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Abstract

The current design requirement of cutaneous wound healing is an ideal wound
dressing via biodegradable property through which fibroblasts can support, migrate
and proliferate. This study aimed to evaluate the effect of the synthesized hybrid
scaffold based on chitosan polymer and a natural source of calcium (Ca) and vita-
min D on wound healing. To achieve this purpose, three scaffolds include in chi-
tosan (CS), eggshell + chitosan (ES/CS) and chitosan + eggshell + vitamin D (CS/
ES/Vit D) were fabricated using the freeze-drying approach. Synthesized scaffolds
were characterized by field emission scanning electron microscopy (FESEM), Fou-
rier transformed infrared (FTIR), X-ray diffraction (XRD) and MTT assay. Histo-
logical examinations of the wound healing were performed using hematoxylin—
eosin (H&E) and Masson’s trichrome staining methods on different days in the rat
full-thickness skin wound model. Finally, the effect of the synthesized scaffold was
evaluated on the TGF-f1 gene expression. The results of the scaffold characteriza-
tion showed that scaffolds have the homogeneity structure. The MTT assay indi-
cated that the cultured fibroblasts on the ES/CS and Vit D/ES/CS scaffold had via-
bility higher than those cultured on CS. Also, histological studies demonstrated an
increased effect on epithelialization and collagen production and accelerated wound
healing using designed scaffolds. The TGF-f1 gene expression in all scaffolds was
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not significantly different between test groups and controls. In general, it can be con-
cluded that the synthesized scaffolds have the potential to accelerate wound healing
and can be used as a suitable scaffold in wound management and skin regeneration.
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Introduction

Wound healing is a series of regulated biological processes including inflammation,
fibroplasia, angiogenesis, form new collagen fibers, epithelialization, migration of
various types of cells, production of granulated tissue and wound contraction. These
require a synergistic interaction between inflammatory cells, fibroblasts, keratino-
cytes, biochemical intermediates and extracellular matrix molecules [1]. There are
multiple growth factors at the site of the wound such as the platelet-derived growth
factor (PDGF), the transforming growth factor (TGF), the epidermal growth fac-
tor (EGF) and the fibroblast growth factor (FGF), which have biological activity to
stimulate the inflammatory cells infiltration to the wound area. These growth fac-
tors lead to increased keratinocytes and fibroblasts proliferation and contribute to the
genesis of new capillaries in the granulated tissue and the deposition of the extracel-
lular matrix and reconstruction wound region. It is also claimed that topical use of
growth factors has succeeded in accelerating the complete wound healing in normal
rats [2].
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The use of natural materials in recent years has considered instead of chemicals
with side effects. The most important characteristics of chitin and chitosan (CS)
include high biocompatibility, biodegradability and nontoxicity regarded as safe for
human dietary use and approved for wound dressing applications [3]. Besides, bio-
logical properties such as adhesion, anticancer, antimicrobial, reducing inflamma-
tion and pain and antioxidant properties, as well as blood coagulant and cholesterol-
lowering agents have differentiated them from other biological polymers [4, 5]. The
eggshell (ES) is a natural source of calcium (Ca) as well as collagen, ovotransferrin,
ovalbumin, chondroitin sulfate, hyaluronic acid and various amino acids, which are
widely used in biomedical applications, such as skin grafting, tissue displacement
products, plastic surgery, corneal repair, prosthesis, implants and others [6—10].
Vitamin D, eggshell and CS are among the natural compounds that have been stud-
ied recently as factors affecting wound healing and their positive effects have been
verified. Vitamin D is other biofactors that made one of the polytrophic molecules
that not only has extensive effects on calcium homeostasis but also plays a role in
cell differentiation, proliferation and immune response [3]. Vitamin D besides its
effects on inflammatory events induces to express antimicrobial peptides and poten-
tially enhances wound healing and protection against infections [3].

The present study attempted to find new and more effective compounds by com-
bining CS, ES and vitamin D for improving the wound healing process. Here, the
structure and biocompatibility of designed scaffolds and their effects on full-thick-
ness wound healing in a rat model were investigated. Also, the effect of these scaf-
folds was examined on the TGF-1 gene expression with the hope of achieving a
suitable and effective drug combination for wound healing.

Materials and methods
Fabrication of eggshell-derived hydroxyapatite

The egg-shells powder was produced according to our last reported approach’.
Briefly, the Gallus egg-shells were collected and washed in acetic acid (Merck,
Darmstadt, Germany) (5%), ethanol (Pasrsmedico, Iran) (80%) and deionized water,
respectively. After cleaning, the egg-shells were ground using ball milling machine.
Then, the powder was sieved using a 100 pm strainer. The powder was reacted with
ortho-phosphoric acid (weight ratio=1:5) for 24 h. The resulting product was dried
at 100 °C for 12 h.

Preparation of polymer blends

To prepare polymer blends, 1 g of CS (Merck, Darmstadt, Germany) medium dis-
solved in 10 ml of acetic acid (1%vV/v) and reached a final volume of 100 ml. Then
the solution placed on a stirrer for 24 h. In the next step, three different solutions
prepared according to the following; Solution A (CS): contained only a CS solu-
tion and 12.5 ml of the tween (20). Solution II (ES/CS): by adding 0.1 g of ES and
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12.5 ml of the tween to a CS solution and Solution III (Vit D/ES/CS): obtained by
mixing 0.1 g of ES, 12.5 ml of tween and 0.75 mg of Vit D with CS solution.

Fabrication of hybrid scaffolds

Three different scaffolds including CS, ES/CS and Vit D/ES/CS were fabricated in
this study using freeze-drying approach. The attained compounds mixed for a few
hours and poured into plates. The plates incubated at 20 °C for 12 h at —70 °C for
72 h. After this time, the plates covered with aluminum foil and placed in a freeze
dryer to dry. Then the synthesized scaffolds were characterized in terms of their
chemical and biological properties.

Materials characterization
Scanning electron microscopy

The morphology and uniformity of the scaffolds were analyzed by field emission
scanning electron microscopy (FESEM; Philips XL.30; Philips, Eindhoven, Nether-
lands). FESEM was used with the accelerated voltage of 25 kV and after sputtering
a 5 nm gold layer on the samples.

Fourier transformed infrared spectroscopy

FTIR was conducted according to ASTM E168-06 [11] and ASTM E1252-98 [12]
standards, using a Bruker, Equinox55 spectrometer (Bruker, Equinox55 spectrom-
eter, US) over the scanning range 500-4000 cm™~! with a resolution of 2 cm™".

X-ray diffraction

XRD patterns were obtained on a D/Max BR diffractometer (Riga Ku, Tokyo,
Japan) with Cu Ka radiation (40 mV/30 mA) over the 2 range 5-60°, according to
ASTM 1508 standard [13].

Cytocompatibility and in vivo evaluation of scaffolds for the wound healing process
MTT assay

L1929 fibroblast cell line was obtained from the Pasteur Institute cell bank (Tehran,
Iran). The 7 10° 1929 human fibroblasts were seeded on each sample in a 48-well
plate. The cells were cultured in the cell culture medium (RPMI) (Sigma-Aldrich,
US) supplemented with 10% FBS and 1% penicillin—streptomycin (Invitrogen Co,
US) at 37°C under 5% CO,. Then the cell viability of three fabricated scaffolds
including CS, ES/CS and Vit D/ES/CS was determined based on ISO 10,993-5:2009
[14], using 3-(4, 5-dimethyl-thiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
(Sigma-Aldrich, US) assay after 24 and 48 h. In this assay, the supernatants of the
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wells were replaced with 10 A of MTT solution (5 mg/ml diluted with PBS) and
90 A of the RPMI medium without PBS and corresponding cells. After incubation
for 4 h at 37 °C under 5% CO,, the supernatant was removed and 100 A of DMSO
was added; after shaking or pipetting (5 min), the plates were read in an ELISA
(URIT-660, China) reader at a wavelength of 570 nm and a reference wavelength of
630 nm. For measurement the cell viability, the following equation was used: Cell
viability = (absorbance of each test well/absorbance of control well) x 100. Finally,
the standard curve was plotted using the values of absorbance read at this stage of
the experiment.

Condition of laboratory animals

In the current research 24 male rats weighing 30-35 g were ready and transported
to the section of the animal laboratory. Under standard conditions including light &
dark period (12/12 h) and a monitored temperature (22-28 °C), the animals were
kept. To reduce the undesirable effects of the resulting stress of strange surround-
ings, the animals had a week period of adaptation before starting the experiment.
The rats had free access to water and food and as well as they have been fed with
pellets.

Scarring and anesthesia

The rats anesthetized based on the ethical considerations (registered at ethi-
cal committee of Shahid Beheshti University of Medical Science NO. IR.SBMU.
REC.1396.239) by injecting 0.05 ml of ketamine and xylazine and two full thickness
wounds each rat with a diameter of 1 cm using a punch created on the back of the
rats.

Groups categorizing

The rats are divided into four groups. The contents of the bandage in different
groups were A (ES/CS), B (Vit D/ES/CS), C (CS) and E (standard or commercial).
The wounds examined on days 3, 7 and 14 for histology to study the extent of their
healing under different scaffolds.

Histopathological examinations

To perform histological examinations, microbial slides first prepared using the
following steps: 1. Tissue passage: This step performed using a Tissue Processor
device and during the fixing, dehydrating, clearing, floating and molding steps. 2.
Molding: In this step, a regular paraffinized tissue molded after the tissue passage
step. 3. Cross-sectioning: A microtome used to prepare 5-u sections, 4. Staining: a)
Hematoxylin and Eosin staining: to examine the percentage of the healing; b) Mas-
son’s trichrome staining: to evaluate the collagen production.
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Evaluation of TGF-B1 gene expression

On the seventh day after inducing the wound, the wound and healed tissue sam-
ples taken from the rats and then the enzymatic and mechanical digestion of the
tissue samples performed to obtain a single cell. For evaluating the expression of
the TGF-f1 gene based on ISO 20,395:2019 [15], the triazole test kit (Sinagene,
Iran) used to extract RNA from tissues. To control the quality and to determine the
degree of purity and concentration of RNA samples, their optical density (OD) read
at the wavelengths of 260-280A and 230/260A using a Bio-Photometer device. In
order to determine the expression pattern of the desired genes by existing qualita-
tive and quantitative methods, the RNA extracted from the tissue used to produce
the cDNA using a kit. The extracted RNA in the previous step contained various
RNA types including mRNA, rRNA and tRNA. Given that one of the properties of
the mRNA is the poly-A tail, cDNA constructed using oligo (dT) primer and reverse
transcriptase. The inhibitors of ribonucleosides activity also used at this stage.

In order to conduct the real-time PCR process, the materials mixed in a 0.2-ml
microtube. The sequence of selected primers was shown in Table 1.

The gene expression ratio in this study evaluated using a comparative method
of the threshold cycle (CT). By using the data in Eq. 2, a standard curve specific to
the gene plotted using at least five logarithmic concentrations of the diluent, respec-
tively, from the positive control of each gene.

Equation (2):

R = 2—(2ACD)
AACT = (CTtarget - CTrefence)TimeX —-(CT - CTrefence)TimeO

target

@)

The target gene expression level normalized with reference gene and the expres-
sion of genes in the healthy group are considered as a calibrator.
Equation (3):

ACT, 410 e
. (Et arg et) e
Ratio = N
reference
(Ereference ) (3)
(ACtrefrence = thontrol - Cttreatment’ ACtt arg et = thontrol - Cttreatment)

where, E shows the efficiency and is obtained using the standard curve for the gene.

Table 1 The sequence of used primers

Primers Sequence

TGF-B1—Forward primer AAG-AAG-TCA-CCC-GCG-TGC-TA
TGF-p1—Reverse primer TGT-GTG-ATG-TCT-TTG-GTT-TTG-TCA
GAPDH—Forward primer CTG-CAC-CAC-CAA-CTG-CTT-AC
GAPDH—Reverse primer CAG-AGG-TGC-CAT-CCA-GAG-TT
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Statistical analysis

The difference between groups was analyzed using GraphPad-online (http:/www.
graphpad.com/quickcalcs). Experiments were repeated three times and all of the
data were reported as the mean+SD. The results were compared among differ-
ent groups using a simple one-way ANOVA analysis of variance and Tukey’s test
(P<0.05).

Results and discussion
Materials characterization

The present study utilized three different techniques for investigating the struc-
ture of the synthesized scaffolds. The electron microscope image of the compos-
ite Vit D/ES/CS scaffold is shown in Fig. 1. The analysis of the FESEM image
for combined scaffold explains highly homogeneous structure as the components
have been well arranged in terms of the size and the distance between them. Also,
it is clearly seen that this scaffold has porous form and the pores are intercon-
nected. The porosity of scaffolds is a critical factor for using in tissue engineer-
ing. Scaffolds must have adequate porosity to facilitate the harboring of cells, cell
penetration and migration, tissue ingrowth, vascularization, nutrient supply and
gas exchange within the targeted area [16]. In a previous study also a porous chi-
tosan sponge was prepared by the controlled freezing and lyophilization method
and the fabricated chitosan scaffolds had a typical microporous structure, with the
pore size ranging from 50 to 200 pm [17]. They showed that the chitosan scaf-
fold has sufficient porosity and can prepare a large area of internal surface for
cell attachment and migration and can also facilitate the exchange of nutrients

20pm EHT=2500kV Signal A= SE1 2pm EHT =25,00kV Signal A= SE1 ZEISS|
WD=115mm Mag= 500X WD= 95 mm Mag= 500KX

Fig. 1 Representative SEM images of CS/ES/Vit D composite scaffold. a The microscopic structure of
scaffold. b The size of particles forming the scaffold, (CS: Chitosan, ES: egg shell, Vit D: vitamin D)
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and metabolic waste. Another noteworthy point about the characteristics of this
scaffold as shown in Fig. 1 is the roughness of the walls of the scaffold due to the
present of ES particles and Vit D, which will contribute cell adhesion and spread-
ing. Also, as shown in Fig. 1, the synthesized scaffold has a coherent and uniform
structure that also fits with the data from FT-IR and XRD. Images with larger
magnifications for these scaffolds showed the nano-scale size of the components.

FT-IR analysis is performed to characterize the functional groups of ES,
CS, vitamin D and CS/ES/Vit D scaffold, which is shown in Fig. 2. The FT-IR
spectral in Fig. 2a shows that calcium phosphates were formed on the surface
of ES fibers (in correlation with the XRD results), including hydroxyapatite. All
spectra contain the characteristic peaks at 966, 1018 and 1083 cm™' for phos-
phate stretching vibration modes of PO,>~ [18]. The peak in 1419 cm™! can be
related to the existence of carbonate minerals within the eggshell matrix [19].
The appeared peak at 3565 cm™! may be associated with the presence of amino
functional groups and hydroxyl (O-H) stretching mode [20].

As shown in Fig. 2b the important bands of CS are as follows. The appeared
band at around 3415.31 cm™! can be related to the stretching vibration of O-H
and N-H. The existence of residual N-acetyl groups was determined by the bands
at around 1645 cm™! (C = O stretching of amide I) and 1325 cm™' (C-N stretching
of amide III), respectively. The presence of bands at around 1423 and 1384 cm™!
confirmed the CH, bending and CH; symmetrical deformations, respectively. The
band in the range 1157 cm™' to 896.25 cm™! indicates the particular absorb peaks
of pB-1,4 glycoside bond in chitosan [21, 22]. Chhabra et al. studied the optimi-
zation and effectiveness of 2% CS for tissue engineering and wound healing
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Fig.2 FTIR spectrum of different biomaterials. a ES; b CS; ¢ Vitamin D/ES d CS/ES/Vit D composite
scaffold, e FT-IR spectra of scaffold component and their combination, (CS: Chitosan, ES: egg shell, Vit
D: vitamin D)
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and investigated the CS scaffold structure using the FT-IR spectrum; the results
observed in the FT-IR spectrum analysis were similar to the present research [23].

FT-IR spectra of combination of vitamin D with ES is shown in Fig. 2c. The
represented absorption lines in the regions of 1637 and 1530 cm™! associate with
Amide I and Amide II, respectively. The observable peak at 3463 cm™! belongs to
the hydroxyl group indicated by the O-H stretch [24].

The FT-IR spectra for CS/ES/Vit D composite scaffold was represented in
Fig. 2d. The main aim of this assessment is indicated through the identification of
all chemical composition in the ultimate product, along with establishing the prob-
able interactions among their characteristic functional groups. The intense peak
in 3412.61 cm™' in this composite scaffold is related to the stretching vibration of
O-H and N-H, which hydroxyl group exists in all components of the composite
scaffold. The bond from 2922.25 cm™! associates with C-H stretching mode and
the bonds from 1383.74, 1551.11 and 1636.44 cm™!, which demonstrate amide III
(C-N), amide II (N-H) and amide I (C=0) groups, have undergone a reduction in
absorption in the biocomposite, significantly due to the combination with the inor-
ganic phase, decreasing part of the signal [20]. The calcium phosphates (including
hydroxyapatite) are also characterized in the composite scaffold and determined via
their specifical bands around 1053 and 618 cm™!, associate whit the P-O bond [19].

The present study used for the first time a composite scaffold CS/Vit D/ES for
rapid wound healing. As shown in Fig. 2e, the peaks obtained in the combination of
the scaffold component spectra also exist in the FT-IR spectra obtained from the CS/
ES/Vit D composite scaffold, indicating well-combined components of the scaffold
to form a uniform structure.

The XRD spectrum of the CS, ES and CS/ES/Vit D samples is shown in
Fig. 3. According to the XRD spectrum of the ES (Fig. 3a), hydroxyapatite
(Cay(PO,)¢(OH),) was formed from eggshells source calcium carbonate. The
hydroxyapatite is observed clearly defined and highly crystalline hexagonal structure
with no evidence of any secondary phase formation, showing the peaks with the
intensities of 20=25.92°, 31.85°, 32.9°, 49.53° [25]. Comparison of the obtained
XRD spectrum with other studies showed a similarity between them. Kumar et al. in
a study convert the ES to the hydroxyapatite nanostructure for biomedical applica-
tions. They used the XRD spectrum to analyze the ES structure, similar to those of
the present study [17]. Prabakaran et al. used an XRD spectrum to develop calcium
phosphate-based apatite from ES, whose findings were consistent with the results
viewed in the present study [18]. In addition, in the CS XRD spectrum, a peak is
visible at the angle of 20=20 (Fig. 3b). The resulting spectrum is similar to the
XRD spectrum published in previous studies. In the studies of Huang et al. to inves-
tigate the electrochemical effect on the reaction of hydroxyapatite in CS scaffold
porous [19] and Ma et al. to prepare and characterize water-soluble N-alkalized CS
[20]; as well as Singh et al. to investigate the increased synthesis of CS-graft-poly-
acrylamide with microwave, the XRD spectra were used to investigate the chemi-
cal structure of CS. Their results were similar to the results obtained in this study.
In general, the peaks in the XRD spectrum represent a crystalline structure. In the
present study, reduction in the intensity of peaks found on the XRD spectrum of
the synthesized CS/ES/Vit D scaffold (Fig. 3b), showing the polymer structure and
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Fig.3 XRD spectra of scaffold components. a XRD spectrum of hydroxyapatite obtained from eggshell
(HA\ES). b XRD spectrum of CS and CS/ES/Vit D scaffold. ¢ Comparing the viability of fibroblasts
cultured on CS, CS/ES and CS/ES/Vit D scaffold. Cell viability on the scaffold (CS/ES/Vit D) was sig-
nificantly higher than the CS group in 24 and 48 h after culture time (P <0.05), (CS: Chitosan, ES: egg
shell, Vit D: vitamin D)

decreased crystallinity rate of the composite scaffold. It can be assumed that the
scaffold components well combined, interact together and form a homogeneous pol-
ymer structure. From the results of FT-IR, XRD and FESEM, it can be concluded
that the synthesized scaffold has a homogeneous and polymer structure and there
may be some interactions between its components.

Evaluation of fibroblast cell viability

As shown in Fig. 3c, the fibroblasts cultured on CS/ES/Vit D scaffold had more via-
bility than when cultured on CS. The test performed after 24 and 48 h and the via-
bility of the fibroblasts grown on the Vit D/ES/Cs was significantly higher than the
CS in both periods. Earlier, Ueno et al., Chen et al., Minagawa et al. and Chhabra
et al. showed that CS increased fibroblast cells in the wound and were not cytotoxic
for these cells [23, 26-28]. These findings were consistent with the findings of the
present study. In addition, in our study, it was first found that the synthesized scaf-
folds from the combination of CS, vitamin D and ES are far more effective than
chitosan. Also, in a recent study by Neacsu et al. hydroxyapatite (ES)—gelatin—bone
ash—CS composite scaffold was prepared and amniotic fluid stem cells were cultured
on it [20]. The results of the MTT assay showed that the synthesized scaffold stimu-
lates cellular proliferation and this is likely due to the bioactive nature of the added
calcium phosphates, coupled with the high surface area provided by the porous
structure of the scaffolds. In the analysis of MTT data (Fig. 3c), the viability of the
fibroblasts decreased after 48 h compared to 24 h when fibroblasts cultured on both
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composite scaffold and CS, as this can be attributed to the conversion of fibroblastic
cells to fibrocytes, which is essential for collagen production [29]. Therefore, the
results indicate that fibroblasts have been converted to fibrocyte with extend the cul-
ture time and that conditions for collagenization have been well prepared.

Histopathological observations
Hematoxylin-Eosin and Masson'’s trichrome staining

After assessment of the biocompatibility of scaffolds, the effect of Vit D/ES/CS on
wound healing in vivo was investigated using a murine full-thickness skin defect
wound model. Regarding the images of H & E-stained tissues for evaluating the epi-
thelialization, in all experimental groups, the epithelial layer was not formed on the
third day, but on the seventh and fourteenth days, the epithelium began to build and
expand. On the seventh day, the epithelialization in group C treated with CS was
higher than in other groups. Combine ES/CS (group A) also showed a high ability to
produce epithelium and was almost the same as CS. However, the scaffolds synthe-
sized with Vit D/ES/CS (group B) and standard samples (group E) had less ability to
create epithelium than the previous two groups. On the 14th day, the results showed
that epithelialization was highest in ES/CS group and the lowest in standard sam-
ples (Fig. 4). The topic of interest in this study, which was studied for the first time,
was that all synthesized scaffolds (CS, CS/ES and Vit D/ES/CS groups) significantly
increased epithelialization (P <0.05) compared to the standard group, highlighting
the positive activity of CS/Vit D/ES scaffold in wound healing. Epithelialization
comparison chart in different experimental groups is shown in Fig. 6a.

Also, according to the results of Masson’s trichrome staining, it was shown that
on the 7th and 14th days, the collagenization occurred in all rats, with the difference
that the collagen tissue formed in the treatment groups had a more regular and nor-
mal arrangement compared to the untreated group. In untreated tissue, the collagen
had no distinct boundary between skin layers and only a large amount of collagen
was observed (Fig. 5). On the 14th day, collagen production in ES/CS and CS/Vit D/

Fig.4 Images of H & E-stained tissues for comparison of epithelialization percentage on days 3, 7 and
14 after surgery, in the four tested groups; a (ES/CS), b (Vit D/ES/Cs), ¢ (CS) and e (standard), (CS:
Chitosan, ES: egg shell, Vit D: vitamin D)
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Fig.5 Images of Masson’s trichrome stained tissues for comparison of collagenization percentage on a
(ES/CS), b (Vit D/ES/Cs), ¢ (CS) and e (standard) groups in 3, 7 and 14 days after surgery, (CS: Chi-
tosan, ES: egg shell, Vit D: vitamin D)
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Fig. 6 Comparison of wound healing rate in different groups: a Comparison of epithelialization in differ-
ent experimental groups and in different days: all synthesized scaffolds (groups A, B and C) significantly
increased epithelialization (P <0.05) compared to the standard group (E), b Comparison of collageni-
zation percentage in different experimental groups and in different days: Collagen tissue formed in the
treatment groups had a more regular and normal arrangement compared to the standard group; ¢ Evalu-
ation of TGF-P1 gene expression using Real-Time PCR in seventh day; A (ES/CS), B (Vit D/ES/CS), C
(CS) and E (standard), (CS: Chitosan, ES: egg shell, Vit D: vitamin D)

ES groups is higher than other groups. Collagenization comparison chart in different
experimental groups is shown in Fig. 6b.

Epithelialization is the hallmark of the healing process used as a determinative
factor of a successful wound closure. A wound cannot be significantly healed in the
absence of re-epithelialization [30]. Also, collagen plays an important role in each
phases of wound healing process due to its chemotactic role. It attracts cells such as
fibroblasts and keratinocytes to the injured location. This stimulates debridement,
angiogenesis and re-epithelialization [31].
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The findings in this study were in line with the reports of Azad et al. on the
application of the CS membrane as a dressing for wound healing [28]. They
served Bactigras, a sterile paraffin Tulle Gras dressing as a control. They showed
that mesh chitosan membrane caused ooze blood into the surrounding gauze.
After 10 days, the chitosan-dressed area had been healed more quickly as com-
pared with the Bactigras dressed area. Besides, the chitosan mesh membrane
indicated a positive effect on the re-epithelialization and the regeneration of the
granular layer. Therefore, they showed that chitosan mesh membrane can be a
promising substitute for human wound dressing. In another study, Liu et al. syn-
thesized a wound dressing consists of an optimized concentration of silver nano-
particles (AgNPs) incorporated into the microfibers of a natural eggshell mem-
brane (EM) using mussel-inspired dopamine [32]. In a murine full-thickness skin
wound model, they found that EM/AgNPs could stimulate re-epithelialization,
granulation tissue formation and wound healing via elevating cell proliferation
and control inflammation. In another study, Yuan et al. reported that vitamin D
supplementation significantly accelerates wound healing of diabetic mice and
improves the healing quality [33]. They showed that vitamin D not only reduced
the apoptosis rate but also enhanced cell viability in human umbilical vein
endothelial cells. Furthermore, the expression of endogenous markers of endo-
plasmic reticulum stress was down-regulated as a result of vitamin D treatment.
Also, vitamin D supplementation improved collagen deposition and caused fully
re-epithelialization in ulcer tissues in the normal group. These data confirm the
results of our study that the contribution of ES and vitamin D in the chitosan
scaffold can considerably improve wound healing in less time.

Evaluation of TGF-B1 gene expression

TGF-B1 is an important parameter in cutaneous wound healing. It is produced by
macrophages, fibroblasts, keratinocytes and platelets. TGF-f is a multifunctional
growth factor that attracts new fibroblasts and macrophages to the wound site,
promotes fibroblast proliferation and collagen production, decreases extracellu-
lar matrix degradation and modulates the immune system [34]. The TGF-1 gene
expression was evaluated on the third day in different experimental groups and the
results are presented in Fig. 6¢. Since the difference in the gene expression level in
the different experimental groups on its scale (bottom of Fig. 6¢) was not known, so
the data at a scale of 10° were also examined to make the differences more distinct.
The highest TGF-f1 expression level was in the standard group (group E), followed
by subsequently, in group B treated with composite CS/ES/Vit D scaffold and then
in the CS (group C) and CS/ES (group A) scaffolds treated groups (Fig. 6¢). Regard-
ing these findings, the TGF-B1 expression level in all experimental groups was
not significantly different from that of the untreated N group (P>0.05). As shown
in Fig. 6¢c, given the fact that the graph has a normal distribution, it is possible to
ensure test accuracy. The results of Chen et al. and Jiang et al. have shown that the
CS increases the TGF-p1 expression level [35, 36], while Tsai et al. stated that the
CS could inhibit the TGF-p1 expression [37].
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Conclusion

In the present study, the combination of CS, ES and vitamin D resulted in a
homogeneous and polymeric scaffold which able to enhance the viability of fibro-
blasts, the epithelialization and collagenization at the wound site. All of these
are essential and useful factors on the wound healing process. Therefore, it can
be concluded that the synthesized composite scaffold can improve and accelerate
the wound healing process and can replace some of the wound healing chemicals
as a natural substance. Studies in this field require further testing and research to
achieve a standard combination of the scaffold components.
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