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Fabrication of extracellular matrix (ECM)-like scaffolds (in terms of structural-functional) is the main challenge
in skin tissue engineering. Herein, inspired by macromolecular components of ECM, a novel hybrid scaffold
suggested which includes silk/hyaluronan (SF/HA) bio-complex modified by PCP: [polyethylene glycol/chito-
san/poly(e-caprolactone)] copolymer containing collagen to differentiate human-adipose-derived stem cells into
keratinocytes. In followed by, different weight ratios (wt%) of SF/HA (S§1:100/0, S2:80/20, S3:50/50) were
applied to study the role of SF/HA in the improvement of physicochemical and biological functions of scaffolds.
Notably, the combination of electrospinning-like and freeze-drying methods was also utilized as a new method to
create a coherent 3D-network. The results indicated this novel technique was led to ~8% improvement of the
scaffold’s ductility and ~17% decrease in mean pore diameter, compared to the freeze-drying method. Moreover,
the increase of HA (>20wt%) increased porosity to 99%, however, higher tensile strength, modulus, and water
absorption% were related to S2 (38.1, 0.32 MPa, 75.3%). More expression of keratinocytes along with growth
pattern similar to skin was also observed on S2. This study showed control of HA content creates a microporous-
environment with proper modulus and swelling%, although, the role of collagen/PCP as base biocomposite and
fabrication technique was undeniable on the inductive signaling of cells. Such a scaffold can mimic skin prop-
erties and act as the growth factor through inducing keratinocytes differentiation.

1. Introduction

The skin is one of the most important organs of the human body that
controls body functions such as the elimination of toxins, prevention of
water loss, protection from other organs against external agents, and
mechanical stress. This high proliferating tissue is usually able to
regenerate small wounds. Nonetheless, the extent of the wound and
creation of large full-thickness lesions, burn injuries, chronic wounds,
diabetic foot ulcers, bedsore (pressure ulcers), etc. considerably hamper
the self-healing process of the skin and create serious and negative ef-
fects on the quality of life [1-3]. Therefore, regardless of the nature of
the causative agent, appropriate coverage is needed for the acceleration
of the wound healing process to prevent infection and promote the

quality of skin regeneration (a scar-free). In the last decades, routine
surgical skin grafting techniques such as autograft, allograft, and
xenograft were applied for remodeling skin, but there were several
limitations especially regarding donor sites and high risk of immune
rejection [4,5].

The recent years, regenerative medicine as novel science provides
engineered skin substitutes to circumvent these problems [6,7], by
promoting cell differentiation into skin cells, increasing interactions of
cell-to-cell and cell-to-substrate, secretion of growth factors to drive re-
epithelialization and skin remodeling [8,9]. In this field, tissue engi-
neering techniques along with stem cells (SCs) and polymers act as a
new approach accelerates the wound healing process when the skin is
not able to repair itself [10-12].
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Among the types of SCs, adipose-derived stem cells (ASCs) have been
recognized as the main cellular source for tissue engineering and
regenerative medicine applications, due to their properties of multi-
potent (i.e. able to differentiate into keratinocytes, fibroblasts, osteo-
blasts, neural cells, etc.), extensive proliferation ability [13-17], ease of
isolation from subcutaneous adipose tissue, hypoimmunogenic and least
ethical problem [15-18]. However, the application of ASCs in regener-
ative medicine will be successful when suitable conditions are provided
for their interactions control and differentiation into the target tissue
such as skin. To this aim, the types of natural and synthetic polymer and
their combination (in the scaffold form and as supporting structures and
replace of wound temporary—ECMl) are used [19-24]. The ultimate goal
of these engineered scaffolds is to create an ideal substrate for remod-
eling natural ECM and provide optimal conditions for improving the
differentiation of stem cells into desired cells [25,26]. Therefore, such
the engineered scaffold that mimics ECM activity can be highly inter-
esting, especially when designed for replacing skin tissue and its
regeneration. In this field, the ideal scaffolds should possess suitable
characteristics such as biocompatibility, micropore size, porosity above
95%, controllable biodegradability, and suitable mechanical properties
to improve cell interactions and differentiation into the skin cells [27].
Therefore, biomaterials are one of the logical choices for scaffold design
and the skin ECM simulation. In this field, collagen is the most known
ECM proteins which used widely in tissue-engineered constructs due to
the low processability (at room temperature and high hydrophilic na-
ture), biocompatibility, and excellent biological properties like cell
adhesion and proliferation expansion [28,29]. Although, some of its
physicochemical properties like the fast biodegrading rate, the low
mechanical and thermal resistance limit the use of collagen in tissue
engineering [30], however, modification of this natural polymer by
cross-linking or combining with other polymers is an effective method to
optimize its properties [30,31]. Chitosan that is very similar in terms of
chemical structure to the glycosaminoglycans (GAGs) can play an
important role in this field [32]. This biomaterial due to hydroxyl (-OH)
and amine (-NH) functional groups can link to other polymers to make a
copolymer, or act as a bridge to increase the efficiency of cross-linkers
and modify the limit of the use of other biopolymers such as collagen
for application of tissue engineering [30,33]. Moreover, repetitive pro-
teins in silk fibers (SF) structure due to the short side-chain amino acids
such as glycine and alanine can act like proteoglycans of ECM [34], as
well as, due to the dominance of hydrophobic domains between the
chains create a B-sheet structure which improves the elastic properties
and strength of silk fibers similar to elastin role in the natural ECM
[35-37]. These properties play an important role in the engineered
scaffolds of the skin and enhance module and stress-strain of scaffold
[38]. However, the large hydrophobic domains in silk fibroin that
dominate its structure decrease bonding and increase degradation rate
[39]. It seems that hyaluronan or hyaluronic acid (HA) as the most
important linear polysaccharide or glycosaminoglycans of the ECM can
partially solve this problem [40-42]. This biomaterial maintains the
structural integrity of ECM in the scaffolds when interacting with pro-
teins and proteoglycans such as collagen and silk. HA as a signaling
molecule plays a key role in cell interactions and tissue remodeling
through communication with a variety of cell surface receptors and the
binding proteins [41,43,44]. However, there are limitations such as the
poor mechanical properties and rapid enzymatic degradation for using
natural polymers while high mechanical strength and suitable elasticity
are required for designing skin scaffolds. The synthetic polymers such as
polyethylene glycol (PEG) and poly (e-caprolactone) (PCL) can be
effective in this field. Indeed, PEG provides an appropriate biological
signal in the tissue-engineered scaffolds which is resulted from incor-
porated proteins, polysaccharides or peptides and can increase the
adhesion of the seeded cells on the scaffold due to possessing these

1 Extracellular matrix.
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ligands of cell adhesion [45-49]. Further, PCL can lead to maintaining
the physical integrity of the scaffold into the intracellular water” and
improving the mechanical strength and stiffness of the scaffold [50-53].
Indeed, its ability to suitable miscibility with other polymers such as
chitosan helps to maintain the physical strength of the scaffold [52] and
decreases the problem of the in-depth penetration of cells in the scaffold
[54].

In addition to choosing the type of polymers, the techniques of the
scaffold design are also known as one of the main factors that can be
effective in remodeling the ECM network. In this field, uncontrolled
freeze-drying leads to the creation of a non-uniform freezing process and
consequently a heterogeneous structure [55], likewise, the main
disadvantage of the electrospinning method is the involvement of toxic
organic solvents during scaffold preparation, which can be harmful to
cell bioactivity. It seems that the combination of these two techniques
not only will be able to remove the mentioned problems but also may
provide a 3D-scaffold which possesses the advantages of all two
methods.

Accordingly as described above, in this research, a combination of
natural and synthetic polymers are used to create a native ECM-like
scaffold with optimal combination properties such as strength, dura-
bility and compatibility, controlled degradability, and good modulus
along with in-depth penetration of cells to provide enhance cells adhe-
sion and create mechanotransduction signals for improving cell-cell and
cell-scaffold interactions, and regulate cellular activities such as stem
cell proliferation and their differentiation into the skin cells (like kera-
tinocytes) and wounds healing. The polymers used in the structure of the
hybrid porous scaffolds include SF/HA bio-complex modified by PEG/
chitosan/PCL biocomposite containing collagen. Various weight ratios
of SF and HA were used for studying their effectiveness in the structural
network and physicochemical and mechanical properties of scaffold and
stem cell differentiation rate into keratinocytes. Human-ASCs were also
selected to investigate their differentiation potential into keratinocytes,
because of ease of isolation and hypoimmunogenic. It is notable that the
combination technique including the methods of electrospinning-like
(polymers complex was injected with the linear reciprocating motion,
in the opposite directions and the harmonic circumferential motion into
the 48-well plates by 1 ml syringe, 29-gauge, Red) and freeze-drying
(with a two-stages freezing process to control freezing temperature
and subsequently pores size) was used to fabricate the engineered
scaffold. Finally, the physicochemical, mechanical, and biological assay
was carried out to evaluate the characterization of the scaffolds and
analyze the results of cell differentiation on the scaffolds prepared with
the combination technique of the electrospinning-like and freeze-drying,
as well as freeze-drying method.

2. Materials and methods
2.1. Materials

Chitosan (CS) with an average molecular weight (Mn) of 234 kDa
and an average deacetylation degree of 95%, PCL (average Mn: 45000),
PEG (average Mn: 6000), acetic acid, hyaluronan (hyaluronic acid: HA),
1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), bovine collagen solution (Acid-soluble
collagen; ASC, Type I), MTT (tetrazolium salt 3-(4, 5-dimethylthiazol- 2-
yD)-2,5-diphenyltetrazolium bromide) and dimethyl sulfoxide (DMSO)
were commercially obtained from Sigma-Aldrich (Sigma Co., St. Louis,
USA). Dulbecco’s modified eagle medium (DMEM), bovine serum al-
bumin (BSA), and fetal bovine serum (FBS) were also obtained from
Gibco (Massachusetts, USA). All other chemicals were from Sigma-
Aldrich (St. Louis, MO) and Bombyxmoriwas obtained from the

2 Intracellular water is the water located inside cells that containing all the
necessary biological molecules including the proteins and nucleic acids.
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domestic producer, AbrishamGuilan Co., Iran.
2.2. Preparation of SF solution

To prepare 3 wt% (w/V) silk fibroin solution, in accordance with the
procedures previously pieces of raw Bombyxmori silk fibers were
immersed in 0.02 M solution of sodium carbonate (Na;CO3) with 0.05
wt% (w/w) (at 100 + 2 °C, 30 min) to remove sericin. This process was
repeated three times for degumming the fibers completely. Then, the
extracted silk fibroin fibers were rinsed with diH,O (deionized water) to
remove NayCOj3 residues and dried at 25 °C overnight. Thereafter, the
fibers dissolved with 10% (w/v) in the solution of CaCly: CH3CH;OH:
H20 with a mole ratio of 1:2:8 (70 + 2 °C) and mixed on a magnetic
stirrer for 3 h. Then, the solution was dialyzed against diH,O using a
dialysis membrane (cellulose membrane, Viscofan 22 EU - 20 USA) at
8 °C for 96 h to remove the salts of the solvent and filtered to remove
impurities and aggregates. The final concentration of SF aqueous solu-
tion was obtained 3.2 wt% by weighing the remaining solid after drying.
Notably, the dialysis water was changed every 24 h. Finally, this solution
was diluted to 3 wt% with diH,O and stored at —80 °C.

2.3. Preparation of SF/HA solution

The 1.0 wt% hyaluronan (HA) aqueous solution was obtained by
dissolving HA powder in cold diH0 for 24 h. Then, the various weight
ratios of SF/AH were prepared by mixing 3 wt% SF solution and 1.0 wt%
HA solution at 4-8 °C for 24 h. The volume ratios of SF/HA (SH) in
mixed solutions were 100/0, 80/20, 50/50 (v/v), respectively. Finally,
the mentioned solutions were sonicated by a bath sonicator (Bandelin
Sonorex Digitec, 35 kHz) for 10 min at 30 °C to improve electrostatic,
hydrogen, or van der waals interactions between the SF and HA.

2.4. Preparation of PEG/Ch/PCL solution

A ternary solution of PEG/Chitosan/PCL (PCP) with a mass ratio of
5:3:1 was prepared by mixing PEG solution (6 wt% in diH20, 25 °C, 24
h), chitosan solution (5 wt% in 0.5 M acetic acid, 25 °C, 24 h) and PCL
solution (3 wt% in 60% acetic acid, 40 °C, 24 h). Over the preparation of
the ternary solution, NHS and EDC were separately dissolved in PEG
solution and PCL solution with 10 and 20 wt% respectively. NHS, the
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activator of -OH group and EDC, creates an ideal condition for cross-link
reaction. Finally, the PCL solution was added to the mixed solution of
PEG/Chitosan and stirred for 24 h at room temperature.

2.5. Preparation of SH/Collagen/PCP scaffold

To prepare SH/Collagen/PCP hybrid scaffolds, solutions of SH and
PCP with a volume ratio 1:1 were simultaneously injected into the 48-
well plates, which were placed on a shaker-linear bearing (with the
linear reciprocating motion), by means of a syringe pump (SP1000HSM,
Fanavaran Nano Meghyas, Iran) and 1 ml syringe (29 gauge, Red, 12.7-
mm needle length, 0.33-mm nominal diameter) with the injection rate of
15 pl/min. Then, collagen (0.5 mg/ml, pH = 7.2) was injected on the
SH/PCP solutions (into the 48-well plates) to create 3% weight ratio
against the total weight of SH/PCP (Fig. 1). Finally, the electrospun-like
solutions (entire polymeric solution) were respectively frozen at —20 °C
for 24 h and —80 °C for 48 h (to control pores size) [5]. Then they were
lyophilized (freeze-dried) for 72 h to prepare porous 3D-scaffolds.

The collagen/PCP scaffold was also prepared in the same manner to
study the effect of SF and HA in the scaffold structures and functions.
Moreover, to evaluate the role of the electrospinning-like method
combined with freeze-drying, the physicomechanical properties of the
collagen/PCP scaffold were compared with our previous study (the
fabricated collagen/PCP scaffold with the freeze-drying method) [5].
Finally, the scaffolds were stored at 4-8 °C to study the biological
behavior of cells on the scaffold. The surface and thickness of scaffolds
were respectively determined about 10 mm and 5 mm.

2.6. Fourier-transform infrared spectroscopy (FTIR) study

Chemical characterization and FTIR spectroscopic analysis of porous
scaffolds were performed with FTIR (Model-ALPHA, Bruker, Germany)
spectrometer over the wavenumber range of 400-4000 em ™! at a reso-
lution of 4 cm ™! with 16 scans per scaffold. The spectra of scaffolds were
measured after mixing potassium bromide (KBr) with powdered scaf-
folds at 1:1 ratio and pressing into a pellet.

2.7. Water absorption

The water absorption properties of the scaffolds were measured ac-
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Fig. 1. Schematic of the porous 3D-scaffold preparation process.
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cording to a previous method [56-58]. Briefly, the dry scaffolds (10 mm
diameter and 5 mm thickness) were first weighed (Wq) and then
immersed in a phosphate-buffered saline solution (PBS, pH 7.4) and
incubated in vitro at 37 °C for 24 h. Afterward, excess water was removed
and the weight of the scaffolds was recorded as wet weight at pre-
determined time intervals (Ww). To study water retention, the water-
saturated scaffolds were first placed into the filter paper for 3 min to
remove excess water and weighed immediately (W’y). The swelling
ratio, the percentage of water uptake, and the water retention ability
were respectively obtained by Egs. (4), (5), and (6) [59,60]. Data from
each scaffold were obtained using three measurements (n = 3) and were
expressed as mean + SD.

. W, — Wy

Swelling = ———— 1

welling W, (€8]
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Water uptake = v 100 (2)
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water retention = —*——9 x 100 3)
Wy

2.8. Engzymatic in vitro degradation

The rate of scaffolds biodegradation was analyzed by a lysozyme
degradation test [57,61]. In brief, the initial dry weight of the scaffolds
(W;) was recorded. Then, scaffolds were immersed into a 4-well plate
having PBS (pH 7.4) containing lysozyme (500 pg/ml) and incubated at
37 °C. At predetermined time intervals (every 4 days), the scaffolds were
removed from the degradation medium, washed twice with distilled
water, frozen at —80 °C, lyophilized for 1 day, and weighed (Wy). The
biodegradation of scaffolds was observed to evaluate the scaffold weight
loss (degradability) for 14 days under simulated physiological condi-
tions (mean + SD, n = 3). Egs. (7) and (8) were used to calculate the
percentage of degradation (D%) and weight remaining, respectively
(WR%) [61,62].

Wi—W,
D% = W x 100 (C)]

Wi

Wiz Wi 100} =—1%100 (5)
W, w;

WR% = 100 — {

i i

2.9. Mechanical behavior

The mechanical properties of the lyophilized scaffolds (10 x 5 x 2
mm?>) were determined by a tensile tester instrument (Zwick/Roell,
1446, Germany) at 25 °C. Briefly, the mentioned scaffolds were placed
between the two grips of gage and thoroughly hydrated by spraying with
PBS (pH 7.4). Then, the stretching speed of the instrument was set at 2
mm/min. The elastic limit, Young modulus, MPa, ultimate tensile
strength (UTS), and breaking strain% were calculated from the resultant
engineering stress/strain curves, according to the regulations in ASTM
D3039 [63]. Notably, five specimens were evaluated for each scaffold
and the values were expressed as mean + SD (n = 5).

2.10. Microstructural observation and scaffold porosity

The morphology and microstructure study of the lyophilized scaf-
folds and cells were observed using a scanning electron microscope
(SEM) (XL30 ESEM, Philips, Germany). The surface of the scaffolds was
coated with a thin film of gold and imaged at an accelerating voltage of
20.0 kV. The pore size of scaffolds was measured from SEM images by
Clemex Vision with at least 80 pores per scaffold.

In followed by, the liquid displacement method was used to deter-
mine the porosity of scaffolds and absolute ethanol was selected as a
displacement liquid for its easy penetration into the pores of the scaffold
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without shrinking or swelling its structure [64]. In this test, the scaf-
folds, empty pycnometer, and ethanol were kept at 25 °C for 1 h. Then,
the pycnometer was filled with absolute ethanol and its weight was
recorded as Wi.

Moreover, lyophilized scaffolds with a known weight (Ws) were
separately immersed into the pycnometer then the bottle was submerged
slowly to remove all the air in the porous scaffold. Thereafter, the pyc-
nometer was refilled with ethanol and weighed after 5 min (W5). Sub-
sequently, the saturated scaffold with ethanol was removed from the
bottle and the pycnometer weight was recorded as Ws. At the end, the
volume of the scaffolds (Vs) and the total volume of the pores (Vp) were
obtained by using Egs. (1) and (2), respectively. Then, the porosity of
scaffolds determined with Eq. (3). Values were represented as the mean
+ standard deviation (SD) for n = 3.

W, — W, Ws
vszli2+5 )
p
W, — W3 — Wy
Vp=—o2t 3 7S @)
P
po Ve _WaoWio W ®

Vet Vs W, W,

The p and ¢ are the density of absolute ethanol and the porosity of the
scaffold, respectively.

2.11. Celis-scaffold interactions and bioactivity

2.11.1. Adhesion and proliferation assay

To understand biological behavior and in vitro biocompatibility
assessment of scaffolds, the polymeric samples (10 mm diameterx1 mm
thickness) were first placed in 98-well plate (Sigma-Aldrich Inc., St.
Louis, MO, USA) and pressed with stainless steel rings. The scaffolds
were sterilized under UV-light for 2 h and dipped in 70% alcohol solu-
tion overnight. The sterilized scaffolds were respectively washed 3 times
with PBS and the cell culture medium (every 30 min) at room temper-
ature. Then, the 3rd passage of human adipose-derived stem cells (h-
ASCs) used in our previous study [5] was seeded onto the scaffolds (1 x
10° cells/well) and were covered by Dulbecco Modified Eagle Medi-
um-Low Glucose (DMEM-LG) containing 10% FBS, and penicillin100 U/
ml-streptomycin1000 U/ml (Gibco, Massachusetts, USA). Afterward,
the plates were incubated at 37 °C, 5% carbon dioxide (CO2), and 95%
humidity for 5, and were observed under SEM to assess initial adhesion
(cell/scaffold interactions), after 5 h of the culture on the scaffolds.
Briefly, the h-ASCs-loaded scaffolds were washed with PBS (2 times) and
cells were fixed using 2.5% glutaraldehyde solution. After 30 min, the
samples were washed again with PBS, and post-fixation was carried out
with 1% Osmium tetroxide. The samples were dehydrated in ascending
concentrations (i.e., 30, 50, 70, 90, and 100%) of ethanol solutions, for
5 min at each concentration. Finally, the samples were dried in the open-
air and were mounted on copper stubs, coated with gold, and observed
by SEM (accelerating voltage of 10.0 kV).

To evaluation the distribution and proliferation of h-ASCs on the
scaffolds, the cells were also observed by SEM after an additional 48 h of
incubation under the same conditions. The culture medium was changed
every day.

2.11.2. Cell viability assay

The viability of h-ASCs onto the scaffolds and control group (medium
without scaffolds) was assessed by cell proliferation and viability assay.
In brief, h-ASCs at a plating density of 1 x 10* cells/well were seeded
onto scaffolds in 96-well plate. After 24, 48 h of culture, 20 pl of the MTT
(Sigma, US) at the final concentration of 2.5 mg/ml was added to each
well and incubated in a humidified atmosphere with 5% CO at 37 °C,
for an additional 4 h. Then, the medium was removed, and the cells were
solubilized in 100 pl of dimethyl sulfoxide (DMSO, Sigma, US) and
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absorbance was measured at a wavelength of 570 nm. The cell viability
in the control group was considered 100%.

2.12. In vitro differentiation of h-ASCs into keratinocytes

The culture-expanded h-ASCs on the scaffolds were tested for their
ability to differentiate into epidermal keratinocytes. To this end, the h-
ASCs were seeded in 6-well culture plates with/without scaffold, at a
density of 1 x 10° cells/well. Notably, DMEM-LG supplemented with
10% FBS, containing 1% Pen-Strep (penicillin-streptomycin) (all second:
Gibco, Massachusetts, USA) and 5 pg/ml insulin, 0.5 pg/ml hydrocor-
tisone, 1.5 mM calcium chloride, and 10 ng/ml keratinocyte growth
factor (KGF) (Sigma- Aldrich Inc., St. Louis, MO, USA) was used as
specific induction medium to differentiate cell onto plates without
scaffold (as the control group). The culture medium without insulin,
hydrocortisone, calcium chloride, and KGF was also added to the cells
which seeded onto the scaffolds. Finally, cells were cultivated in stan-
dard conditions for 14 days and the medium was changed every other
day. After 7 and 14 days in culture, the expression of two epithelial
markers (keratinocytes 10 and 14: KRT10 and KRT14) and cell mor-
phologies (round or polygonal shape) were assessed by real-time PCR®
and ICC.

2.13. Real-time PCR analysis

To analyze specific gene expression in all scaffolds, total RNA was
isolated from cultured cells on the scaffolds by an RNA extraction kit
(Takara, Tokyo, Japan). For this aim, the RNA samples were treated with
DNase I (Takara, Tokyo, Japan) to avoid the genomic DNA (gDNA)
contamination. The isolated RNA quantity was evaluated by nano-
spectrophotometry (NanoDrop; Thermo, Wilmington, USA). For
reverse transcription, 2 pg of total RNA was used with the Revert Aid-
first strand cDNA synthesis kit (Takara, Tokyo, Japan). The RNA
extracted from the human normal skin cell line (NCBI Code: C192, Ira-
nian Pasture Institute cell bank, Tehran, Iran) was applied as a positive
control. The real time-PCR (Rotor-Gene Q Real-Time PCR System, Qia-
gen, USA) reaction was carried out with SYBRR Premix Ex Taq™
(Takara BIO, INK, Japan) which uses Taq Fast DNA Polymerase, SYBR
Green I dye to detect double-stranded DNA. The reaction was performed
using the following program; 5 min of 95 °C (enzyme activation), 20 s at
95 °C (initial denaturation), 40 s (annealing temperature), and 1 min of
72 °C (extension), followed by 40 cycles with a final extension at 72 °C.
The final stage comprises the analysis of the melt curve through a
denaturing step (15” at 95 °C), followed by annealing (1’ at 60 °C) and
ramping to 95 °C with 0.3 °C increment/step. The expression level of the
genes was normalized to human f-actin as a housekeeping gene and
quantified using the 2722 method. Statistical analysis was performed
using ANOVA and p-value<0.05 was considered to be significant. The
level of candidate genes in different sample types was compared by the
Fisher LSD test. The primer sequences (5'- > 3/(were used as below:
KRT10 (Accession no: NM_000421.3), forward:
ACTACTCTTCCTCCCGCAGT and reverse: CAGAGCTCCCACGGCTAAAA
(Tm = 60 °C); KRT14 (Accession no: NM_000526.4), forward: AGAC-
CAAAGGTCGCTACTGC and reverse: ATCGTGCACATCCATGACCT (Tm
= 60 °C), and b-actin (ACTB) (Accession no: NM_001101.4), forward:
GGCGCCCTATAAAACCCAGC and reverse: GCTCGATGGGGTACTT-
CAGG (Tm = 60 °C).

2.14. Immunocytochemistry (ICC) assay
For this assay, cultured h-ASCs on the sterilized scaffolds (at days 7

and 14) were washed with PBS (3 times). Then, endogenous peroxidase
activity was inactivated by 3% H,0, (hydrogen peroxide), and plates

3 Polymerase Chain Reaction.
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were incubated in a blocking solution, consisting of 1% BSA for 1 h, to
block non-specific sites. Afterward, the cells were washed again with
PBS and incubated with primary antibodies (Anti-Cytokeratin 10 anti-
body [RKSE60] (ab9025) and Anti-Cytokeratin 14 antibody [LL002]
(ab7800) at 4 °C, overnight. After being labeled with the primary anti-
body, the cells were incubated with FITC-conjugated anti-rabbit IgG (BD
Pharmingen™), for 2 h. Finally, immunoreactive cells were visualized
by fluorescent microscopy (LabPro CETI, Oxford).

2.15. Statistical analysis

All experiments were conducted at least three times (n = 3) and all
values were described as the mean + SD. Statistical analysis was per-
formed by the t-test and one-way analysis of variance (one-way
ANOVA), Dunnett t-tests, and Scheffe’s post hoc test in IBM SPSS Sta-
tistics 24 software and p < 0.01, p < 0.05, and p < 0.001 were
considered as statistically significant.

3. Results and discussion
3.1. FTIR spectrum analysis

The FTIR spectra of collagen/PCP, S1, S2, and S3 were presented in
Fig. 2. As the spectra show, peaks at 3423.17 cm™}, 3421.49 cm?,
3417.94 cm ™!, and 3424.42 cm ™! were respectively recorded for S1, S2,
S3, and collagen/PCP, due to the existing of the -OH stretching vibra-
tions for strong hydrogen-bonding interactions with the neighboring
carboxylic groups which may be presented in the PCP-based materials
and SF. Likewise, the C—H stretching vibrations were observed at
2887.36 cm™!, 2887.48 cm!, 2885.81 cm!, and 3887.33 cm,
respectively. The range change of the peaks is attributed to chemical
interactions between the copolymer containing collagen (collagen/PCP)
and SF or HA. Although, it is observed that C—H and O—H absorption
bands intensity is reduced in the spectra of collagen/PCP, S1, and S3
than spectrum S2 (Fig. 2a). It could be due to existing of stronger
bonding inside the networks (for S2), higher content of HA in the
structure of S3, and lower interaction between collagen and PCP hybrid
copolymer (in collagen/PCP and S1).

There was a noteworthy point in the evaluation of spectra that
related to the N—H stretching vibrations. It has shown that incorpora-
tion of HA into the PCP-based material containing collagen and SF in-
creases the accumulation of NH band and water absorption of the
scaffold. It is well-known that in line with the strengthening of the N—H
band at 3092.74 cm ™! in the S3 spectrum, the intensity of the mentioned
peak was reduced in the S2 spectrum and completely missing in the S1
and collagen/PCP spectra. This could be due to the different interactions
of amide and amine bands of the based materials such as chitosan and
collagen with SF or SF/HA. Likewise, the peaks at 1550-1650 cm ™!
recorded for spectra, were related to amide I and II groups of collagen
and chitosan which became stronger with increasing HA [65].

New absorption bands at 2161.69 cm ™! and 2128.36 cm™! which
were possibly corresponding to the C=C or N—C bonds and exist in both
S2 and S3 spectra due to the bonding of -COOH of HA with NH2 of
chitosan, was completely missing in the S1 and collagen/PCP. Likewise,
there were the two peaks at 1969.72 and 1968.96 cm ™! for spectra S1
and S2. It means that new bands were formed via a hydrogen bond and
electrostatic interactions of inner and inter-molecular of SF with other
polymers, after cross-linking by EDC and NHS.

Moreover, 1150.62 and 1023.55 cm ™! which are assigned to C—0O
asymmetric and symmetric stretching vibrations were only observed in
the S3 spectrum. However, bands at 1108.95 em !, 1110.18 cm ™},
1110.46 cm ™', and 1114.83 cm ™! were respectively recorded for S1, S2,
S3, and collagen/PCP spectra which are attributed to C—O stretching
vibrations. Other peaks were also observed at 650-800 cm™?, 840-850
em ™}, and 1240-1243 cm ™! exhibited respectively the C—H bending,
N—H stretching vibrations, and C—N of amide and amine in every three
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Fig. 2. FTIR spectra for the designed scaffolds.

spectra which can be a reason for the interaction of the collagen and PCP
(with different intensities of the peaks) (Fig. 2b and c). Besides the
strong peaks at 1627.60 and 1592.00 cm ™ in the $3 spectrum compared
to other spectra could be due to excessive adding HA in the scaffold
structure, which led to the weaker interactions of amide I and II groups
in collagen and chitosan. Moreover, the peaks at 1722.5-1723.77 cm ™!
corresponding to the C=O0 stretching was observed in all spectra. This
could be due to the presence of based material (PCP) and intra-/inter-
molecular interactions [5].

3.2. Water absorption behavior

Water absorption ability is a key factor for skin tissue-engineered
scaffolds, because of the wound healing process depends on the ab-
sorption ability of the biological solution, penetration of nutrients, and
transfer of metabolic waste within the biomaterials [66]. A high swelling
ratio can be helpful to sustain the mentioned properties in the designed
scaffolds. Hence, the swelling% of collagen/PCP scaffolds was measured
and compared with our previous study [5] to evaluate the role of the
electrospinning-like method combined with the freeze-drying technique
for the preparation of scaffolds. Moreover, to study the effect of SF and
HA in water absorption behavior of scaffolds, the swelling ratio and
water uptake% of the hybrid porous scaffold (at various weight ratios of
SF and HA) were measured after 1,2,3,5 and 24 h of incubation in PBS

(Fig. 3).

As Fig. 3A shows, the combination of electrospinning-like and freeze-
drying techniques was led to an increase in swelling% of the collagen/
PCP scaffold in the first 10 h, as compared to the freeze-drying method
(p < 0.05). Although, there is no significant difference between the
swelling% of scaffolds after 24 and 48 h, however, scaffold prepared
with the electrospinning-like and freeze-drying techniques showed the
more regular swelling rate as compared to the freeze-drying technique.
It can be due to the formation of new mini-bands in the mentioned
scaffold network.

Our data indicated that all the scaffolds have good swelling and a
high capacity to retain more water than their own weight (Table 1). So
that, swelling ratio and water uptake% initially increased for all the
scaffolds. This could be due to the hydrophilic chains in the scaffolds
structure and a strong interaction between the PEG/chitosan/PCL
hybrid biocomposite containing collagen and SF/HA complex.
Although, there is a significant difference between the swelling ratio of
the scaffolds, in the first hour of immersion, that related to the existence
of HA and SF (Fig. 3B). So that, the swelling ratio of S3 with 50:50
weight ratios of SF: HA, after 1 h was respectively 2-fold, 1.5-fold, and
3.4-fold the higher than S1 (100:0), S2 (80:80) and collagen/PCP due to
the higher HA content in the scaffold structure.

However, the monitoring of water absorption over the 24-hour
period showed a downtrend for the S1, S2, and S3 scaffolds as
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Table 1
The parameters of water absorption for 3D-scaffolds.

Parameters S1 S2 S3 Collagen/PCP Collagen/
(electrospinning-like PCP (freeze-
and freeze-drying) drying)

SV\II‘Zilil:g 6.3 + 7.7 £ 126

E . b b
(first 03 0.2 jla 3.89 £ 0.02 3.5 £0.04
hour) )

Swelling

ratio 29+ 32+ 31+ . .
(after 24 0.9 1.0 1.0 4.07 £ 0.03 4.02 + 0.06
h)

Water

uptake% 86.3 88.2 12'5

(first +05 +1.0 R B -
1.2°

hour)

Water

uptake% 73.6 75.3 74.8 B B

(after 24 +6.4 + 6.0 + 6.0

h)

# The mean difference is significant at the 0.001 level.
b The mean difference is significant at the 0.05 level.

¢ There is no significant difference between scaffolds (p > 0.001).

compared to collagen/PCP scaffolds that might be due to the increase in
dissolution and degradation of the scaffolds (Fig. 3A, C, D, Table 1) [67].

Evaluation of this downtrend for S1, S2, and S3 scaffolds indicated
that the higher weight ratio of HA (>20 wt%) led to the downtrend at a
higher rate which was appeared on the line gradient of water uptake
curve in Fig. 3D. So that, measuring the downtrend rate of water ab-
sorption (water uptake%) for S1, S2, and S3 during 24-hour exhibited
respectively a reduction of 14.7%, 14.6%, and ~19% compared to the
first hour, and S3 with the higher weight ratios of HA (50 wt%) led to the
largest gradient as compared to S2 and S3, at different time intervals (p
< 0.001) (Fig. 3E). The various reports confirm that the HA content of
less than 40 wt% provides stable swelling behavior [68].

Moreover, in contrast to swelling ratio after 24-hour immersion,
water retention for S1 (214.1% =+ 0.1), S2 (265.6% =+ 0.5), and S3
(300.3% =+ 0.5) showed respectively a reduction of ~28%, 17%, and 4%.
The noteworthy event in water absorption assay was less water retention
of S1 and S2 versus S3 (p < 0.001) that could be due to the large hy-
drophobic domains in silk fibroin that dominate the structure [39].
However, there is also the significant difference in water retention be-
tween S1 and S2 due to the presence of HA (Fig. 3F).

3.3. Degradation

The degradation behavior of the engineered scaffolds plays an
important role in the process of tissue regeneration, which means that
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the degradation rate of scaffolds should almost match with the rate of degradation% of scaffold due to better bonding of polymer chains and
tissue repair (14-28 days) [69]. It helps to higher mass remaining of the consequently the decrease of available sites for enzymatic and simple
scaffold and consequently the available surface for cells proliferation hydrolysis. It probably provides a proper surface for cell-scaffold in-
and differentiation. Hence, the degradation profile of designed scaffolds teractions and the more expression of specific genes.

was evaluated in PBS (pH 7.4) containing lysozyme (500 pg/ml) at
37 °C, over 14 days. The weight remaining and degradation% curves of

scaffolds are presented in Fig. 3G. As indicated in this figure, there is a 3.4. Mechanical properties analysis

significant difference in the mass loss and consequently, weight

remaining between scaffolds (p < 0.001). Such that, combination of HA The mechanical behavior of engineered scaffolds plays an important
and/or SF with collagen/PCP scaffolds was led to an increase in the role in the improvement of cellular responses and enhancement of cell-

degradation% after 14 days (collagen/PCP (freeze-drying), collagen/ scaffold interactions [4]. In this field, combining polymers can positively
PCP (electrospinning-like and freeze-drying), S1, S2 and §3: 29.88 + 1.1, affect the biomechanical properties of the scaffold.

23.74 £0.2,78.57 £ 1.4,59.0 £ 0.5 and 87.0 £ 1.5 respectively). It can Here, the mechanical properties of the scaffolds were studied by the
be related to better interactions and the formation of stronger chemical
bonds between the functional groups of collagen/PCP scaffolds in Table 2

absence of SF and HA. The scaffold containing >20 wt% of HA (S3) The parameters of the tensile for 3D-scaffolds.
showed a higher mass-loss rate than other scaffolds (collagen/PCPs, S1

Parameters S1 S2 S3 Collagen/PCP Collagen/
and S2, p < 0.001), that could be due to the increase in porosity and the (electrospinning- PCP
availability of more contact area and consequently the higher accumu- like and freeze- (freeze-
lation of amine (-NH) and hydroxyl (-OH) functional groups near the drying) drying)
pore walls of the scaffold that leads to the acceleration of the hydrolytic Elasticlimit ~ 14.7 213 2740 oo oo 1833415
reaction and dissolution of the scaffold during enzymatic degradation. % +£06  £05  £1.0
The comparison of degradation profiles of S1 and S2 was also demon- UTS (MPa) 13624“ isbll“ 18643“ 13.7 + 0.02° ész'fhi
strated that the presence of a low HA content helps to increase mass Breaking 510.6  473.6 4046 . 2443 +
remaining% of scaffolds over a 14-day period. Indeed, the incorporation strain % +05  +39° 445 2036+15 0.06%*

of HA (20 wt%) and SF due to the formation of hydrogen bonds can
increase degradation time [68,70].

Further, our results showed, the use of the electrospinning-like
technique along with the freeze-drying method can decrease the

* UTS (MPa) and breaking strain% for collagen/PCP (freeze-drying) scaffold
were obtained from our previous study [5].

# The mean difference is significant at the 0.001 level.

b There is no significant difference between scaffolds (p > 0.001).
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stress-strain curves (Fig. 4A). In followed by, the elastic limit, Young’s
modulus, maximum tensile strength (Ultimate Tensile Strength = UTS),
and maximum elongation (breaking strain %) of the samples are
analyzed (Table 2, Fig. 4B-D).

As Fig. 4A shows, the stress-strain curves of collagen/PCP scaffolds
prepared by the combination of both methods and one method (freeze-
drying technique alone), almost match so that no significant difference
observed for their modulus (0.18 £+ 0.0 and 0.17 + 0.22 MPa) and UTS
(Fig. 4B and C, Table 2, p > 0.001). However, maximum elongation in
combining methods illustrated ~8% increase, compared to the prepa-
ration of scaffold with one method (Fig. 4D, p < 0.001). This could be
due to a more coherent network of the scaffold, which created by the
electrospinning-like technique.

When a strain of up to 1.02% is applied, the PCP fibers containing
collagen for S1, S2, and S3 scaffolds remain tangled and intertwined.
This amount for collagen/PCP scaffolds was recorded at about 120%,
which can be related to the existence of collagen fibers that did not
participate in the reactions.

Given that, the stress increases more than a strain can be said the
behavior of these biocomposite scaffolds is similar to elastomers. So
that, the elastic region follows a non-linear behavior (Fig. 4A), and
Young’s modulus is calculated via tangent of elasticity range that is the
slope of the stress-strain diagram at any point. Elastic limit % and
Young’s modulus of scaffolds have been provided in Table 2. The results
showed that combining SF with collagen/PCP was led to a significant
decrease (92% and 65% respectively) in the Elastic limit % and modulus
of S1 than collagen/PCP (Fig. 4B) that could be due to the lack of bal-
ance in stiffness of S1 [4]. Moreover, adding HA into the scaffolds
structure increased the elastic region that can be due to the improve-
ment of hydrophilic property and porosity of S2 (Fig. 4A and B).
Although, the most stress, in the elastic region, was related to the S2. It
might be because of the high resistance of the scaffold after adding HA
with a lower weight ratio than SF, thereby the p-sheet structure of the
silk protein can control water interactions and mechanobiological
signaling of HA and provide mechanical integrity of scaffold [68].

Based on the reports, the skin source can affect the modulus range so
that the values have been reported from 1.8 x 10”7 N/m? to 10% N/m?
[71]. These values vary among subjects, with pathological conditions,
sites, and states of the muscular activities. However, Young’s modulus of
designed scaffolds followed the modulus of the skin (less than 0.85 MPa
which has been identified as a modulus for over 30 years [72-75]). In
followed by, our results showed that Young’s modulus significantly
decreased for both scaffolds of S1 (0.06 + 0.09 MPa) and S3 (0.08 +
0.10 MPa) than S2 (0.32 + 0.5 MPa) (Fig. 4B, p < 0.05). It can be due to
the damage of the collagen structure in the scaffolds network. Because
collagen is responsible for the skin’s high Young’s modulus so that at
ages 15 to 30 years, the modulus is in the range of 0.32-4 MPa [72,74].
Obviously, the existence of non-bonded collagen, the lack of balance in
stiffness and softness, or an excessive HA in scaffolds structure can be
one of the reasons for the structural damage. Therefore, higher ultimate
stress strength (UTS) and Young’s modulus were recorded for S2 that
indicates the scaffold containing 20 wt% of HA due to higher porosity
offers higher resistance to the strain applied. (Fig. 4B and C). However,
higher plastic limit and breaking strain% were for S1 due to the strength
of the SF network structure (Fig. 4A and D).

3.5. Morphology and porosity% of scaffold

The morphological similarity of the engineered scaffold to native
ECM is one of the main characteristics to design scaffolds. The existence
of numerous pores (um) and consequently higher porosity% increases
the scaffold ability as a supportive matrix for stem cell attachment [76].
Moreover, for various tissues (soft and hard), optimal pore diameter
distributions in scaffolds differ according to tissue and materials used
[58,77,78]. In this field, there is a wide range for pores diameter dis-
tributions in the scaffolds used for skin tissue to differentiate stem cells
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into fibroblasts and keratinocyte (15 to 160 pm) [79-83]. Hence, the
selection of polymeric materials along with the design/fabrication
techniques of scaffolds can play an important role in creating optimal
pore and morphology similar to ECM of the skin [83-85].

Here, the hybrid porous scaffolds, which fabricated using injecting
(electrospinning-like) along with the freeze-drying technique and
freeze-drying method, confirm the mentioned items. So that, compari-
son of means pores diameter, pores diameter distributions and porosity
% showed that the use of both methods of the electrospinning-like and
the freeze-drying was led to a 16% reduction in the mentioned param-
eters, and a 1.5% increase of the porosity%, compared to the freeze-
drying method (p < 0.05, Table 3). This can be explained by the injec-
tion of collagen into the PCP solution by the electrospinning-like
method, which leads to gradually penetration of the water molecules
into polymer solution and better interactions of collagen with hydro-
phobic polymer (PCL), and consequently stronger hydrogen bonding
formation, creation of a denser structure with smaller pores size, and the
more uniform distribution of pores diameter, via the freeze-drying
method (with two-stages freezing process) (Figs. 5 and 6: A, B). The
minor differences (non-significant) were also observed between S1 and
collagen/PCP prepared by the electrospinning-like and freeze-drying
methods, which can be due to the dominance of hydrophobic domains
of SF and its B-sheet structure (Fig. 5A and C, Table 2, p > 0.001).

Furthermore, the evaluation of SEM images illustrated a continuous
interconnected 3D-network with the porous structure for S2 and S3
scaffolds, that their internal morphology was dependent on the ratio of
the polysaccharide added (Fig. 5D and E). Indeed, the formation of
numerous subordinate pores in the wall of the main pores after adding
the HA leads to the improvement of inner network connectivity of pore,
higher porosity% and more uniform morphology along with the lower-
domain distribution of diameter, compared with other scaffolds
(Fig. 6A-E, Table 3, p < 0.001)).

Our results showed also that the pores size of designed scaffolds was
found to be within the range required for seeding stem cells and
differentiate into skin cells such as keratinocyte which is related to the
combination of natural and synthetic polymers [58,67,85,86].

However, relative to previous studies, the designed scaffolds in this
research have the distribution of a more uniform diameter, which can be
due to the combination of electrospinning-like and freeze-drying
methods.

3.6. Cellular adhesion and proliferation

After 5 h and 2 days of cell culture on the scaffold, the SEM images of
scaffolds along with h-ASCs were observed to evaluate cell adhesion,

Table 3
The comparison of the scaffolds properties: pore diameter and porosity %.
Parameters
Mean pore Pore Mean Ref.
diameter diameter porosity
(pm) range (pm) % + SD
Sample  Collagen/PCP ~45%0c ~18-101" 93.0 + -
code (electrospinning- 0.03""
like and freeze-
drying)
Collagen/PCP ~547¢ ~13-118 91.6 + [5]
(freeze-drying) 0.18°
S1 (SF/HA = 100:0) ~410¢ ~14-90° 933 + -
0.64"
S2 (SF/HA = 80:20) ~27¢ ~8-52 97.5 + -
0.11
S3 (SF/HA = 50:50) ~15°¢ ~6-33 99.0 + -
0.04

# The mean difference is significant at the 0.05 level.
b There is no significant difference between scaffolds (p > 0.001).
¢ The mean difference is significant at the 0.001 level.
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respectively.

distribution, and proliferation (Fig. 7A-H). The results revealed that the
combination technique of the electrospinning-like and freeze-drying
increases cellular adhesion and decreases the cell colony formation on
the scaffolds (after 5 h) results in better interaction of cell-scaffolds and
cell-cell, relative to the freeze-drying method (Fig. 7(a) and (b)). Actu-
ally, the lack of cell colony formation on the 3D-scaffold is considered as
an important factor that can lead to less adhered cell loss on the surface
and the promotion of cell differentiation, when scaffold structure is
destroyed in cases such as enzymatic degradation and simple hydrolysis.

Adding SF and HA biomolecules into the collagen/PCP structure was
also led to the improvement in the cellular adhesion, distribution, and
proliferation (Fig. 7c—j). Moreover, the increase of HA content was
promoted cell adhesion, so that more adhesion (after 5 h) was observed
for S3 (Fig. 7c—e). This could be due to higher porosity% and more
uniform morphology of the mentioned scaffold which led to better in-
teractions of cell-to-scaffold [43,76], but this result does not necessarily
increase cell proliferation. Indeed, pores facilitate and accelerate the
loading of cells into scaffolds and porosity provides the internal sites for
attachment [82]. However, an excessive decrease in the pores diameter
or increase in the porosity can have a negative effect on the proliferation

10

and differentiation of cells. Hence, the main problem is the creation of
efficient interactions between the scaffolds and cells after primary
adhesion, so that the small diameters of pores in scaffold meshes pro-
hibit cell penetration into the pores, so 3D-scaffold acts like a 2-dimen-
sional (2D) support structure [87]. Under these circumstances, the high
ability of cells to grow leads to fast proliferation and dispersion of cells
in the 2D-scaffold and increases of pro-death signals due to the reduction
of contact inhibition [88]. In this research, the application of PCL
polymer has partially solved the problem of cell penetration, but the
excessive increase in the weight ratio of HA (>20 wt%) led to the smaller
pores diameter, a decrease in-depth penetration of cells into the scaffold,
and subsequent reduction of proliferation and differentiation, after 2
days (Fig. 7g-i). It is notable that S2 with 20 wt% of HA and porosity less
than S3 (50 wt% of HA) showed more uniform distribution and better
proliferation of h-ASCs onto the scaffold.

3.7. Cell viability assay

The viability of cultured h-ASCs on designed scaffolds was assessed
by MTT assay, after 1 and 2 days (Fig. 8A). No significant differences
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were observed between control and experimental groups (p > 0.01),
except S3 scaffold (after 24 h), that can be due to the higher degradation
rate and excessive reduction of pores diameter in S3 scaffold which leads
to reduced oxygen and nutrients transport to cells and decreased the
number of viable cells (p < 0.01). Nevertheless, cell viability results for
all scaffolds demonstrated more than 80% live cells. More cell viability%
was also related to S2 at both day 1 and 2, compared to other scaffolds
studied. This can be because of control of HA weight ratio, lower
degradation%, suitable biomechanical properties, the balance of hy-
drophilic and hydrophobic groups, and consequently balance of stiffness
and softness in the mentioned scaffold structure.

3.8. Real-time RT-PCR and immunocytochemistry analysis

The expression of early or late and induction of keratins by the basal
cells are effective in the speed up wound healing. Thus, the ability of the
skin tissue-engineered scaffolds which is dependent on the used mate-
rials and the specific design of the scaffold play an important role in
keratinocytes differentiation from SCs and timely keratins expression,
because of keratins are expressed in specific patterns which are related
to the type of tissue epithelial and stage of differentiation [89]. Hence, in
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this study expression of keratins 14 and 10 (as the most important
keratins in basal and spinous (suprabasal) layers of the epidermis, as
well as embryonic epithelial cells like hair follicle in the dermis,
respectively [90-93]) on the designed scaffolds were investigated by RT-
PCR and ICC-analysis. The results obtained after days 7 and 14 are
summarized in Fig. 8B-D.

It is notable that, the keratinocytes of 14 and 10 are an early dif-
ferentiation marker, so the more expression must observe on day 7.
Nonetheless, the expression level of KRT10 on day 7 is less than KRT14
and gradually induced in the following days (compared with KRT14 in
day 14) [94]. This gradual process is related to the formation of the first
suprabasal layer such as spinosum as a function of basal cells prolifer-
ation and induction of KRT10 during 14 days of wound healing (no scar)
[95]. Therefore, S2 can probably be effective for this purpose due to the
structure of the scaffold network and the regulation of the HA ratio.
Fig. 8B and C confirms the early expression of KRT10 and KRT14 on the
mentioned scaffold.

As shown in Fig. 8B and C, except for the S1 scaffold, the differen-
tiation of keratinocytes from h-ASCs was led to the early expression of
KRT14 on all scaffolds so that more expression was recorded on the 7th
day. Although there was a significant difference between scaffolds in the
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Fig. 7. (a) and (b) are SEM images of collagen/PCP scaffolds along with h-ASCs for the combination technique of the electrospinning-like and freeze-drying, as well
as the freeze-drying method, respectively. (c), (d), (e), and (f) are SEM images for S1, S2, S3, and collagen/PCP prepared with combination technique, respectively,
after 5 h. Likewise, (g), (h), (i), and (j) are SEM images after 2 days.
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Fig. 8. A: The viability of ASCs cultured on all five scaffolds, during 24 and 48 h. B and C: Expression of keratinocytes on all five scaffolds, after 7 and 14 days (B:
KRT14 and C: KRT10). D: Inmunocytochemical analysis of keratinocytes 14 and 10, on three scaffolds and negative control, after 7 and 14 days. ***: p < 0.01, **: p
< 0.05, ns: non-significant difference, and NC: negative control.
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expression level of KRT14 (p < 0.05), that may be due to the more
porosity, reduction in-depth penetration of cells into the scaffold, and
decrease of their differentiation or proliferation.

In addition, collagen/PCP (electrospinning-like and freeze-drying)
was led to ~8% increase in the KRT14 expression, compared with
collagen/PCP (freeze-drying) on the 7th day. It could be due to the
scaffold network and better interaction of cell-cell and cell-scaffold.

The results also showed h-ASCs culture on S3 was led to the lower
expression level along with the late expression of KRT10 which can be
due to the weaker physicomechanical properties of scaffold and the type
of call-scaffold interactions.

Therefore, only three scaffolds of collagen/PCP(s) and S2 could
mimic the differentiation and growth pattern of skin cells. However,
after 7 days of culture on these three scaffolds, the more induction of
keratinocytes 14 and 10 was observed on the S2 scaffold that could be
due to the ratio of SF/HA and the regulation of HA content (as an in-
duction factor of keratinocytes). After 14 days, the S2 scaffold showed a
further decrease in the expression level of both keratinocytes (~73%
and 52% respectively), compared with other scaffolds (Fig. 8B and C).
This process plays an important role in the beginning of the early dif-
ferentiation, upward stratification in skin layers for the formation of the
suprabasal layer, and skin regeneration [96].

The ICC images confirmed the mentioned results (Fig. 8D). It is
notable that; based on the results of RT-PCR, the immunocytochemical
study was carried out for only three scaffolds of collagen/PCP(s) and S2,
due to the better results in keratinocytes induction and imitation of their
differentiation pattern (early expression). The distinguishable pheno-
typical feature of keratinocytes was confirmed by ICC analysis (polyg-
onal morphologies).

Notably, the significant differences observed in expression levels for
KRT10 and KRT14 between the mentioned scaffolds and TCP (as the
control group in the epidermal-induction medium), according to the
2722Ct method. Based on this method, expression levels of TCP will be
equal to one and the rest of the groups will be compared relative to TCP.

Herein, after 7 days, the KRT14 expression on the S2 and collagen/
PCP(s) was respectively recorded ~2-fold and ~1.5-fold the higher than
TCP. It can be related to the limitations of 2D culture so that cells are
distorted and flatten and cell-to-cell interactions are therefore virtually
eliminated due to forming a surface of mono-layer. While a 3D-microen-
vironment with a porous network provides a tissue-like 3D structure and
leads to cell permeation freely into the scaffold and improvement of cells
behavior (adhesion, proliferation, and differentiation) [88,97,98].
Likewise, the KRT10 expression level on the S2 scaffold was ~1.5-fold
greater than that on the TCP, while the expression of the mentioned
keratinocyte was approximately equal between the control and
collagen/PCP(s). It can be explained by the presence of SF/HA bio-
complex with a volume ratio of 80:20 which acts as a key factor for
keratinocytes induction.

This study suggests that the design of the hybrid scaffold as the
engineered extracellular matrix not only can add to scaffold capabilities
for cell adhesion, migration, proliferation, and differentiation into the
tissue but also can be effective for early/late expression of predominant
cells. Moreover, the combination of two techniques of electrospinning-
like and freeze-drying can improve the mechanical and physical prop-
erties of the scaffold. The designed scaffolds in this research due to
unique structure and characteristics indicated that can potentially be
effective for h-ASCs differentiation into keratinocytes in the absence of
growth factor and promote biological signals.

These scaffolds because of having the proteoglycan (SF), linear
polysaccharides (HA and chitosan), and collagen fibers provide a close
resemblance to the native extracellular matrix [99-102] and can be as a
regulator of cell function and a suitable substitute for wound healing.
Accordingly, it seems that designed scaffolds in this study can be a good
alternative for the amniotic membrane used in recent years for skin
regeneration [103-106] however, further researches are needed, in this
field.
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Hence, the study of similarity of this scaffold with the biological
substrates, such as amniotic membrane and its reform are the future
studies that will reduce the inherent risks of biological materials.

4. Conclusion

In the present study, a novel hybrid porous scaffold was designed
that imitates not only the human skin functions but also can potentially
induce epidermal keratinocytes to accelerate the wound healing process.
This scaffold includes silk/hyaluronan copolymer modified by poly-
ethylene glycol/chitosan/poly (e-caprolactone) biocomposite contain-
ing collagen. To create a coherent 3D network, the combination of the
electrospinning-like and freeze-drying techniques was used as a new
method for the preparation of scaffold. These scaffold properties were
compared to the scaffold designed by the freeze-drying technique. The
results demonstrated that the combination technique was led to a
decrease in degradation% and mean pore diameter, an increase in
porosity and breaking strain%, more regular swelling rate stable
swelling behavior, the more uniform distribution of pores diameter and
consequently more uniform distribution and better proliferation and
differentiation of h-ASCs onto the scaffold. The evaluation of the
different weight ratios (wt%) of SF/HA bio-complex (S1:100/0, S2:80/
20, S3:50/50) showed that the increase of HA content (>20 wt%) was
led to an increase in porosity% (99%) and pore diameter range. How-
ever, the scaffold consisting of the HA content of 20% (i.e. S2 scaffold)
was indicated a stable swelling behavior, lower degradation% along
with modulus of 0.32 MPs that defined for young skins. The comparison
of data also revealed that the regulation of HA and SF content (in S2
scaffold) resulted in improved interactions of cell-to-cell and cell-to-
scaffold (adhesion, cellular responses, proliferation, and differentia-
tion) via promoting mechanotransduction signals and in the absence of
growth factors. Such a scaffold as a promising substrate can be effective
in managing the absorption of wound exudates and skin regeneration.
However, complementary studies are required to test the efficacy of
these scaffolds for wound healing in animal models.
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