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ABSTRACT: Platelet-derived growth factor-BB (PDGF-BB) is a polypeptide
growth factor generated by platelet granules faced to cytokines. It plays a role in
forming and remodeling various tissue types, including epithelial tissue, through
interaction with cell-surface receptors on most mesenchymal origin cells. However,
it breaks down quickly in biological fluids, emphasizing the importance of
preserving them from biodegradation. To address this challenge, we formulated
and evaluated PDGF-encapsulated nanospheres (PD@PCEC) using polycapro-
lactone-polyethylene glycol-polycaprolactone. PD@PCECs were fabricated
through the triple emulsion methodology and optimized by using the Box—
Behnken design. The encapsulation efficiency (EE) of nanoencapsulated PDGF-
BB was investigated concerning four variables: stirring rate (X1), stirring duration
(X2), poly(vinyl alcohol) concentration (X3), and PDGF-BB concentration (X4).
The selected optimized nanospheres were integrated into a gelatin-collagen
scaffold (PD@PCEC@GC) and assessed for morphology, biocompatibility, in
vitro release, and differentiation-inducing activity in human adipose-derived stem cells (hADSCs). The optimized PD@PCEC
nanospheres exhibited a particle size of 177.9 + 91 nm, a zeta potential of 5.2 mV, and an EE of 87.7 + 0.44%. The release profile
demonstrated approximately 85% of loaded PDGF-BB released during the first 360 h, with a sustained release over the entire 504 h
period, maintaining bioactivity of 87.3%. The study also included an evaluation of the physicochemical properties of the scaffolds
and an assessment of hADSC adhesion to the scaffold’s surface. Additionally, hADSCs cultivated within the scaffold effectively
differentiated into keratinocyte-like cells (KLCs) over 21 days, evidenced by morphological changes and upregulation of
keratinocyte-specific genes, including cytokeratin 18, cytokeratin 19, and involucrin, at both transcriptional and protein levels.

1. INTRODUCTION multilineage plasticity, they have emerged as a promising skin
regeneration candidate.'’ They secrete various growth factors
that promote wound healing, making them ideal for enhancing
tissue renewal.'”'” Although ADSCs have the potential to
differentiate into functional keratinocytes, their efficient and
controlled differentiation remains a challenge.'*

Some growth factors, such as epithelial growth factor
(EGE)," keratinocyte growth factor (KGF),'® fibroblast
growth factor (FGE),"” and hepatocyte growth factor
(HGF),"® have been used either individually or in combination
with other inducers to promote the differentiation of ADSCs

Fast and appropriate wound healing is critical in treating severe
burns, trauma, diabetic wounds, bedsores, and similar cases.
The limited self-healing capacity of chronic wounds and
extensive skin injuries poses a significant challenge to clinical
practice. Despite their effectiveness for superficial wounds,
conventional wound healing techniques often fail to support
the regeneration of complicated skin tissues and epidermis
layers." Because keratinocytes can proliferate, migrate, and
produce essential extracellular matrix components, they play a
vital role in skin regeneration and wound healing.” The use of
stem-cell-based approaches has gained significant attention in
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cells (ADSCs), have shown great promise in tissue engineering Published: March 19, 2024
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and regenerative medicine due to their unique properties.
Since ADSCs are easy to access, are abundant, and have
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into keratinocyte-like cells. Despite playing a pivotal role in
promoting cell proliferation, angiogenesis,'” and collagen
synthesis—essential for efficient tissue repair—platelet-derived
growth factor (PDGF-BB) has not yet been utilized to
differentiate ADSCs into keratinocyte-like cells. Additionally,
in patients with slow-healing wounds, this compound’s
secretion is less than the required level; therefore, its
administration helps speed up the healing of these patients’
wounds.”® However, topical delivery of PDGF is severely
limited due to its short halflife and potential to exert
unwanted effects.”’ To overcome the limitations of conven-
tional differentiation protocols, incorporating PDGF-contain-
ing bioactive nanospheres within gelatin—collagen (GC)
hydrogel scaffolds presents a promising solution. The
biocompatible copolymer of polycaprolactone and poly-
ethylene glycol (PCL—PEG-PCL) has been used frequently
for encapsulation.”””** PCL—PEG-PCL is able to encapsulate
proteins due to being amphiphilic. The hydrophilic poly-
ethylene glycol block is close to the encapsulated protein
molecule polycaprolactone blocks arranged outward. Sustain-
ing of protein release from PCL—PEG-PCL has been described
in a few investigations,‘zo_32 but it has never been utilized to
encapsulate PDGF-BB, according to the bibliography. Nowa-
days, various experimental design methods are used to develop
new drug formulations and make optimal use of materials and
preparation methods, such as the response surface method-
ology.”™*" These designs help researchers determine the
simultaneous effect of different factors on the efficiency and
achieve the best formulation. Therefore, we used the Box—
Behnken method to design and optimize experiments involving
the preparation of PDGF-loaded PCEC nanospheres.

Nanospheres allow precise control over growth factor release
kinetics, ensuring sustained and local delivery to ADSCs within
the scaffold microenvironment. ADSC differentiation can be
enhanced through this approach, and keratinocyte-like
characteristics can be encouraged, simulating natural paracrine
signaling in skin regeneration. An important challenge in this
study is developing a reliable method for incorporating PDGF-
containing bioactive nanospheres into a suitable hydrogel
scaffold in order to control the growth factor release kinetics.

The choice of scaffold material and structure significantly
influences cell behavior and tissue regeneration outcomes.
Several studies have demonstrated that GC hydrogelic
scaffolds exhibit favorable biocompatibility and mechanical
properties, allowing cells to attach, proliferate, and deposit
extracellular matrix.**~** For PDGF-containing bioactive
nanospheres to be successfully incorporated into the scaffold
matrix, the interaction among the nanospheres, GC hydrogel,
and cells must be carefully considered. Achieving regenerative
outcomes requires an optimized scaffold design with uniform
nanosphere distribution, adequate stability, and sustained
release of growth factor.

Given that, we investigated the potential of PDGF-BB and a
GC porous scaffold to enhance the differentiation of human
ADSCs to keratinocyte-like cells. We first designed and
optimized the preparation of PDGF-loaded PCEC nano-
spheres by using the Box—Behnken method. We then
encapsulated PDGF-BB in PCEC nanospheres embedded in
a 3D extracellular matrix-like sponge. Subsequently, we
assessed the release of PDGF-BB from nanospheres and
scaffolds and its bioactivity after release. Finally, we examined
the effects of integrated scaffolds on the in vitro keratinocyte-
like cell differentiation of hADSCs by using Western blotting,
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RT-PCR analysis, and microscopic observation. The achieve-
ment of these objectives may help to develop wound healing
strategies, leading to improved therapeutic outcomes and
quality of life for patients with chronic wounds and extensive
skin injuries.

2. MATERIAL AND METHODS

2.1. Materials and Reagents. Human recombinant
platelet-derived growth factor-BB (PDGF-BB,99.9%) was
purchased from PeproTech, and the PDGF ELISA kit was
purchased from Abcam (Canada). Bovine collagen (acid-
soluble collagen; Type I) was received as a friendly gift from
the laboratory of Dr. Khosh Fetrat. Gelatin (porcine skin, type
A), poly(vinyl alcohol) (M 85k), and stannous 2-ethyl
hexanoate (stannous octoate, Sn(Oct),) were purchased
from Sigma-Aldrich (USA). Polycaprolactone (PCL, Mn:
45000), e-caprolactone, polyethylene glycol (PEG, Mn:
4000), acetic acid (glacial), and tetrazolium salt 3-(4, S-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were obtained from Sigma-Aldrich (USA). Glutaraldehyde
(25% aqueous solution) and all solvents were purchased from
Merck Inc. Dulbecco’s modified Eagle's medium (DMEM-high
glucose), Ham’s F-12 medium, and penicillin—streptomycin
were also obtained from Gibco (USA). Fetal bovine serum
(FBS) was purchased from PAN-Biotech (Germany).

2.2. Development of PD@PCEC Nanospheres. The
PCEC copolymer was synthesized through e-CL ring opening
according to a previous protocol’” (please refer to Figure 1 for
a visual representation of the process). Nanospheres
containing PDGF-BB were prepared using a double-emulsion
process (w/o/w). The procedure begins with the preparation
of a 1 mL aqueous solution of PDGF-BB at a known
concentration of 300 ng/mL. This solution is dropwise
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Figure 1. Overview of the synthesis steps for the PCEC triblock
copolymer using e-CL ring opening.
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injected into the PCEC copolymer solution in 2 mL of
methylene chloride (100 mg/mL) via a syringe (G = 22),
followed by application of ultrasound to form a w/o emulsion.
The resulting solution is emulsified by combining it with a
solution of PVA in deionized water (PVA concentration:
0.56%). The emulsion is stirred at room temperature for 30
min at 200 rpm. Deionized water (50 mL) is added to the
emulsion, and the mixture was stirred for another 30 min. The
stirring continued until the methylene chloride solvent is
completely evaporated, which is equivalent to 139 min. The
PD@PCEC nanospheres were collected by centrifugation,
washed twice with distilled water, lyophilized, and stored at
—20 °C until use. The optimal parameters for preparing PD@
PCEC nanospheres were obtained by designing the experiment
by using the Box—Behnken method.

2.3. Obtaining the Factors Affecting the Encapsula-
tion Efficiency and Their Optimal Values with the
Response Surface Design Method. Previously, the OFAT
method was used to prepare and optimize new drug delivery
systems. This means that in each experiment, instead of
examining the simultaneous effect of different factors on
efficiency, they examined only the effect of one factor. This
method required many experiments, and it was usually
impossible to achieve optimal conditions. Nowadays, to save
time and money, various experimental design methods are
used to develop new drug formulations and optimize materials
and preparation methods, such as the response surface
methodology.”' ~*

In this project, using the designed experiments, a two-level
Box—Behnken method was used to evaluate the effect of the
stirring rate, stirring duration, PVA concentration, and PDGF-
BB concentration (Table 1) on the encapsulation efficiency

Table 1. Experimental Conditions of Box—Behnken Design
for Preparation of PDGF-BB-Loaded Nanospheres by a
Double-Emulsion Process (w/o/w)

levels
min max
factors coded units  —1 +1
#1 stirring rate (rpm) X1 200 900
#2 stirring duration (min) X2 30 150
#3 PVA concentration (%) X3 0.4 1.0
#4 PDGE-BB concentration (ng/mL) X4 200 300

(EE). Minitab statistical software 20.4.0.0 was applied to
examine the data, optimize the experimental settings, and
examine each parameter at two alternative levels (—1 and +1).
The minimum and maximum values for parameters were
adjusted on the basis of the laboratory-based preliminary study
results.

Twenty-seven batches of experiments were designed (Table
2), and the EE of produced particles was evaluated by dividing
the mass of PDGF-BB loaded into the PCEC nanospheres by
the overall mass of PDGF-BB.

2.4. Fabrication of Cross-Linked Gelatin—Collagen
Hydrogel Scaffolds. A 9% by weight solution of porcine
gelatin type A in deionized water was prepared with the help of
heat and mixed with an equal volume of bovine collagen type 1
solution (1 wt %) in 1% acetic acid for 4 h at 40 °C.

Then, PD@PCEC nanospheres (concentration of 10 ng/mL
of PDGF), and unloaded nanospheres, were added to the gel/
col solution in two separate groups and stirred for S min.

After the glutaraldehyde solution (2.5%, v/v) was dropped
into the mixtures and stirred for 5 min at 35 °C, the resulting
mixture was poured into plastic molds of appropriate size and
the hydrogel was hardened at room temperature.

The scaffolds were frozen at —20 °C and lyophilized using a
freeze-dryer at —70 °C for 48 h. To prevent cytotoxicity, the
remaining aldehyde groups in the scaffolds, after cross-linking
with glutaraldehyde, were blocked by immersing the
lyophilized scaffolds in a 50 mM glycine solution for 2 h.

Finally, the scaffolds were removed from the glycine
solution, washed twice with deionized water, and lyophilized
in a freeze-dryer at a temperature of —70 °C.

2.5. Characterization of PD@PCEC Nanospheres and
Prepared Scaffolds. 2.5.1. FTIR Analysis. A Bruker
(Germany) FTIR spectrometer was used to record the LR.
spectrum of the PCEC copolymer, primary monomers, gelatin,
collagen, and prepared scaffolds.

2.5.2. 'THNMR. Nuclear magnetic resonance spectra were
recorded using a Bruker AC 80 spectrometer operating at a
frequency of 400 MHz and CDCl; as the solvent. The
copolymer structure was characterized by the peaks observed
in the "HNMR spectrum.

2.5.3. XRD Analysis. A Bruker D8 ADVANCE diffrac-
tometer (Germany) with operating conditions set at 40 kV and
30 mA and a 26 angle range from S to 70° was used to record
the XRD patterns of copolymers and monomers.

Table 2. Design of the Experiments and the Obtained Results

trialno. Xl rpm X2min X3% X4 ng/mL EE (mean = SD) % trialno. Xlrpm X2min X3% X4 ng/mL EE (mean + SD) %
1 550 90 1.0 200 56.2 + 0.25 15 900 90 0.7 300 72.6 + 0.04
2 200 920 0.7 200 62.9 + 0.18 16 550 920 0.7 250 69.5 + 0.05
3 200 30 0.7 250 68.0 + 0.50 17 550 30 1.0 250 66.6 + 0.14
4 200 150 0.7 250 81.0 + 0.35 18 200 90 1.0 250 77.6 + 0.25
S 550 90 0.4 300 782 + 0.42 19 900 30 0.7 250 654 + 0.13
6 200 90 0.7 300 84.5 + 0.44 20 550 150 1.0 250 66.9 + 0.48
7 900 920 0.7 200 50.6 + 0.10 21 550 150 0.7 200 54.7 £ 0.10
8 900 150 0.7 250 584 + 0.25 22 900 20 0.4 250 61.7 + 0.14
9 550 30 0.7 200 47.0 + 0.18 23 550 150 0.4 250 66.5 + 0.12
10 550 20 0.4 200 53.0 + 0.19 24 550 920 1.0 300 76.8 + 0.37
11 900 90 1.0 250 66.1 + 0.005 25 200 90 0.4 250 74.5 £ 0.18
12 550 920 0.7 250 71.0 = 0.17 26 550 150 0.7 300 76.5 + 0.30
13 550 30 0.7 300 742 + 0.18 27 550 30 0.4 250 62.1 + 023
14 550 90 0.7 250 70.9 + 0.19
15116 https://doi.org/10.1021/acsomega.3c09391
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2.5.4. Particle Size Distribution and Zeta Potential
Measurement. Determination of the zeta potential ({) was
performed using a Nanotrac wave (Microtrac Inc., USA)
Zetasizer at 26 °C. To determine the zeta potential of the
PD@PCEC nanospheres, they were dispersed in deionized
water to ensure no diffusion and Brownian motion. The
particle size distribution was determined by the DLS method.

2.5.5. Encapsulation Efficiency (% EE). After rinsing PDGEF-
loaded nanospheres with deionized water two times, the
resulting solution was added to the centrifuged nanosphere
supernatant. Then, the growth factor concentration in this
solution was determined using an ELISA kit. The amount of
PDGF-BB loaded into the nanospheres was calculated by
subtracting the amount of unloaded PDGF-BB from the total
protein initially added to the solution. Finally, the % EE was
subsequently calculated by eq 1. The average of two
experiment replications and standard deviation was reported
(Table 2).

total PDGF — unl PDGF
%EE — o G unloaded PDG % 100

total PDGF )

2.5.6. Morphology of Nanospheres and Scaffolds. The
structure of the PD@PCEC nanospheres was examined by
TEM (Philips EM208S) imaging at 200 kV. A droplet of the
nanosphere solution (10 yL) was placed onto the copper
micro grid for TEM analysis. After the solution dried, data
were collected by using an applied accelerating voltage. To
investigate the morphology of scaffolds, a MIRA3 FEG-SEM,
TESCAN (Czech) scanning electron microscope (SEM) was
applied.

2.5.7. Mechanical Strength of Scaffolds. A Zwick tensile
testing machine (Z010, Zwick/Roell, and Ulm, Germany) was
used to determine the mechanical strength of the scaffolds
(dimensions = 10 X 10 X 0.2 cm®) at a constant tensile
deformation rate of 2 mm/min in the dry state at 25 °C. The
stress—strain curve of the samples was drawn, and the
corresponding Young’s modulus of each scaffold was
calculated.

2.5.8. Porosity of Scaffolds. Methods such as BET
(adsorption and desorption of gaseous nitrogen) or liquid
replacement methods can be used to determine the porosity of
scaffolds. Because of the prepared scaffolds’ high porosity and
low density, it was difficult to stabilize them inside the gas
porosimeter (BET) cells during the degassing stage. Therefore,
it was preferable to use the second method (liquid replacement
method) to solve this problem. To determine the porosity of
the scaffolds, equal-sized pieces of the scaffolds were immersed
in a graduated cylinder containing a specific volume of absolute
ethanol (V,, cm®) for 10 min. Scaffolds were removed from the
graduated cylinder, and the volume of the remaining alcohol
was recorded (V;). V, was considered the volume of the
scaffolds and was calculated from their dimensions. The
volume of absorbed alcohol in the scaffold was obtained by
subtracting V; from the volume of V). The percentage of
scaffold porosity was obtained from eq 2.

. volume of absorbed ethanol

%porosity = X 100
volume of scaffold (2)
2.5.9. Swelling Behavior. The experiments related to the
swelling of the scaffolds were performed by immersing the
weighted pieces of the scaffolds with specific dimensions in
PBS solution with pH 7.4 for 120 h and 37 °C.** At specific
time intervals, the scaffolds were removed from the PBS

solution, and after drying their surface, their weight was
measured and recorded with an analytical balance. The
swelling ratio of the scaffolds was then obtained from the
following equation.*>*®

W -W
wm )

where W, and W, are the initial weight of the scaffolds and the
weight of the scaffolds after swelling, respectively.

2.5.10. Degradation Profile of Scaffolds. The degradation
profile of the fabricated scaffolds for tissue engineering is
particularly important. In this study, the degradation of 3D
scaffolds was investigated in a PBS solution and a solution
containing a specific concentration of lysozyme according to
the ASTM method (F-1635-95). The dried and precisely
weighed scaffold samples (w;) were submerged in PBS
solution with pH 7.4 and a PBS solution containing 13 mg/
L of lysozyme enzyme. The samples were then incubated at 37
°C for a specified time. The concentration of lysozyme was
chosen to be equivalent to its concentration in human blood.*’
At specific time intervals (7, 14, and 21 days for degradation in
PBS solution and 1, 2, 4, 6, and 8 h for degradation in PBS
solution containing lysozyme), the samples were removed from
the degradation environment and weighed after 24 h of
exposure to air (w,). The percentage of degradation of
scaffolds at any specified time was calculated using eq 4."*

swelling ratio =

W — W,
—L "2 %100

W (4)

Each experiment was performed three times, and the results
were reported as the average of the results of the three
experiments and standard deviation.

2.6. In Vitro Release of PDGF-BB from Nanospheres
and Scaffolds. The following method was used in vitro to
investigate PDGF-BB release from PD@PCEC nanospheres
and PD@PCEC@GC scaffolds for 504 h.*’ Encapsulated
PD@PCEC nanospheres (10 mg) were dispersed in 1 mL of
phosphate buffer (pH 7.4) and incubated at 37 °C with
continuous shaking. The supernatant of samples was removed
at specified intervals, including 8, 120, 240, 360, and 504 h, and
transferred to clean microtubes to be stored at —21 °C until
ELISA analysis. Then, 1 mL of fresh phosphate buffer solution
(pH 7.4) was added to the remaining nanospheres in each
microtube and the microtubes were transferred to the shaker
incubator. The amount of PDGF-BB released in the samples
was determined using a sandwich ELISA kit and the
manufacturer’s method. These steps were repeated using
weighed PD@PCEC@GC scaffold pieces to determine the
amount of PDGF released. Each experiment was conducted
twice.

2.7. Bioactivity Assay of the Released PDGF-BB. The
bioactivity of the released PDGF-BB was assessed based on its
influence on human gingival fibroblast cells (HGFCs), whose
cell division rate depends on the biologically active dosage of
the growth factor.”” HGFCs were seeded in a 24-well plate at a
density of 1000 cells per well. They were allowed to adhere
overnight and then subjected to nutrient deprivation for 2 days
by replacing the medium with DMEM containing 0.5% FBS.
After a 2-day period, the medium was replaced with a complete
medium consisting of 10% FBS and 1% penicillin—
streptomycin (PS). The concentration of released PDGF-BB
in the supernatant was quantified using ELISA at time intervals

degradation% =
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of 8, 120, 240, 360, and 504 h. The resulting concentrations
were subsequently diluted to 10 ng/mL in a complete medium.
The impact of these supernatant samples on HGFCs was
assessed by comparing them to cells cultured with 10 ng/mL
of fresh PDGF-BB as a positive control and with full media
(without the growth factor) as a negative control. The cells
were incubated for a duration of 3 days, and the cell growth
rate was evaluated using the MTT assay, in accordance with
ISO10993-S.

2.8. Cell Culture. 2.8.1. Sterilization of the Scaffolds, Cell
Seeding, and Differentiation Study of hADSCs to Keratino-
cyte. The second passage of hADSCs purchased from the Skin
Research Center of the University of Tehran, Iran, was used in
this part of the study. Cells were incubated in DMEM-high
glucose (Gibco, Cat. No. 11965092) supplemented with 10%
FBS (PAN-Biotech, Cat. No. P30-1302) at 37 °C for 48 h in
95% oxygen and 5% carbon dioxide. The culture flask was
washed with PBS after 48 h to remove nonadherent cells. The
medium was changed every 48—72 h until 80—90% confluence
was reached with fibroblast-like adherent cells. hRADSCs were
harvested using trypsin/EDTA 0.25% (Gibco, Cat. No.
25200056) and passaged for further passages. The third
passage of cells was applied.”’ The synthesized cylindrical
scaffolds were mounted with an insert in the wells of a 24-well
cell culture plate. Then, a 70% ethanol solution was poured
onto the scaffolds inside each well. After the ethanol was
drained for 2 h, the scaffolds were washed twice with PBS.
Then, DMEM culture medium was poured onto the scaffolds
overnight in an incubator. The culture medium was emptied
from the wells the next day, and 10° cells were cultured in each
well. A 70:30 DMEM/F12 culture medium was used for the
culture plus 10% FBS. The culture medium was changed every
2 days, and on the third day of culture, an all-trans retinoic acid
(ATRA) solution (10 ng/mL) was added to half of the wells.
On the 4th, 10th, and 21st days, the morphology of the cells
was examined under a microscope. On the 21st day, when the
cells exhibited a change in morphology, becoming spherical or
tetrahedral, RNA was extracted from the cells. Subsequently,
RT-PCR was performed to confirm the differentiation.
Western blot analysis was performed on another part of each
group’s cells to confirm the differentiation.

2.8.2. Scaffold Preparation for the Adhesion Test. After 5
h of cell culture on the scaffold, the culture medium was
discarded; the scaffold was washed twice with PBS and fixed
with 2.5% glutaraldehyde for 2 h. Then, glutaraldehyde was
drained, and after washing the scaffold with PBS, we added 1%
osmium tetroxide solution and allowed the scaffold to remain
in the incubator for 1.5 h.*> We drained the solution and
placed the samples in a desiccator overnight and sent them for
SEM imaging the next day.

2.8.3. Microscopic Observation Using a Light Microscope.
The seeded hADSCs on scaffolds were trypsinized at different
intervals (3, 10, and 21 days) and resuspended in freshly
prepared flasks at those intervals. Using a light microscope
(Motic, Hong Kong), changes in cell morphology were
observed 1 day after cells were attached to flasks.

2.8.4. Biocompatibility Study. The MTT assay was used to
quantify the viability and proliferation rate of hADSCs in 3D
nanocomposite hydrogels for 14 days. The proliferation of
hADSCs was examined after 1, 3, S, 7, and 14 days of culture
on the PD@PCEC@GC scaffold, GC scaffold, and PDGF-BB-
containing flasks. ADSCs cultured in a flask in DMEM/F-12
medium were considered the control group. After sterilization

and preparation, the scaffolds were placed in a 96-well cell
culture plate and 50,000 cells were cultured in each well. To
assess cellular viability, MTT tests were conducted according
to 1S010993-5. S00 uL of MTT solution (2.0 mg/mL) was
added to each culture well. The MTT reaction medium was
removed after 3 h, and 2.0 mL of dimethyl sulfoxide was
added. Optical densities (ODs) were determined by using a
spectrophotometer at 570 nm.

2.8.5. Western Blotting. Western blotting was performed
using previous protocols.””>* Using RIPA buffer, cells were
lysed. Centrifugation at 14,000 rpm for 20 min at 4 °C was
used to remove the debris. A Bradford Protein Quantification
kit (DB0017, DNAbiotech, Iran) was used to determine the
protein concentration. An equal volume of a Laemmli sample
buffer was mixed with the cell lysates. After boiling for 5 min,
the lysates were subjected to SDS-PAGE and subsequently
transferred to an Immun-Blot polyvinylidene difluoride
membrane (Cat No. 162-017777; Bio-Rad Laboratories,
California, USA). The membranes were blocked with 5%
BSA in 0.1% Tween 20 (Sigma-Aldrich, Missouri, USA) for 1
h. The membranes were incubated for 1 h at room temperature
with anticytokeratin 19 (Cat No. ab5262S, Abcam), anti-
cytokeratin 18 (Cat No. ab133263, Abcam), anti-involucrin
(Cat No. ab181980, Abcam), and anti-GAPDH-loading
control antibodies (Cat No. ab948S, Abcam). The membranes
were then washed three times with TBST and incubated with
goat antirabbit IgG H&L (HRP) (Cat No. ab6721; Abcam).
The membranes were incubated with enhanced chemilumi-
nescence (ECL) for 1—2 min. Protein expression was
normalized to glyceraldehyde-3-phosphate-dehdrogenase
(GAPDH). The gel analyzer version 2010a software (NIH,
USA) was used to calculate the density of protein bands by
dividing each band’s area under the curve by its GAPDH
band’s area under the curve and comparing the calculated
values between groups.>

2.8.6. RT-PCR Analysis. A quantitative real-time polymerase
chain reaction (RT-PCR) test was performed to evaluate the
expression of keratinocyte-specific genes, such as cytokeratin
18 (CK-18), cytokeratin 19 (CK-19), and involucrin, after 21
days of cell culture on the scaffolds. The primer sequences
designed to perform the test are listed in Table 3. Total RNA

Table 3. Sequences of Primers Used for RT-PCR

gene name direction primer sequence (5'—3)
GAPDH forward ACCCACTCCTCCACCTTTGA
reverse ACGAATTTGGCTACAGCAACAG
K18 forward GGCGAGGACTTTAATCTTGGT
reverse ACCACTTTGCCATCCACTATC
K19 forward CCATGAGGAGGAAATCAGTACG
reverse CTTCGCATGTCACTCAGGAT
involucrin forward GCCTTACTGTGAGTCTGGTTG
reverse TCATTTGCTCCTGATGGGTATT

was extracted manually from cells placed on the scaffolds,
according to the manufacturer’s protocol.’® Briefly, they were
washed with a cold PBS solution after the scaffolds were
homogenized with a homogenizer. Next, 1 mL of TRIzol
(Invitrogen, USA) was poured into each homogenized scaffold.
After 2 min, the TRIzol/cell solution was transferred to a 1.5
mL Eppendorf tube using a pipet. After keeping at room
temperature for S min, 250 uL of chloroform was added to
each tube and vigorously shaken for 15 s.
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After S min of storage at room temperature, the contents of
the tubes were centrifuged for 5 min at 10,000 rpm. After the
tubes were removed from the centrifuge, the upper transparent
layer was removed using a pipet. This layer was poured into
clean 1.5 mL Eppendorf tubes, and 550 uL of 2-propanol was
added to each tube. The tubes were maintained at room
temperature for S min and then centrifuged for 25 min at
14,000 rpm. The samples were placed on ice. After draining
the isopropanol with a pipet, 1 mL of 70% ethanol was
dissolved in DEPC. This solution was added to the white
sediment at the bottom of the tubes. After the contents of the
tubes were gently mixed, the tubes were centrifuged at 9500
rpm. After the ethanol was poured out of the tubes, the pellet
remaining at the bottom was air-dried and then dissolved in 20
uL of DEPC. From these obtained stock solutions, diluted
solutions with a ratio of 1:40 were prepared and the absorption
rate at 260 nm and the absorption ratio at 280/260 were
obtained using nanodrop (nanodrop; Thermo, Wilmington,
USA). The ratios obtained in all samples were higher than 1.8.

Subsequently, RNA was reverse transcribed into cDNA
using the cDNA synthesis kit (BioFact 2 Step 2X RT-PCR
Premix, South Korea). cDNAs were amplified using a SYBR
Green Real-Time PCR Master Mix (BioFact 2 Step 2X RT-
PCR Master Mix, South Korea). The relative expression is the
ratio of the specific gene’s expression to that of GAPDH, a
housekeeping gene.

2.9. Statistical Analysis. All results are reported as the
mean standard deviation (SD) from at least three studies.
Statistical analyses were performed using GraphPad Prism
(version 9). The differences between the two groups were
analyzed using the paired multiple ¢ tests. A one-way variance
analysis was employed to examine differences between three or
more groups. Differences were deemed statistically significant
when p < 0.05 (*), p < 0.01 (**), p < 0.001 (*¥**), and p <
0.0001 (****) whereas ns indicates that the difference was
not statistically significant.

3. RESULTS

3.1. Preparation and Optimization by Experimental
Design. 3.1.1. Preparation. Figure 2 shows a schematic
representation of growth factor-loaded polymer nanoparticles’
production. In the first step, the organic phase is emulsified by

PDGF-BB solution in water
(internal aqueous phase)

500:
)
Sonication [ J
> » |

® e ¥ -

PCL-PEG-PCL W/O emulsion PVA aqueous solution
CH,Cl, soluticn (external aqueous solution)
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e
® 90 +—
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WI/OMW emuision

Figure 2. Schematic representation of the preparation of PD@PCEC
nanospheres.

the oil-in-water (o/w) process in the aqueous phase. In the
second step, evaporation of CH,Cl, from the emulsion
droplets causes the copolymer to condense. Finally, increasing
the polymer concentration above the critical level causes the
deposition of nanoparticles in the organic phase.

3.1.2. The Effect of the Experimental Variables on the EE.
The results in Table 2 show the mean value of EE obtained
from the two studies and its standard deviation for each
combination of the four specified parameters. Additionally, the
graphs in Figure 3A illustrate the evolution of the mean value
of the EE concerning these components from minimum to
maximum values.

Graph X1 versus EE shows that as the solution’s stirring rate
increased, the nanoparticles formed became smaller because
fewer copolymer molecules were placed next to each other and
formed due to the increasing irregularity of nanoparticles.
Therefore, to increase the encapsulation efficiency, the stirring
rate must be reduced. The decrease in EE is not entirely
uniform with an increasing stirring speed. After reaching a
speed of 550 rpm, the encapsulation should be reduced with a
gentler slope.

Graph X2 versus EE shows that as the stirring duration
increases from 30 to 90 min, the EE increases sharply but
remains almost constant from 90 to 150 min. This may be
because more time is spent disrupting the formed nano-
particles. Due to the low zeta potential (5.2 mV), many
nanoparticles are clumped together and the aggregation
phenomenon occurs. Determining the particle size of nano-
particles with a size meter confirms this (Figure 7b). On the
other hand, considering that the EE remains constant from 90
min onward, it can be concluded that the adhesion of the
nanoparticles is completed in 90 min. Then, no more
aggregation occurs, so the particles do not become larger
and the EE does not increase.

Graph X3 shows that increasing the concentration of PVA
did not significantly affect encapsulation. Contrary to what can
be seen in some previous literature, increasing the PVA
concentration is only slightly effective in increasing the particle
size of the nanoparticles.”” This contrasting effect is negligible.
Graph X4 versus EE shows a significant increase in
encapsulation with increasing PDGF concentration. On the
other hand, increasing the PDGF concentration also increases
the nanoparticle’s particle size. This observation can be
attributed to larger nanoparticles forming when more
encapsulated material is available to the copolymer molecules,
increasing the encapsulation percentage, as seen in the
previous paragraphs. After the PDGF concentration reaches
250 ng/mL, the increase in encapsulation increases slightly.
The analysis of variance (ANOVA) shows that the interaction
between some of the factors affects the EE (Figure 3B). This
figure shows that there is a significant interaction between
factors X1 and X2 (P < 0.0S5), which also increases with the
increasing X1. There is a significant interaction between X2
and X4 (P < 0.05), but between X1 and X3 (P > 0.05),
between X1 and X4 (P > 0.005), between X2 and X3 (P >
0.05), and between X3 and X4 (P > 0.05), no interaction was
observed.

3.1.3. Use of the Box—Behnken Experimental Design. The
current research focuses on the four criteria listed in Table I,
each with two values. With 27 experiments, this experimental
program analyzes the effect of a relevant selection of
experimental parameters on a process’s performance (EE).
To simplify the modeling approach, the influence of each
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element was represented by a linear variation. The correlation EE% = —127. 7 — 0. 0081X1 + 0. 4906X2 + 45. 3X3

+ 1. 038X4 + 0. 000008X1 X X1 — 0. 000992X2
X X2 — 13. 43X3 x X3 — 0. 001433X4 X X4

— 0. 000238X1 X X2 + 0. 00310X1 X X3

+ 0. 000006X1 X X4 — 0. 0569X2 X X3

— 0. 000450X2 X X4 — 0. 0767X3 X X4 (%)

between the resulting response (EE) and the four specified
factors (X1, X2, X3, X4) can be represented by the following

polynomial model when the findings are statistically analyzed
On the six three-dimensional (3D) plots given in Figure 4,

(eq S): the impacts of the independent factors and their interactions
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on EE may be visualized. The observed surfaces were created
by graphing EE’s reaction against Xi and Xj’s independent
variables while maintaining the other two variables at their
median values.

Each three-dimensional plot illustrates the possible combi-
nations of the two test variables and represents the regression
equation in graphical form. This plotting technique is
advantageous for determining the link between independent
and dependent variables.

A variance test was performed to establish the significance of
the polynomial mathematical model. Table 4 summarizes the
results of the second-order model fitting. This analysis
established the model’s significance by examining the F and
p values.”®

Table 4. Analysis of Variance (ANOVA) for the Model”

source DF SS MS F-value  p-value probability > F
model 14 2368.25 169.16 136.89 <0.0001

error 12 14.83 1.24

total 26 2383.08

“DEF: degree of freedom; S.S.: sum of squares; MS: mean squares.

3.1.4. Optimal Parameters for the Formulation of PCEC
Nanoparticles Loaded with PDGF-BB. The above model is
primarily concerned with determining the elements that
influence the EE of PDGF-BB-loaded nanoparticles. The
results of the statistical technique are in the following desirable
optimum factors: X1 = 200 rpm, X2 = 139.1 min, X3 = 0.56%,
and X4 = 300 ng/mL. The model predicts an EE of 87.7%
under these optimum conditions. An optimal experiment value
was compared to the mathematically anticipated one to

validate this model. This validation established the model’s
correctness, as the mean value of EE calculated from the
experiments was 85.4%. Thus, using a paired t test, the
divergence between theoretical and experimental values of EE
can be judged nonsignificant at p > 0.0S, indicating that
predicted optimization occurs in practice.

3.2. Characterization of Nanospheres and Scaffolds.
The FTIR spectra of the PCEC without PDGF, PD@PCEC,
PDGEF-BB, and scaffolds without and with encapsulated
PDGEF-BB are shown in Figures Sa and 6. The intense bands
at 1726 and 1109 cm™" from the FTIR spectrum of PCEC are
related to the stretches of carboxylic ester (C=0) and ether
(C—0) groups, indicating the successful formation of the
PCL—PEG-PCL copolymer. The absorption peak at 3441
cm™! belongs to the free OH group of the PCL units. The
bands at 2943 and 2863 cm ™! are due to the C—H stretch.””*’

On the other hand, the band that appeared at 1558 cm™" in
the FTIR spectrum of PD@PCEC nanospheres can be
attributed to the stretch of the N—H primary and secondary
amides.”’ This peak is not observed in the FTIR spectrum of
PCEC without a growth factor. Therefore, we can confirm the
successful encapsulation of growth factors in polymer nano-
spheres. In addition, by comparing the FTIR spectra of GC
and PD@PCEC@GC, the presence of a peak related to the
N—H stretching of the first and second type amide groups of
PDGF at 1558 cm™' was observed in the spectrum of the
second scaffold. The presence of a growth factor inside this
scaffold was confirmed.

Figure 5b shows the copolymer’s 'HNMR spectra. The 4.0,
2.3, 1.6S, and 1.37 ppm peaks correspond to the oxycarboxy-
1,5-pentamethylene units in polycaprolactone. The peak of the
methylene protons of oxyethylene units belonging to PEG
appears at approximately 3.63 ppm.62
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Figure 6. Comparison of FTIR spectra of PD@PCEC nanoparticles and scaffolds with and without encapsulated PDGF-BB.

Figure Sc illustrates the XRD patterns produced with PCL,
PEG, and PD@PCEC nanospheres. The XRD pattern of the
PCEC copolymer combines the crystalline peaks of pure PCL
(20 = 21.7° and 20 = 24.8°) and pure PEG4000 (20 = 19.3°
and 23.9°). It exhibits three diffraction peaks at 260 = 19.3°, 20
=21.7° and 20 = 23.7°. These findings are consistent those of
prior studies.””®* The obtained results demonstrate that the
blocks in the PCEC copolymer have the same crystalline
structures as the parent homopolymers but with reduced
crystallinity.

Along with the EE measurement, it was fascinating to
examine the microscopic images of the resulting nanospheres.
PD@PCEC nanospheres had a spherical form and a smooth
surface (7a), with a diameter range of 72.3—344 nm (Figure
7b). SEM images of the GC and PD@PCEC@GC scaffolds
are presented in Figure 7c and d, respectively. The images
show that the scaffolds have a porous structure with
interconnected pores, which is important for cell adhesion,
proliferation, and tissue regeneration.

From the SEM images of the scaffolds with and without
dispersed nanospheres, it can be concluded that both scaffolds
have suitable porosity for use in cell culture (Figure 7c,d). The
mean pore size of each scaffold was determined using Image]
software (NIH, USA). The average pore size of the GC
scaffold was 100 + 36 pm, and it was lower and equal to 70.0
+ 17 pum for the PD@PCEC@GC scaffold.

The mechanical properties of scaffolds play a crucial role in
tissue engineering, especially in applications such as wound
dressings. The Young’s modulus of the scaffolds was tailored to
approximate the elasticity of human skin, with the PD@
PCEC@GC scaffold showing a higher modulus than the GC

15122

scaffold after the addition of nanospheres. This increase in
strength is important for maintaining the scaffold’s structural
integrity during use. Young’s modulus of the GC scaffold made
in this project was set at approximately 640 kPa. This value
increased to 771 kPa after the addition of nanospheres to the
scaffold structure.

By comparison of the GC scaffold and the PD@PCEC@GC
scaffold, it was observed that the porosity of the latter is about
19% lower than that of the scaffold without nanospheres
(Figure 7f). This observation can be explained by the
occupation of a part of the pores of the GC scaffold by
nanospheres. Nevertheless, it seems that the scaffold structure
with nanospheres is still suitable for mimicking the epithelial
tissue ECM in terms of porosity and pore size.

The swelling behavior of the scaffolds in PBS solution is
essential for their functionality as wound dressings. The
controlled swelling capacity of the scaffolds, as observed in
Figure 8b, ensures that they can absorb biological fluids
without rapid degradation. This property is critical for
maintaining the scaffold’s structural integrity over an extended
period, which is essential for wound healing applications. The
swelling of our scaffolds increased up to 96 h. Then, it reached
an almost constant value. By comparison of the GC and PD@
PCEC@GC scaffolds, it can be seen that the addition of PD@
PCEC nanospheres to the structure of the GC scaffold reduces
its swelling capacity in PBS solution. Because some of the
pores of the hydrophilic GC scaffold are occupied by these
amphiphilic nanospheres, the penetration of the solvent into
them is less and the space required for the swelling of gelatin
and collagen polymer strands is reduced. The maximum
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swelling ratio was 20.1 in the GC scaffold and 11 in the PD@
PCEC@GC scaffold.

The degradation rate of scaffolds depends on the
composition of their components and the number of voids
in which they are designed. For the suitable release of the
growth factor from the scaffold, the porous structure of the
scaffold and its stability in biological fluids should be adjusted.
Owing to the hydrophilic nature of the GC hydrogel and the
appropriate cross-link percentage, the growth factor was
released almost 2% lower than that of PD@PCEC nano-
spheres. The release did not occur immediately and in a high
amount. Compared with copolymers with more hydrophilicity,
the PCEC copolymer is degraded at a slower rate, which may
explain the slower and continuous growth factor release.

Figure 8c,d shows the scaffold degradation process over 21
days in PBS solution and the scaffold enzymatic degradation
process over 8 h. As expected, degradation of the scaffolds in
the presence of PBS solution containing enzyme occurs much
faster than degradation in PBS solution without enzyme (8 h
compared to 21 days).”® The enzyme destroys the protein
structure of collagen and gelatin. The results showed that the
PD@PCEC@GC scaffold in PBS solution at pH 7.4 degraded
to 36% (w,—w,) in 7 days, to 47% in 14 days, and to 54% in 21
days. The degradation rate of the GC in the presence of the
lysozyme enzyme, the scaffolds degraded much faster, with a
degradation rate of approximately 60% after 8 h, and no
significant difference was observed between the speed of
degradation of the GC and PD@PCEC@GC scaffolds because
the enzyme is fast in dividing protein strands. The
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Figure 8. (a) Release profiles of the PDGF-BB from the PDGF-BB-loaded PD@PCEC nanospheres and PD@PCEC@GC scaffold as determined
by the ELISA assay. The data was expressed as means =+ SD (1 = 3). (b) Swelling behavior of the scaffolds in PBS (at pH = 7.4, 37 °C), for 120 h.
(c) The degradation profile of the GC and PD@PCEC@GC hydrogels in PBS (at pH = 7.4, 37 °C), and during 21 days. The medium was replaced
with a fresh medium every 3 days. (d) The degradation profile of the GC, and PD@PCEC@GC hydrogels in PBS solution containing 13 mg/liter
of lysozyme at 37 °C (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns means there is no significant difference).

physicochemical properties of the prepared scaffolds are

summarized in Table 5.

Table 5. Scaffold Physiochemical Properties

GC scaffold PD@PCEC@GC scaffold
porosity % 80.0 61.0
pore size (ym) 100 + 36 70.0 + 17
Young’s modulus (kPa) 640 771
swelling ratio 17.9 8.18

3.3. Investigation of PDGF-BB Release. The sustained
release of PDGF-BB from PD@PCEC nanospheres and PD@
PCEC@GC scaffolds is a crucial aspect of their potential
applications in tissue engineering. The release profile showed
that approximately 85% of the loaded PDGF-BB was released
from the nanospheres during the first 360 h, with a sustained
release over the entire 504 h period (Figure 8a). The PDGF-
BB release profile revealed that the strategy used to control the
release from nanospheres and the PD@PCEC@GC scaffold in
this investigation was adequate and could be used in future
studies.

3.4. Bioactivity Assay of the Released PDGF-BB. As
shown in Figure 9a, the bioactivity of released PDGF-BB was
87.3%. The released PDGF-BB retained its bioactivity, as
evidenced by its ability to stimulate the proliferation of
HGEFCs. This indicates that the biological structure of PDGF is
preserved in this scaffold, and only a small amount is lost
during release. Therefore, it can be concluded that this
encapsulation method is efficient for the regular and gradual
release of PDGF-BB from PD@PCEC nanospheres.

3.5. In Vitro Study. In this study, hADSCs were cultured
on each scaffold, the MTT test determined their proliferation
and viability, and their differentiation into keratinocyte-like
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Figure 9. (a) Released PDGF-BB bioactivity based on cellular
proliferation. (b) MTT assay results for hADSCs cultured on PD@
PCEC@GC and GC scaffolds and cultured in the presence of PDGF-
BB for 1, 3, S, 7, and 14 days (*p < 0.05, and ns means there is no
significant difference).

cells were confirmed by microscopic observation, RT-PCR,
and Western blot analysis
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Figure 10. Assessment of the differentiation potential in hADSCs. (A) Flow cytometry analysis for surface markers CD34, CD31, CD105, CD90,
and CD73. (B) Adipogenic differentiation was shown by Oil Red O, which stained the fat vacuoles inside the cytoplasm. (C) By staining Alizarin

Red S, mineralization following osteogenic differentiation was visualized.

3.5.1. Characterization of hADSCs. After recovery from
thawing, frozen hADSCs from P3 adhered to flasks and gained
>90% confluence within 3 days of cultivation in DMEM/F12.
As shown in Figure 11 (control group), the cells have a
spindle-like morphology and can be arranged into a whirlpool.
The hADSCs expressed CD90, CD73, and CD105 on their cell
surfaces, but neither CD34 nor CD33 (Figure 10A) were
significantly expressed.”° After adipogenic and osteogenic
medium cultivation, Oil Red O and Alizarin Red stain revealed
differentiation into adipocytes and osteoblasts with matrix
mineralization (Figures 106C and 10).

3.5.2. In Vitro Cell Attachment and Proliferation. In Figure
7e, adherent ADSCs can be observed on the surface of the
PD@PCEC@GC scaffold. Figure 9b shows that cell viability
increases with time up to the fifth day of the culture. The
growth and proliferation of cells decreased, but the viability of
cells was significantly higher than in the control group.
Compared with the control group, all scaffolds induced
hADSC proliferation, and all scaffold groups had greater
than 100% cell viability. In PD@PCEC@GC, GC scaffolds,
and in the presence of PDGF-BB, cell viability was significantly
higher than that in the control group (P < 0.05). PD@PCEC
nanospheres promote cell proliferation continuously by
releasing growth factors. The MTT assay showed that
PDGEF-BB enhanced cell proliferation when incorporated
into the PD@PCEC@GC. Based on the biocompatibility
test, PDGF-BB can promote cell survival in skin tissue
engineering.*®” Overall, all scaffolds are treated as biocompat-
ible with the cells.

3.5.3. Microscopic Observation Using a Light Microscope.
Microscopic observation of attached cells in culture flasks at
specified intervals revealed that in the differentiation group
with ATRA, the morphology of the cells changed from spindle-
shaped to rounded/polygonal on the seventh day. However,
this morphological change in the differentiation group with
PDGF-BB (PD@PCEC@GC group) occurred a little late and
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occurred on the 10th day. The differentiation group with
ATRA (PD@PCEC@GC + ATRA group) showed a higher
presence of circularly shaped cells than the PD@PCEC@GC
group. On the 14th day, most of the stem cells cultured on the
scaffolds were circular/polygonal. On the 21st day and the final
evaluation of the cells under the microscope, the formation of
multiple clusters was observed (11). Additionally, in the
differentiation group with ATRA, presumably due to the
presence of a minor amount of DMSO in the culture medium

Day 4

v

Day 10 Day 21

Control

PD@PCEC@GC  pp@PCEC@GC
+ ATRA

Figure 11. hADSC morphology under a light microscope: (A)
following 4 days of culture on the PD@PCEC@GC hydrogels, (B)
following 10 days of culture on the PD@PCEC@GC hydrogels, and
(C) following 21 days of cultured on the PD@PCEC@GC hydrogels.
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Figure 12. Representative Western blots of hADSCs cultivated in DMEM/F12 media on scaffolds in comparison to control samples (hADSCs
cultivated in two flasks in DMEM/F12 media with and without adding of DMSO) showing the expression of involucrin (68 kDa), CK-18 (48
kDa), and CK-19 (44 kDa); corresponding GAPDH (42 kDa) was used as loading control.

compared with the first control group, slight alterations in the
morphology of the ADSCs were observed on the third day of
cell culture.

3.5.4. Western Blotting. For the convenience of data
analysis and to facilitate data comparison, the samples were
divided into two main groups: the ATRA- and non-ATRA-
differentiated groups. Within the non-ATRA-differentiated
group, the following subgroups were identified: the control
group without DMSO, the PDGF group, the GC group, and
the PD@PCEC@GC group. In the ATRA-differentiated
group, in addition to the control group with DMSO, there
were supplementary subgroups: the PDGF group, the GC
group along with ATRA, and the PD@PCEC@GC group
along with ATRA (Figure 12).

Western blot analysis revealed that both CK-18 and CK-19
were expressed in the control group, where stem cells were
cultured in DMEM/F12 with a small amount of DMSO.
However, in the control group without DMSO, the expression
of these two genes was not significant (Figure 12). This
situation was observed both in the RT-PCR test and in the
Western blot. Involucrin was not expressed in any of the
control groups. However, it was expressed in the groups of
differentiated cells with ATRA and the group of differentiated
cells with the growth factor released from the PD@PCEC@
GC scaffold. This confirms the differentiation of the cells into
keratinocyte-like cells in these groups. The upregulation levels
of CK-18 and CK-19 in the PDGF group were greater than
those of differentiated cells in the ATRA group, indicating that
PDGF-BB enhances hADSC keratinocyte-like cell differ-
entiation more effectively.

3.5.5. RT-PCR for Keratinocyte-Specific Gene Expression.
RT-PCR analysis was performed to evaluate the expression of
keratinocyte-specific genes in the different groups. The
expression levels of CK-18, CK-19, and involucrin were
significantly higher in differentiated cells in all groups than in
undifferentiated hADSCs (control and control + DMSO
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groups). The upregulation levels of CK-18 and CK-19 (6.90-
fold, p < 0.001, for CK-18, 10.4-fold, p < 0.001, for CK-19) in
the non-ATRA-differentiated group were higher than those
(1.80-fold, p < 0.01 for CK-18, 1.45-fold, p < 0.001 for CK-19)
in the ATRA-differentiated group. In comparison, the
upregulation level of involucrin in the ATRA-differentiated
group was higher (8.50 folds, p < 0.001) than that in the non-
ATRA-differentiated group (2.30 folds, p < 0.001).

This feature article addresses the impact of PDGF-BB
keratinocyte differentiation. The effect of ATRA is clearly
defined by comparing the results of investigating the
expression of involucrin in the presence and absence of
ATRA. By increasing the speed and rate of ADSC differ-
entiation into keratinocytes, ATRA increases the level of
involucrin expression. In this way, the amount of this
expression in the ATRA group was almost twice that in the
group without ATRA.

On the other hand, as can be seen in Figure 13, in both
differentiation groups, the expression levels of CK-18, CK-19,
and involucrin in the PD@PCEC@GC scaffold are higher than
those in the GC scaffold, and that is higher than the expression
levels of these genes in differentiated stem cells in cell culture
flasks and the presence of PDGF.

4. DISCUSSION

The skin is the first defense barrier of the human body against
the entry of pathogenic organisms and harmful rays and
substances. Therefore, it is necessary to maintain its integrity
to be as effective as possible. Wound healing is a regular and
complex process in which various factors, such as cytokines
and growth factors, stem cells, fibroblasts, and some vitamins,
play an essential role in correctly implementing its steps.
Inefliciency or a lack of any of these factors can disrupt wound
healing and cause chronic wounds. One of the most common
chronic wounds in humans are diabetic ulcers. Considering the
increase in the prevalence of diabetic wounds worldwide and
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Figure 13. Expression of keratinocyte marker gene involucrin, CK-18, and CK-19 in hADSCs seeded on GC, and PD@PCEC@GC scaffolds, and
cultured in flask in the presence of PDGF within 21 days by real-time PCR analysis (ns, no significant difference), *p < 0.05, **p < 0.01, **¥p <

0.001, and ****p < 0.0001). To normalize the genes, GAPDH was used.

the need to speed up the healing of these wounds in patients to
prevent amputation, it seems necessary to use newer and more
effective wound dressings. The amount of platelet growth
factor secreted in the blood of these patients during wound
formation is less than that needed to start the healing process.
Therefore, a biocompatible dressing that regularly and
continuously releases this growth factor can solve this problem.

As mentioned earlier, mesenchymal stem cells play an
essential role in wound healing. The most readily available cells
for extraction and cultivation are mesenchymal stem cells
derived from adipose tissue. These cells are pluripotent and
can differentiate into various cell lines.

Considering all these materials, in this study, we prepared a
hydrogel scaffold loaded with PDGF-BB-containing nano-
spheres and conducted a comprehensive characterization of
nanospheres and scaffolds designed for potential applications
in skin tissue engineering. The results of our characterization
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efforts provide valuable insights into the suitability of these
materials for various biomedical applications.

3D scaffolds, similar to the real ECM of tissues, can improve
blood supply to cells and their viability.ésf70 Therefore, it is
better to employ sponge-like scaffolds with sufficient pores to
achieve this goal and create a platform similar to the
extracellular matrix for cells. Various methods, such as applying
porogens’"’* and freeze-drying, are used to prepare scaffolds
with the desired porosity.”> Among these methods, freeze-
drying is the easiest and most widely used. Therefore, this
study used it to create a porosity in the synthesized scaffolds.
SEM checked the structure of the prepared porous scaftold to
ensure appropriate porosity and pore size. Porous and three-
dimensional structures of GC enable the most effective
implantation of cells on the surface and inside cavities and
their differentiation into more specialized cells.”* In some
other studies on the differentiation of stem cells into
keratinocytes on porous scaffolds, the size of the pores of
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the scaffolds was similar to that of the scaffold prepared in this
project.ls’45

According to research conducted by Agache et al, as a
person ages, the skin’s elasticity decreases, and as a result, its
Young’s modulus increases. The Young’s modulus of the skin
of people under 30 is about 420 kPa; for people over 30 years
old, it is about 850 kPa.”> Therefore, to mimic skin elasticity,
scaffold Young’s modulus should be brought close to human
skin’s Young’s modulus by appropriate cross-linking. Hydro-
gels made for stem cell differentiation into skin cells must have
the same mechanical properties as those of the skin. In
addition, they must have hydrophilicity, porosity, and proper
strength.”® The mechanical properties and Young’s modulus of
the scaffolds prepared in this study are comparable to those of
scaffolds prepared by other researchers for skin reconstruc-
tion.””~”” As observed in the investigation of scaffold structure
degradation, the scaffold strength increases after the addition
of nanospheres. According to the compressive modulus results,
the PD@PCEC@GC scaffold is a suitable option for human
skin tissue engineering.

Adherent cells, such as mesenchymal cells, require proper
connections with their neighboring cells for growth and
proliferation.”” The porosity of the scaffold used for the
proliferation and differentiation of stem cells plays an essential
role in the survival rate. In addition, it facilitates effective
communication between cells and aids in differentiating these
cells into the desired cells. The proper size of the pores, shape,
and connection of these pores in the three-dimensional
structure of the scaffold helps to place the cells together.”’
By imitating the 3D structure of the epithelial tissue, it can
guide the cells toward keratinocytes.

In six conducted studies in the years preceding, both natural
and synthetic composite scaffolds have been employed for the
cultivation and differentiation of stem cells into keratino-
cytes.'”**7% In none of these studies did researchers utilize
growth factors released from the scaffold for the differentiation
of stem cells. Instead, they emphasize the physicochemical
properties of the scaffolds or the differentiation medium. Our
study is similar to these six studies in employing biocompatible
composite scaffolds for stem cell cultivation. The use of PDGEF-
BB for the differentiation of stem cells into keratinocytes has
been conducted for the first time. Considering the insufficient
secretion of this growth factor in diabetic patients and the
delayed wound healing observed in these individuals, this study
could serve as a potential breakthrough in accelerating the
healing of cutaneous wounds in this patient population.

To function optimally as a wound dressing, the scaffold must
be able to absorb water and biological fluids. Nevertheless, this
absorptive capacity should not result in the scaffold’s swift
degradation over a brief period. For this purpose, hydrogels are
more appropriate options, because of their network and
hydrophilic nature. Collagen and gelatin, which are more
similar to the natural ECM of epithelial tissue, are also well
used for this purpose.”’”® To increase the stability of the
scaffolds while maintaining their hydrophilic nature, it is
necessary to cross-link them with the necessary percentage and
a suitable cross-linker. The degradation rate of scaffolds is a
crucial factor in their suitability for tissue engineering. The
controlled degradation of the PD@PCEC@GC scaffold in PBS
solution and its accelerated degradation in the presence of a
lysozyme enzyme demonstrate its potential for use in different
biological environments. The slower degradation rate of the
PD@PCEC@GC scaffold compared to the GC scaffold is

likely due to the occupation of scaffold pores by nanospheres,
hindering solvent penetration and reducing overall degrada-
tion.

The investigation of PDGF-BB release is essential for
understanding how the scaffolds can deliver growth factors to
promote tissue regeneration. In earlier studies of continuous
PDGE-BB release, the release period was typically brief,”® or
the release profile was initially associated with a burst
release.”’ ™ Prior studies have used PDGF-BB adsorption
on biocompatible and biodegradable polymers to maintain and
deliver PDGF-BB continuously. The same phenomenon
probably causes the burst release of the growth factor during
the first stage. Water infiltration into the pores carrying the
growth factor leads to the rapid destruction of the scaffold. Our
release system of PDGF-BB has the advantage of providing
PDGF-BB without sudden release because of the biodegrad-
able copolymer structure of PCEC. The release profile of
PDGEF-BB from our prepared nanospheres was uniform and
obtained in 504 h. This controlled release ensures a continuous
supply of PDGF-BB to the surrounding cells, promoting cell
proliferation and tissue regeneration.

In a similar vein, Li and his colleagues developed a
nanocomposite hydrogel containing synthetic magnesium
silicate clay that gradually releases PDGF-BB. Despite the
regular and gradual release profile, more than 60% of the
growth factor is released within the first 5 days.”* In contrast,
our scaffold releases a comparable amount of growth factor
within 10 days, making it available for cell differentiation into
keratinocytes. Additionally, Wei et al. utilized a PLGA
copolymer to encapsulate platelet growth factor and the
PDGEF-BB-release profile of these polymer microspheres was
also favorable.”” Combining the results of this research with
our work, it can be concluded that encapsulation in a
biocompatible synthetic polymer is a superior method for
achieving continuous PDGF-BB release. The bioactivity assay
conducted on the released PDGF-BB offers a critical
perspective on the practical implications of our scaffold in
the context of tissue engineering and wound healing.
Maintaining the bioactivity of growth factors, such as PDGF-
BB, during release is crucial, as it directly influences their
effectiveness in promoting cellular responses. Our results
demonstrate that the released PDGEF-BB retained an
impressive bioactivity level of approximately 87.3%. This
finding implies that the biological structure of PDGEF-BB
remains intact throughout the release process. More
importantly, the preserved bioactivity signifies that the growth
factor can effectively stimulate the proliferation of HGFCs.
This outcome has profound implications for clinical
applications of our scaffold. The controlled and efficient
release of PDGF-BB from the scaffold enhances its therapeutic
potential and makes it a promising candidate for clinical use in
regenerative medicine. However, further in vivo studies and
clinical trials are required to fully validate its efficacy and safety
in human applications.

Our in vitro study centered on the cultivation of hADSCs on
the developed scaffolds and their subsequent assessment for
proliferation, viability, and differentiation into keratinocyte-like
cells. The hADSCs exhibited favorable characteristics,
including adherence, proliferation, and morphological changes
indicative of differentiation into keratinocyte-like cells. These
findings align with previous studies that have underscored the
adaptability of ADSCs for regenerative applications in skin
tissue engineering.”®”*® The scaffold’s role in facilitating cell
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attachment, viability, and proliferation is pivotal for its success
in tissue engineering. The high cell viability observed in the
MTT assay indicates excellent biocompatibility and low
cytotoxicity, essential for maintaining a conductive environ-
ment for cell growth and tissue regeneration. Moreover, the
observed morphological transformations following cell differ-
entiation support the suitability of the PD@PCEC@GC
scaffold for the phenotypic induction of keratinocytes in
vitro. It is worth noting that the addition of PDGF-BB further
enhanced the scaffold’s potential to induce keratinocyte-
specific gene expression, including CK-18, CK-19, and
involucrin.

Gelatin-collagen scaffolds, because of the presence of amino
and acidic functional groups along their proteinaceous chains,
can establish bonds with integrins present on the surface of
ADSCs. This enables these scaffolds to effectively adhere
cellular entities to their surface. The adherence of cells to
scaffolds leads to their proximity and facilitates effective
intercellular communication, thereby fostering cell prolifer-
ation and growth.

Cell morphology varies across tissues, with different shapes
and structures serving specific functions. For instance,
epithelial cells are flat and polygonal for barrier and absorption
roles while muscle cells are elongated for contraction. In
contrast, ADSCs change from a fibroblast-like spindle shape to
a flattened, polygonal form when differentiating into
keratinocyte-like cells, acquiring keratin filaments and speci-
alized features. This transformation highlights ADSCs’
adaptability for regenerative applications in skin tissue
engineering and wound healing. The morphological changes
observed in our study, following the differentiation of stem
cells into keratinocytes, were consistent with previous
studies” """ in this field and were well-documented under
the microscope. In the further differentiation evaluation using
RT-PCR and Western blotting, the expression of Ck-18 and
Ck-19 in the control group with DMSO can be attributed to
the presence of DMSO in the culture medium. This suggests
that DMSO may act as an inducer of the differentiation of
mesenchymal stem cells into hepatocytes, and hepatocytes also
express CK-18 and CK-19 genes, as observed in previous
studies.'*>'*® Our findings documented that the PD@PCEC@
GC scaffold could work as an appropriate matrix for enhancing
keratinocyte commitment of hADSCs. However, the major
limitation of the study is storage and freezing of KLCs grown
on the PD@PCEC@GC scaffold for future clinical applica-
tions, which should be optimized in upcoming complementary
studies.

5. CONCLUSIONS

The results of this project showed that gel-cold hydrogel
dressings with encapsulated PDGF-BB promoted the pro-
liferation and viability of hADSCs in vitro. The release of
PDGF-BB from the PD@PCEC nanospheres in the PD@
PCEC@GC scaffold was controlled and sustained for over 504
h, providing a continuous and gradual supply of the growth
factor to support cell proliferation and differentiation. The
PD@PCEC@GC scaffold demonstrated suitable porosity,
mechanical properties, and biocompatibility for cell attach-
ment, growth, and desirable responses. Adding PD@PCEC
nanospheres to the GC scaffold enhanced its mechanical
strength, making it a promising option for future tissue
engineering. After observing the morphological changes of the
cells under the microscope and performing RT-PCR and

Western blot tests, we concluded that the PD@PCEC@GC
scaffold would be an appropriate matrix for in vitro
keratinocyte phenotypic induction. In addition, the synthesized
scaffolds stimulated hADSC differentiation and the addition of
PDGEF-BB enhanced the keratogenic capacity of the PD@
PCEC@GC hydrogel by inducing CK-18, CK-19, and
involucrin. The findings of this investigation may support the
development of proper matrix for ADSCs toward skin
regeneration and wound dressing.
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