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Abstract

Wound healing is a complex process and one of the major therapeutic and economic
subjects in the pharmaceutical area. In recent years, the fabrication of nano-sized
wound dressing models has attracted great attention for tissue regeneration. Plant
extracts loaded nanoparticles are environmentally friendly and non-toxic and the
release of the bioactive substance will be controlled to the wound area. This study
aims to fabricate wound dressing models that contain bioactive components for tis-
sue regeneration. Fungal chitosan/polycaprolactone nanofiber was fabricated by
electrospinning and it has been characterized. Plant extracts loaded nanoliposomes
were prepared, characterized, and embedded in nanofiber structures. The effective-
ness of wound dressing models for tissue regeneration was evaluated by in vitro and
in vivo studies. It was observed that all wound dressing models positively affect the
cell viability of human dermal fibroblast cells. It was determined that plant extracts
loaded nanoparticles embedded in nanofibers increased in cell viability than nanopar-
ticles that were non-embedded in nanofiber structures. Histological analysis showed
that plant extract-loaded nanoliposomes embedded in chitosan/PCL nanofibers were
used for tissue regeneration. The most effective nanofibers were determined as Wd-
CINL nanofibers.

Research Highlights

e Hypericum perforatum L. and Cistus laurifolius L. were prepared by modified ultra-
sonic extraction method.

e Fungal chitosan/polycaprolactone nanofiber was fabricated by electrospinning
and it has been characterized.

e Plant extract-loaded nanoliposomes were prepared, and characterized.

e They were embedded in chitosan/polycaprolactone nanofiber.

e Effects of the wound dressing model were analyzed by in vitro and in vivo assays

for tissue regeneration.
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1 | INTRODUCTION

Wound healing is a complex process that consists of a sequence of
molecular and cellular cases to tissue regeneration. It involves the
spatial and temporal synchronization of a variety of cell types with
distinct roles in the phases of inflammation, proliferation (neo-angio-
genesis, granulation, re-epithelialization), and maturation (extracellular
matrix [ECM] remodeling) (Broughton et al., 2006; Gonzalez
et al., 2016; Rodrigues et al., 2019; Vargas et al., 2010). Wound heal-
ing is one of the major therapeutic and economic subjects in the phar-
maceutical area (Schreml et al., 2010) Although new products related
to wound healing are constantly being developed there is no concur-
rence on the properties of an ideal wound dressing for tissue regener-
ation (Dorai, 2012; Maver et al., 2015; Pereira & Bartolo, 2016). In
recent years, the production of nano-sized wound dressing models
from biopolymers by electrospinning method has great attention
(Chen et al., 2017; Ravichandran et al., 2022; Subbiah et al., 2005).

Electrospinning is a simple, effective, versatile, and widely used
technique that allows the production of nanosized fibers from differ-
ent polymers depending on the properties of the polymer and proces-
sing conditions (Huang et al., 2003; Ramakrishna et al., 2005). In this
study, fungal chitosan which is a natural, antimicrobial, biodegradable
biopolymer, and polycaprolactone (PCL) which is biocompatible were
used to electrospun nanofiber webs for wound dressing applications.

Medicinal and aromatic plants have been used in ancient times
for food, cosmetic purposes, and medicinal properties. Many recent
studies have focused on therapeutic agents that can be obtained from
natural sources for the treatment of wounds due to their low risk of
side effects (Agyare et al., 2014; Budovsky et al., 2015; Palamthodi &
Lele, 2014). Among these plants are Hypericum perforatum L. and Cis-
tus laurifolius L. which have medical importance and are convention-
ally used and were selected in this study for the increase in wound
healing efficacy (Adams & Graves, 2013; Eroglu et al., 2019; Sadhu
et al., 2006; Suntar et al., 2010). Cistus spp. are rich in bioactive com-
ponents such as flavonoids, polyphenols, and terpenoids and these
compounds are anti-inflammatory, antibacterial, antifungal, antiviral,
analgesic, antitumoral, and wound healing (Barros et al., 2013; Benali
et al, 2020; Ehrhardt et al., 2007; Kipeli et al, 2006; Sayah
et al., 2017; Stepien et al., 2018). H. perforatum L. which is commonly
used to accelerate the healing of tissue regeneration has been proven
by studies to have a positive effect on wound healing. Also, one of
the promising ways to promote bioactive components' efficacy is to
bring them to the nanostructures, control their release in the form of
sustained delivery systems to the wound site, and enhance permeabil-
ity. Plant extracts and their bioactive compounds which are used in
nanoformulations have demonstrated high activity in the treatment of
wounds in previous studies (Hajialyani et al., 2018). Different types
of nanosized lipid-based drug delivery systems showed better applica-
bility and enhanced skin penetration in wound healing therapy com-
pared with conventional treatments. Their applications show potential
for overcoming impediments in wound healing (Matei et al., 2021).

In this study, electrospun fungal chitosan/PCL nanofiber struc-

tures (Wd) were fabricated and H. perforatum L. and C. laurifolius

L. extracts loaded nanoliposomes and they were embedded in nanofi-
ber webs to increase tissue regeneration. Although electrospinning of
chitosan/PCL was previously studied, the fungal chitosan obtained
from R. oryzae in our previous study was used for the first time for the
fabrication of electrospun nanofibers in this study. Also, no study has
been found on H. perforatum L. and C. laurifolius L. plant extracts
loaded nanoliposomes embedded in nanofibers, and this study
focused on the controlled delivery of wound healing agents to wound
healing treatment. The effectiveness of wound dressing models for

tissue regeneration was evaluated by in vitro and in vivo studies.

2 | MATERIALS AND METHODS

21 | Animal ethics statement

The present study was conducted in compliance with the Animal Wel-
fare Act, the implementing Animal Welfare Regulations, and the prin-
ciples of the Guide for the Care and Use of Laboratory Animals,
National Research Council. The study protocol was approved by the
Animal Ethics Committee of Afyon Kocatepe University (number
49533702/175).

2.2 | Extraction of plant material

H. perforatum L. and C. laurifolius L. were collected from the Sandikli-
Afyonkarahisar region (Turkey) in June 2021. Prof. Dr. Mustafa Kar-
gioglu in Afyon Kocatepe University, Faculty of Science and Letters,
Department of Molecular Biology and Genetics. The aerial part of
H. perforatum L. and leaves of C. laurifolius L. were dried and they
were turned into a fine powder by a mill. The modified ultrasonic
extraction method was used to prepare plant extract. 30 g powdered
each of H. perforatum L. (Hp) and C. laurifolius L. (Cl) were prepared
with 400 mL MeOH and ultrasonicated for 1 h, at room temperature
(Latiff et al., 2021). The available aqueous extract was filtered through
Whatman filter paper No. 1. Solvents in the extracts were evaporated
in a rotary evaporator (Heidolph) at 40°C and followed by freeze-
drying.

2.3 | Fabrication of electrospun fungal chitosan/
PCL-based nanofiber

The chitosan of R. oryzae obtained from our previous study (AFSU-
BAP Project No. 19. TEMATIK. 005) was used for the fabrication of
electrospun nanofibers (Erdogmus et al., 2023). In this procedure: 2%
fungal chitosan /EDTA (2:1) and 12% PCL 3:7 were prepared in tri-
fluoroethanol (TFE) solutions were stirred on a magnetic stirrer over-
night to obtain a homogenous polymer solution) (Dhandayuthapani
et al., 2010; Levengood et al., 2017). The electrospinning conditions:
flow rate (mL/h): 0,30, voltage (kV): 20, spinnerette-collector distance
(mm): 200, drum speed (rpm): 55, and oscillation range (mm): 20.
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The morphology of the fungal chitosan/PCL nanofiber was ana-
lyzed by scanning electron microscopy (SEM). The samples were
sputter-coated with gold for 30 s at 100 mA before imaging with an
LEO 1430 VP SEM (Carl Zeiss AG, Jena, Germany) at an accelerating
voltage of 20 kV. The diameter of the electrospun fibers was deter-
mined from SEM images.

24 | Preparation of nanoliposomes and
characterization

Plant extracts loaded nanoliposomes were prepared according to
Khoshraftar et al. (2020). In this assay: 30 mL of ethanol (96%) with 1 g
of phosphatidylcholine was continuously stirred at 50°C for 1 h until
the complete dissolution of lecithin was achieved. The solvent was then
evaporated by a rotary evaporator (Heidolph, Germany). Each plant
extract (1.5 g) was dissolved in 36 mL of phosphate buffer at ambient
temperature and it was mixed with the sample (phosphatidylcholine
layer). Then, the prepared nanoliposomes were sonicated in an ultra-
sonic bath for 2 min at 40°C and it was dried in the oven dryer at 60°C
for 48 h. The characterizations of nanoliposomes were analyzed by
SEM, dynamic light scattering method (DLS), and Zeta potential. The
mean particle size and polydispersity index (PDI) were measured
(Khoshraftar et al., 2019). To extract loaded nanoliposomes embedded
in nanofiber webs, 1% plant extract loaded nanoliposomes were sprayed
into fungal chitosan/PCL nanofiber webs and dried in ambient condi-
tions, and washed with dH,O. SEM analysis was performed to deter-

mine whether the nanoliposomes were embedded into the nanofibers.

2.5 | Invitro release test

Firstly, plant extracts were dissolved in PBS buffer at different con-
centrations, and the absorbances were measured with a UV spectro-
photometer and a standard calibration curve was prepared. To
examine the release profiles of plant extract loaded nanoliposomes
embedded in nanofiber groups were cut into squares with 1 cm x
1 cm and placed into tubes that contained PBS buffer (pH:7.4) and
incubated in a water bath at 37°C. Samples were taken from the
medium at certain time intervals (0, 10, 20, 30, 40, 60, 80, 100,
120, 140, 160, 180, 200, 220, and 240 min) and absorbance was mea-
sured by UV- spectrophotometer (Cesur, 2022).

2.6 | Swelling test

The dry weight of the nanofibers (Wg4) was measured for the determi-
nation of swelling (%). The nanofibers were placed in tubes that con-
tained phosphate-buffered saline (PBS, pH 7.4) and kept in a water
bath at 37°C. At certain time intervals (0, 10, 20, 30, 40, 60, 80, 100,
120, 140, 180, and 220 min), the nanofiber samples were removed
from the PBS, and the excess water was removed with the help of fil-

ter paper and weighed again (W,,). Determination of the percent
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swelling of nanofiber was calculated according to Equation (1)
equation (Ahamed & Sastry, 2011).

%Swelling = [(Wy —Wq4) /W] x 100, (1)

2.7 | Invitro biocompatibility test of wound
dressing models

The biocompatibility of the fungal chitosan/PCL nanofiber and plant
extract-loaded nanoliposomes embedded in nanofiber groups were
assessed by MTT  3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide) cell proliferation on human dermal fibroblast cell
line (HDFa, ATCC, PCS-201-012). Firstly, all nanofibers were cut into
squares with 1 cm x 1 cm, placed into 24-well cell culture plates, and
sterilized by UV light at 2 h. For stabilization, samples were left in the
cell culture medium at 37°C overnight before cell seeding. HDFa cell
lines were seeded onto the nanofibers at a density of 2 x 10 cells/
well for each sample. The culture plates were incubated for 24 and
48 h in a CO, incubator (5%) at 37°C. After the incubation period,
MTT reagent (10% v/v) was added directly onto the nanofibers con-
taining well plates and incubated for 3 h. The formed formazan crys-
tals were dissolved in (0.5% v/v) DMSO. The absorbance was
measured at 570 nm by Gen5 Biotech® Microplate Reader. The
medium was used as negative control and considered 100% viable. All
experiments were performed in triplicate and under aseptic condi-
tions. The biocompatibility of the nanofiber matrices was expressed
as cell % viability, which was calculated from the ratio between the
number of cells treated with the nanofibers. Twenty measurements

assayed each nanofiber variant (Demirci et al., 2020).

2.8 | Design of animal experiments

For the in vivo experiments, male Wistar albino rats weighing 250-
300 g were used. They were randomly separated into six groups of nine
in each group. The design of the animal groups is shown in Table 1. The

TABLE 1 Design of experimental animal groups.

Group

codes Burned treatment

NC Untreated

PC Treated by Tegaderm

WD Treated by chitosan/PCL nanofiber

WD-CINL Treated by C. laurifolius L. extract-loaded
nanoliposomes embedded in chitosan/PCL
nanofiber

WD-HpNL Treated by H. perforatum L. extract-loaded
nanoliposomes embedded in chitosan/PCL
nanofiber

WD- Treated by C. laurifolius L. and H. perforatum L.

CIHpNL extract-loaded nanoliposomes embedded in

chitosan/PCL nanofiber
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untreated group was used as the negative control and commercially

available wound dressing (Tegaderm) was used as the positive control.

2.9 | Creation of burn wounds

Rats were anesthetized with 40 mg/kg of ketamine ve 87 mg/kg of
xylazine. The second-degree burn wound model was performed by
exposing the shaved buckskin of anesthetized animals to hot water.
For this procedure, a 1 cm diameter metal plaque was kept in hot
water at 94 + 1°C for 60 s then applied on the backs of rats and held
for 15s to burn the wound model (Khodja et al, 2013; Uhl
et al., 2001). After the formation of standard, second-degree burn
wounds, each nanofiber was applied to the burned areas. They were
housed in a sterilized cage with a 12 h light/dark cycle and at a con-
stant temperature (25 +°C) and humidity (60 + 5%). During the
change of the wound dressing (Table 1) on the 1st, 3rd, 7th, 14th,
21st, and 24th days, the wound areas were imaged to calculate the
wound width by the Image J program. Equation (2) was used to calcu-
late the rate of wound closure (Walker & Mason, 1968).

Wound area% = [(Wound areagn day) /Wound areameasuredonday 1] x 100, (2)

Wound healing percentage = 100 - the percentage of the
wound area.

2.10 | Histopathological study

Tissue samples were taken from each treatment model for histological
observation on the 1st, 3rd, 7th, 14th, 21st, and 24th days by full-
thickness skin biopsies, and the degree of healing was evaluated. All
biopsy specimens were 3-mm punched. Biopsies are divided into two
halves for ultrastructural studies. In all cases, the dissection was car-
ried out at the end of the healing phase. The skin tissues were fixed
with 10% formalin. After fixation, samples were embedded in paraffin,
cut into 5 um frozen sections with a cryostat microtome (Leica
RM2245; Leica, Heidelberg, Germany), and then stained with
hematoxylin-eosin reagent (Pachuau, 2015). The histopathologic
examination was performed under a microscope (Nikon Ci-S micro-
scope, Nikon DS-Fi3 camera, NIS-Elements D image analysis). Inflam-
mation, re-epithelialization, neovascularization, ulcus, scar, and
collagen accumulation were evaluated. No finding (—) was scored as
0, partial/poor (+) was scored as 1, completed but immature or mild
(++4) was scored as 2, completed and mature/moderate (++4-+) was

scored as 3, and significant (++++) was scored as 4.

211 | Statistical analysis
Statistical analysis was carried out using the SPSS 22 statistical soft-
ware program. The one-way ANOVA test was used to evaluate the

research findings. The Duncan test was used to compare statistically

different outcomes. The statistical significance level of <0.05 was

accepted.

3 | RESULTS

3.1 | Fabrication of electrospun chitosan/PCL-
based nanofiber

The image of the electrospun fungal chitosan/PCL nanofibers by the
SEM analysis is given in Figure 1. It was determined that the nanofiber
structure was uniform morphological structure, resistant to shrinkage,
flexible, and can be easily removed from the surface on which it is

formed, without breaking down.

3.2 | Preparation of nanoliposomes and
characterization

The nanoliposomes that loaded H. perforatum L. extract (HpNL), and
C. laurifolius L. extract (CINL) were obtained and they were character-
ized by SEM, dynamic light scattering method (DLS), and zeta poten-
tial. The images of nanoliposomes are shown in Figure 2.

Particle size and distribution are some of the most important
characteristics of nanoparticular systems. This feature determines
the targetability, toxicity, stability of nanoparticles, drug loading
capacity, and drug release of nanoparticular systems. The zeta
potential is important in assessing the stability of colloidal distribu-
tions. The higher the zeta potential, the better the stability of the
colloidal distributions. Colloidal particles adsorb ions in the disper-
sion medium. They are positively and negatively charged. Depending
on whether each particle is positively or negatively charged, it can

be surrounded by ions in the opposite direction. The results of the

DLS analysis of nanoliposome structures are shown in Figure 3. CINL

N ,
JR Signal A = SE1 Mag= 10.00KX
P WD = 13mm EHT =20.00 kV

Isg

FIGURE 1 The image of the electrospun fungal chitosan/PCL
nanofibers by SEM analysis.
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FIGURE 3 The results of DLS analysis for CINL (a) (PDI = 0.51) and HpNL (b) (PDI = 0.59).

and HpNL structures' average sizes were determined as 80 nm and
63.7 nm, respectively. The polydispersity index (PDI), which means
heterogeneity distribution, was determined. The zeta potential of
CINL and HpNL were determined as —27.9 and — 20 mV and are
shown in Figures 4 and 5.

3.3 | Arrangement of herbal extracts loaded
nanoliposomes embedded in nanofibers

After CINL and HpNL were characterized they were embedded in the
electrospun fungal chitosan/PCL nanofiber webs to increase tissue
regeneration. When the results of the SEM analysis (Figure 6) were
examined, it was seen that plant extract-loaded nanoliposomes were

embedded in nanofiber structures.

3.4 | Invitro release and swelling test
Determination of in vitro release profiles of CINL, HpNL, and HpCINL
embedded nanofibers calibration curves of plant extract were deter-
mined (Figures S1 and S2). In vitro release profiles of CINL, HpNL, and
HpCINL embedded nanofibers are shown in Figure 7. According to
the results of in vitro release profiles, the rapid plant extract release
was determined within the first 30 minutes, and then a slower and
more controlled release rate was observed. The release profile of
nanofibers showed close values within the first 20 minutes and differ-
ences were observed in these values over time. It was determined
that the extract released from the HpNL-embedded nanofiber
released higher extracts than other nanofibers.

The results of the swelling ratios of nanofibers are shown in
It has been observed

Figure 8. that plant extract-loaded
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Zeta Potential (mV): -279 Temperature (°C): 25,0

ZetaRuns: 3 FIGURE 4 The zeta potential results

Zeta Deviation (mV): 6,19  CountRate (kcps): 160,1 Measurement Position (mm): 2, of CINL.

Conductivity (mS/cm): 0,06¢ Cell Description: Clear disposable zeta

Result quality :

Zeta Potential Distribution
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FIGURE 6 The image of plant extract-loaded nanoliposomes
embedded in the nanofiber structure.

FIGURE 7 Invitro release profiles of CINL, HpNL, and HpCINL
embedded nanofibers.

nanoliposomes embedded in the nanofibers cause an increase in the
water-holding capacity of the nanofibers. A rapid increase in the

swelling of nanofibers was observed in the first hour and it was
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FIGURE 8 The results of the swelling ratios of nanofibers.

determined that this rapid increase decreased as time progressed and

remained constant thereafter.

3.5 | Invitro biocompatibility test of wound
dressing models

To determine the effectiveness of developed wound dressing
models was evaluated by in vitro and in vivo studies. The biocompati-
bility of the chitosan/PCL nanofiber (Wd) and plant extract-loaded
nanoliposomes embedded in nanofiber groups were assessed and the
results are shown in Figure 9. As a result of the study, it was deter-
mined that the most effective nanofiber on the % viability of HDFa
cells was CINL loaded nanofibers. Then, CINL and HpNL loaded nano-
fibers and Hp-NL loaded nanofibers were effective on HDFa cells.
The lowest effect on viability% was observed in the unloaded nanofi-

ber group.

3.6 | Effectiveness of wound dressing models

The wound healing % of wound dressing groups compared to PC and
NC groups are shown in Figure 10. The wound dressing models that
plant extract loaded nanoliposomes were more effective than the Wd
group in wound healing and they were found to be as effective as the
PC group. The most effective group for wound healing was deter-
mined as Wd-HpNL within 7 days. Wd-HpNL and Wd-HpCINL groups
showed similarity to wound healing within 14-24 days.

The effects of treatment groups on reepithelialization, scar,
neovascularization, inflammatory cell, and collagen effect in the
second-degree burn model are shown in Figure 11. In the histopatho-
logical examination for inflammation, the preparations were evaluated
according to the inflammatory cell density. The inflammations were
observed in the wounds of the treatment and control groups for appli-
cation days. It was observed that 90% of wounds of the Wd-CINL and
Wd-HpCINL, 80% Wd, Wd-HpNL, and 60% PC, 50% NC groups on
the 3rd day. It was determined that 30% inflammation in wounds of
the NC group and the other groups this value was determined 80% on
the 7-14th day. The inflammation values of wounds of the Wd-CINL,

250
200 =

150

I
100
- 1I'R 1k
0
24 h 48 h
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Cell viability %

EWd = Wd-CINL ®Wd-HpNL ®Wd-HpCINL

FIGURE 9 The results of in vitro biocompatibility of wound
dressing models.

Wd-HpNL Wd-HpCINL groups were determined as 90% high, and
10% moderate levels. The inflammation was determined as 80% high,
10% moderate, and 10% low levels in the Wd group and 50%
high, 30% moderate, and 20% low levels in the PC and NC groups on
the 21st day.

The collagen formation was determined as 80% high, 10% moder-
ate, and 10% low levels in the wounds of the Wd-HpNL, Wd-CINL
and 90% high, 10% low levels in the wounds of Wd-HpNL and 50%
high, 50% low levels in the Wd group. These rates were found to be
100% low level in the NC and PC groups on 3rd day. It was observed
that 80% high, 10% moderate levels in the Wd-CINL, 50% high, and
50% low levels in the Wd-HpCINL and Wd-HpNL, Wd, NC and 90%
high, 10% moderate collagen formation levels in the PC on 7th day. It
was determined that collagen formations were found to be 80% high,
10% moderate levels in the Wd-CINL, Wd-HpCINL and 50% high, 40%
low levels in the Wd, Wd-HpNL and 80% high, 20% moderate levels
in the PC, 50% high, 50% low levels in the NC on 14th day. Also, we
observed that the collagen formations had 80% high, 10% moderate,
and 10% low levels in the Wd-CINL, Wd-HpCINL and 80% high, 20%
moderate levels in the Wd-HpNL and 90% moderate, 10% low levels
in the Wd, PC and 80% high, 10% moderate, 10% low levels in the
NC group on 21st day.

When the neovascularization levels of in vivo groups were
compared on the 3rd day, 80% high, 10% moderate, and 10% low
levels of vascular proliferation were observed in wounds of Wd-
HpCINL, Wd-CINL groups, and these rates were found to be 50%
high, 30% moderate, 10% low levels of wounds in Wd-HpNL group.
It was observed that these rates were low at 10% moderate, and
50% low levels of wounds the in the Wd, PC groups. Vascular pro-
liferation was detected in 20% of low levels of wounds in the NC
group. These rates were observed at 80% high, and 20% low levels
of wounds in the Wd-Hp-CINL, Wd-CINL while it is in the Wd-Hp,
Wd groups, these rates were found to be 90% high and 10% mod-
erate levels. Also, these rates were found as 50% high, 30% moder-
ate, and 20% low vascular proliferation in the NK and PK groups on
the 7th day. It was observed that 90% high and 20% moderate

levels of vascular proliferation formation in Wd-HpCINL, and Wd-
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FIGURE 10 Wound healing % of wound dressing models to compare with PC and NC groups.

CINL groups. 80% high and 20% moderate vascular proliferation
was observed in the Wd-HpNL and Wd groups, While these rates
were seen as 80% high, 10% moderate levels in the NC and PC
groups on the 14th day. When the 21st-day preparations were
examined, these rates were 90% high, 10% moderate in the Wd-
HpCINL, and Wd-CINL, and 80% high, 20% moderate levels in the
Wd-HpNL groups. Also, these rates were found to be 80% high,
and 20% moderate levels in the NC and PC groups.

When the reepithelialization levels were compared, 80% high,
10% moderate, and 10% low levels in the Wd-HpCINL, and Wd-CINL.
It was observed that these rates were found as 80% high, 20% moder-
ate in the Wd-HpNL group, 80% high, 10% low levels in the Wd
group, and 40% high, 10% low levels in the PC, NC groups on the 7th
day. The reepithelialization rates were observed at 80% high, 10%
moderate, and 10% low in the Wd-HpCINL, and Wd-CINL groups and
90% high and 10% mild levels in the Wd-HpNL group. These rates
were found as 80% moderate, 20% low levels in the Wd, and PC
groups, and 20% high, and 50% low levels in the NC on the 14th day.
When the 21st-day preparations were examined, these rates were

90% high, 10% moderate levels in the Wd-HpCINL, Wd-CINL, and
Wd-HpNL groups and 50% high, 30% moderate, 20% low levels in
the Wd, PC groups.

When the scar and ulcus formation rates were compared on the
3rd-day preparations, 20% moderate, 80% low levels in the Wd-
HpCINL, and Wd-CINL groups, and low scar and ulcus formation was
observed in the entire Wd-HpNL group and 50% moderate, 50% low
levels in the Wd group and 90% moderate, 10% low levels in the NC,
PC groups. These rates were found as 80% low, 20% moderate levels
in the Wd-HpCINL, and Wd-CINL groups, and 90% low levels in the
Wd-HpCINL group on the 7th day. While these rates were 50%
moderate, and 50% low levels in the Wd, and PC groups and 80%
moderate and 20% low levels in the NC groups. When the 14th and
21st-day preparations were examined, scar and ulcus were not found
in the Wd-HpCINL, Wd-CINL groups. It was encountered at 10%
on the 21st day in the Wd-HpCINL, and Wd groups. It was observed
10% moderate levels in the PC and NC groups. A comparison of the
mean histological scores of the wounds in the treatment and control

groups is shown in Table S1.
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A:NC 1: 3rd day
B: PC 2: 7th day
C: WD 3: 14th day
D: WD-HpNL 4: 21th day
E: WD-CINL 5: 24th day
F: WD-HpCINL

FIGURE 11 The histological features of in vivo treatment groups.

4 | DISCUSSION

Wound healing is a complex process and it involves the well-
organized and highly complex interaction of different tissues and cells.
An ideal wound dressing should be biocompatible, protect against
bacterial infection, and provide adequate humidity. Controlled and
localized delivery of wound-healing drugs to the wounds is more con-
venient than systemic administration (Sitterberg et al., 2010). The
transportation of drugs or bioactive substances to the target area is

one of the main problems in pharmaceutical and biotechnological
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S: scar

nv: neovascularisation
ih: inflamatuar cell

c: collagen
re:re-epithelization

u: ulcus

fields. For this reason, drug delivery systems are used to transport
drugs or active substances to the targeted area.

Previous studies revealed that the wound healing activity of plant
extract and extract-loaded wound dressings and the promotion of
wound healing through anti-inflammatory and antibacterial effects
and the stimulation of angiogenesis and fibroblast activity has been
demonstrated (Fathi et al., 2020). The results of this study revealed
that the fungal chitosan/PCL wound dressing models have the same
advantage as easily taking the shape of the area where it is applied to

the wound dressing and having a high water holding capacity and
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flexibility. The PCL is a durable material that gives it the ability to pro-
tect its form against external effects on the wound dressing. Since the
nanofiber wound dressing designed in this study is considered a
wound contact layer, it was desired to have a high water-holding
capacity. The high swelling ratio of the developed wound dressing
model has the desired properties for wound dressings. Chitosan is a
biodegradable, biocompatible polymer that is used in wound dressing
models in this study (Conti et al., 2000). It has been reported that chit-
osan accelerates tissue regeneration. Also, chitosan exhibits many
advantages for topical application, non-irritancy, and antibacterial
effects. Alemdaroglu et al. (2006) showed that treatment with
EGF-chitosan gel formulation decreased the wound healing period,
accelerated epidermal regeneration, and stimulated granulation; tissue
formation could be obtained. In another study, by Khodja et al. (2013),
hydrogel-based PVA/chitosan was evaluated for tissue regeneration
in a burn rat model. It has been reported that this hydrogel permits
the regeneration of tissue elements in skin wounds and stimulates
activity and/or can stimulate fibroblastic proliferation which releases
interleukin-V and production of type Il collagen, stimulatingstimula-
tingthe macrophage migration.

To increase the efficiency of the obtained nanofibers in tissue
regeneration, plant extract-loaded nanoliposomes were added.
H. perforatum L., and C. laurifolius L. which are among the medicinal
plants and have anti-inflammatory, antimicrobial, analgesic, antitu-
moral, and wound-healing effects were used in this study. The
extracts of H. perforatum and C. laurifolius-loaded nanoliposomes were
successfully obtained and characterized by SEM and DLS. It was
determined that the CINL and HpNL average sizes are 80 nm and
63.7 nm, respectively. Zeta potential value is a very important param-
eter to have information about the long-term strength of nanomater-
ials. It plays an important role in determining the capacity of particles,
especially for drug delivery applications by electrostatic interaction.
The zeta potential of nanoparticles is £30 mV, indicating that they are
stable with surface loading, which prevents aggregation of particles in
suspension. In general, forming aggregates is more difficult in high
zeta potential systems. Formulations in the range of —31 to —60 mV,
—61 to —80 mV, and — 81 to —100 mV are described as moderate,
good, and excellent electrostatic stability, respectively (Miller &
Keck, 2004). The zeta potential of CINL was determined as —27.9 mV,
and the HpNL was determined as —20 mV. The polydispersity index
(PDI), which means the heterogeneity distribution, was determined. In
another study by Poudel et al. (2009), it was reported that the zeta
potential of the liposomes they obtained ranged from —9.8 to
—14 mV Looking at the particle size distribution, it was observed that
it ranged from 186 to 260 nm.

The integration of nanoliposomes into nanofibers was confirmed
by SEM analysis. The release of plant extract from wound dressing
models was determined by in vitro studies. The fastest substance
release was observed in Wd-HpNL, followed this Wd-HpCINL, and
the slowest release was observed in Wd-CINL. Plant extract attached
to the surface of nanofibers or attached to the surface with weak
bonds have a higher diffusion rate and these molecules are released

rapidly in the initial period. In the slower (controlled) substance

release period, it takes a longer time for non-surface plant extract
molecules to reach the surface (because it requires the degradation of
some polymer units). According to the results of the swelling test, it
has been observed that plant extract-loaded nanoliposomes embed-
ded in the nanofibers cause an increase in the water-holding capacity
of the wound dressing models.

In the last step of the study, the effectiveness of extract-release
medical matrices in tissue regeneration was evaluated by in vitro and
in vivo studies. The in vitro efficacy of nanofibers was tested on HDFa
cells. As a result of the study, it was seen that nanofibers had a posi-
tive effect on the cell viability of HDFa cells. It was determined that
there was an increase in cell viability in the nanofibers loaded with
herbal nanoliposomes. It was determined that the most effective
nanofibers were Wd-HpCINL nanofibers. Then, Wd-HPNL and Wd-
HPCINL nanofibers were effective on cell viability, respectively. The
lowest effect on cell viability was observed in the uncharged nanofi-
ber group (Wd). Wistar albino male rats weighing 250-300 g were
used to determine the in vivo efficacy of the developed wound dress-
ing models. According to the results of in vivo studies, it was deter-
mined that nanoparticle-loaded medical matrices are more effective
than positive control in the healing of second-degree burn wounds
and have the potential to be used for treatment purposes. It has been
determined that Wd-HPCINL nanofibers have higher healing effi-
ciency than other nanofiber structures.

Statistically significant differences were determined between the
application groups and the application durations when the results
were evaluated histopathologically. The inflammation rates of wound
dressing models were determined as higher than the PC and NC
groups. The collagen formation rates of Wd-HPCINL, Wd-CINL, and
Wd-HPNL were higher than Wd, and NC groups and showed similar-
ity with the PC group. When the neovascularization rates were com-
pared with in vivo groups it was observed that high
neovascularization rates in the Wd-HPCINL, Wd-CINL, and followed
Wd-HPNL. The highest epithelialization was observed in the Wd-
HPCINL, Wd-CINL groups and followed by Wd-HPNL, Wd groups. It
was determined that the wound dressing models increased
epithelialization compared to the positive control. When the scar and
ulcus formation rates were compared the lowest rates were found in
the Wd-HPCINL, Wd-CINL groups and followed by Wd-HPNL, Wd
groups. The epithelialization levels of wound dressing models were
found to be higher than the PC and NC groups.

Similar to the present study Hashemi et al. (2022) investigated
the electrospun polycaprolactone/chitosan/internal layer of oak fruit
for potential application. The results of this study revealed that this
wound dressing could be a promising candidate for biomedical appli-
cation. In another study, Tord et al. (2020) assessed the histological,
biochemical, and immunohistochemical evaluation of collagen/doxy-
cycline-loaded nanofiber wound dressing. It was revealed that an
effective and safe wound dressing has been developed to be used in
wound healing. Fathi et al. (2020) investigated the effectiveness of
electrospun chitosan, PVA, and silk nanofiber on the wound healing
process by in vitro and in vivo assay. They reported that this structure

is suitable for stem cell culture and application in tissue engineering
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because of its biophysical properties and cytocompatibility. In another
study, Levengood et al. (2017) developed electrospun chitosan/PCL
nanofiber and they were evaluated as skin tissue engineering scaffolds
using a mouse cutaneous excisional skin defect model. This study
revealed that the nanofiber structures increased the wound healing
rate, re-epithelialization, maturity of neo-epidermis, and collagen
deposition when compared with the control (Tegaderm). The results
of this study are similar to the results of our study on re-epithelization
and collagen formation. Our results of the present study support the
literature. Administration of anti-inflammatory and antioxidant agents
may be beneficial in healing skin wounds. It has been reported that
H. perforatum L. and C. laurifolius L. have higher potential antimicro-
bial, antioxidant, and anti-inflammatory activities. The efficacy of
nanofibers that embedded nanoliposomes on wound healing may be
related to their bioactive properties, which reduce the bacterial load
of the wound and increase epithelial proliferation. It has been also
reported in the literature that the analgesic and anti-inflammatory
activities of H. perforatum L., C. laurifolius L. extracts accelerate capil-
lary circulation and that the anti-inflammatory and antioxidant activi-
ties reduce the harm caused by free radicals formed as a result of the
inflammation and prevent the progression of necrosis (Hajialyani
et al.,, 2018). It has been reported that the hypoxic environment under
moist wound dressings increased capillary proliferation; angiogenesis
is faster in moist conditions (Boateng & Catanzano, 2015).

The most obvious results to unearth from this study are the
wound healing rate of the plant extract-loaded nanoliposomes embed-
ded in nanofiber, especially Wd-HPCINL and Wd-CINL groups were
significantly faster than the NC group, and that the healing rates in

these groups were close to the PC group.

5 | CONCLUSION

The results of this study indicated that wound dressing models which
combine the important intrinsic biological properties of chitosan and
the mechanical integrity and stability of PCL were used as wound
dressings for tissue regeneration. The fungal chitosan/PCL nanofiber
structures have significant potential in promoting tissue regeneration
and physical properties of nanofibers such as fiber diameter, swelling
rate, and surface area as well as scaffold porosity and stiffness. The
histological results indicated that wound dressing models supported
wound healing more than the NC group and wound dressings in which
plant extract-loaded nanoliposomes were embedded were as effective
as the PC group in the second-degree burn wound healing process.
Among these wound dressing models, the Wd-HpCINL group was
better and more rapid when compared with the other groups. In this
respect, since the preparation of H. perforatum L. and C. laurifolius
L. extracts loaded nanoliposomes are easy and the economic aspects
are favorable it could be used as an alternative treatment option in
wound healing. The structure of nanoliposome-embedded nanofibers
could increase their bioavailability, control release in the delivery sys-
tems to the wound site, and enhance the permeability of these thera-
peutics. The results of this study indicated that the wound dressing
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models that consist of plant extract-loaded nanoliposomes have the

potential to be used in the treatment of second-degree burns.
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