two scaffolds of 10% and 15 wt% extract, while a
significant difference was for 5 wt% extract-loaded
scaffold and particularly with the bare scaffold
and control group. Likewise, at 72 hr incubation,
cell proliferation reached 130% and 132% for 10%
and 15wt% extract-loaded scaffolds, respectively.
Therefore, A. wilhelmsii-loaded scaffolds with the
concentrations of 10 wt% and 15 wt% exhibited
excellent cell compatibility and enhanced the
proliferation of dermal fibroblasts, which play
a significant role in wound healing process. No
significant variance was perceived in the cell-
spreading zone among different incubation times
based on the live/dead staining results. This
outcome could be ascribed to the presence of
growth-stimulating bioactive compounds in the
extract [25, 54, 55].

In-vitro wound healing capability

The scratch assay was conducted to monitor
the influence of the scaffolds on promoting
the migration of HDF cells involved in wound
healing. As exhibited in Fig. 8a, after 24 hr, 41%
of the scratched area was filled with the cells
and reached 65.8% after 48 hr so that a distinct

Xk k%
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A. wilhelmsii-PVA/CS NFs (10 wt%)

= A wilhelmsii-PVA/CS NFs (15 wt%)

o

Fig. 7. Cell viability and proliferation of HDF cells on the prepared scaffolds at the different incubation times (*, **, ***, and ****
indicate P<0.05, P<0.01, P<0.001, and P<0.0001, respectively)

118

Nanomed J. 12(1): 110-121, Winter 2025



O. Tavallaei et al. / Wound healing by achillea wilhelmsii extract-loaded NFs

Control

0Oh

5 % Extract-NFs

10 %% Extract-NFs 15 % Extrac

24h

Y- |
s <

Rate of wound closure (%)
B oW s o,

o33
e

= Control

6= A wilhelmsii-PVAICS NFs (5 wt%)
- A willelmsii-PVA/CS NFs (10 wt%)
A wilhelmsii-PVA/CS NFs (15 wt%)

T T T
0 12 24 36
Incubation time (h)

T
48

Fig. 8. a) Migration into a scratch area of dermal fibroblasts in the presence of nanofibrous scaffolds containing 5-15 wt% A. wilhelmsii
extract relative to control group (without scaffold) over a 48 hr period (The resulting cell fronts are plotted in red); b) Quantitative
wound closure relative to incubation time

zone remained free of the cell. The micrographs
demonstrate that the scaffolds containing 5 wt%
A. wilhelmsii extract stimulated cell migration
and filled nearly 50% and 68% of the cell-free
zone at 24 hr and 48 hr incubation, respectively,
which was not significantly higher than those
in the control (Fig. 8b). Particularly, the scaffold
containing 10 wt% extract induced remarkable cell
migration, resulting in 79% wound closure at 24 hr
and the scratching gap was closed entirely after 48
hr. Likewise, 15 wt% extract-loaded scaffolds led to
72.5% after 24 hr and reached close to complete
closure (95%) after 48 hr. The highest percentage
of wound closure was observed in 10 wt% extract-
loaded scaffolds, however, there was a significant
difference with the control and 5 wt% extract-
loaded scaffolds, as well as was no significant
difference with 15 wt% extract-loaded scaffolds
(Fig. 8b).

HDF migration is a crucial aspect of the healing
of skin wounds and the formation of new tissue
[56]. Thus, A. wilhelmsii contained the critical
components that were liberated sustainably from
the scaffolds capable of inducing cells to migrate in
the wound area [57, 58]. The proposed scaffolds,
specifically those containing 10 wt% A. wilhelmsii
extract, could potentially lessen the inflammatory

Nanomed J. 12(1): 110-121, Winter 2025

phase, enhance the proliferation phase, and
promote the migration process.

CONCLUSION

The nanofibrous scaffolds composed of PVA/CS
containing various contents of A. wilhelmsii extract
were established for improving wound healing
promotion. The electrospun-loaded scaffolds
pointed out a nano-scale organized fibrous
architecture with uniform morphology. Also, the
relevant characterizations endorsed appropriate
loading of A. wilhelmsii extract into the scaffold
along with high porosity, water absorption,
hydrophilicity, and mechanical strength. Besides,
the controlled degradation over several days and
the remarkable free-radical scavenging efficacy
of scaffolds were verified. The viability studies
affirmed the cytocompatibility and capacity to
stimulate the proliferation of dermal fibroblasts.
Also, the wound healing capability was specified
with a significant accelerating fibroblast migration
and comprehensive closure of scratched areas.
As a result, this study offers the potential use
of A. wilhelmsii extract-loaded PVA/CS NFs as
a multifunctional scaffold for effectual wound
healing applications.
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