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Introduction
Wound healing consists

of well-orchestrated cellular
responses such as migration, differentiation, extracellular
matrix (ECM) synthesis, and proliferation. The migration

Abstract

Introduction: Migration of fibroblast cells in
wound areas is a critical aspect of the wound
healing process. Employment of enhanced green |
fluorescent protein (EGFP) labeled fibroblast cells
facilitates real-time monitoring and functional
evaluation of these cells in both in vitro and in vivo
settings. Plasma rich in growth factor (PRGF) is a
potent accelerator of wound healing; therefore,
in this study, a novel method to fabricate an
electrospun bioactive scaffold containing PRGF
was employed to induce in vitro cell proliferation
and migration.

Methods: First, the EGFP reporter gene was integrated into the AAVSI locus of fibroblast cells
using CRISPR/Cas9 system. Then, PRGF was obtained from platelet-rich plasma, and a multi-
layered scaffold was fabricated using polyurethane-cellulose acetate (PU-CA) fibers as the outer
layers and PRGF-containing gelatin fibers were located in the internal layer like a central strip.
Scanning electron microscopy (SEM), tensile, water contact angle, and FTIR tests were performed
to assess the characteristics of the scaffolds. The EGFP targeted cells were cultured on scaffolds
with or without PRGF to investigate their viability, toxicity, and migration pattern in response to
the release profile.

Results: Fluorescence images showed that the number of migrating cells on scaffold containing
PRGF was more significant than PU-CA scaffold up to day 6. Increased expression of SGPLI,
DDR2, and VEGF genes was also observed on the scaffold containing PRGF compared to PU-
CA using real-time polymerase chain reaction (PCR) analysis with around 3-, 2-, and 2-fold
enhancement, respectively.

Conclusion: The current scaffold provides the appropriate template for cell attachment and
migration. In addition, the present results highlight the potential of reporter gene targeting for the
in vitro analysis of biological processes such as migration.

Fibroblast Migration

of fibroblast cells plays a critical role in this process."?
Fibroblast cells are summoned into the wound area to
increase and advance several critical activities under the
tight regulation of injury-mediated factors. Therefore,
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migration is vital for changing the wound environment
at the end state of the wound healing. Following
migration, fibroblast cells are induced by growth factors
and cytokines accessible in the serum. This process is
mediated by different growth factors such as epidermal
growth factor (EGF), fibroblast growth factor (FGF),
platelet-derived growth factor (PDGF), transforming
growth factor (TGF), nerve growth factor (NGF), and
vascular endothelial growth factor (VEGF). Plasma rich
in growth factor (PRGF) is a platelet-enriched plasma
which can influence and promote biological processes
of fibroblast cells such as migration, proliferation, and
differentiation.’ Studies have indicated that PRGF
contains several bioactive proteins and growth factors that
facilitate the process of tissue regeneration and wound
healing.** Therefore, the transport of growth factors
and cells to the wound area is vital in the wound healing
process. The application of PRGF in the scaffold along
with fibrillar and cellular components is highly beneficial
for the generation of elastic, dense, and haemostatic
fibrin during the re-epithelialization phase of soft tissue
repair.® Since the migration of fibroblast cells is critical
during repair, investigating the pattern of migration in the
presence of growth factors provides more comprehensive
understanding of the wound healing process. In this
regard, nanofibers are favorable candidates to create a
simple system for in vitro experiments. Electrospinning is
a simple, versatile, scalable, and cost-effective technique
to generate fibers with a wide range of diameters from a
few micrometers to nanometers in various forms, such
as core-shell structures, pure/composite nanofibrous
patches, and multi-layered scaffolds.” The bioactive
dressing materials that have been widely studied, are
influenced by many factors, such as polymer type, as
well as their adhesion and solubility. According to most
studies, applying bilayer or multi-layered scaffolds with
inherent similarity to multi-layered skin could be highly
beneficial in mechanical characteristics, degradation,
and drug release.®* Moreover, due to the large surface-to-
volume ratio of fibers, these scaffolds provide a proper
substrate for improved attachment, proliferation, and
delivery of biomolecules. Given the significance of multi-
layered scaffolds and the role of growth factors in skin
tissue engineering, we designed a novel electrospun triple-
layered scaffold.® The external layers contain polyurethane
(PU) and cellulose acetate (CA). An electrospun tape layer
containing PRGF-gelatin nanofibers with a length of 20
cm and a width of 1 cm was placed in the middle of the
scaffold as an internal layer. Gelatin which is obtained
from dehydration of denatured collagen offers reduced
immunogenicity. In addition, gelatin has been considered
as a biodegradable, hydrophilic, and non-toxic material
commonly used in such scaffolds. Cellulose acetate is a
widely used biopolymer due to its unique features such
as liquid transport, water absorption, and hydrophilicity.
The acetate ester of cellulose offers several advantages such

as biocompatibility, biodegradability, adequate flexural,
tensile strength, high affinity with other substances, and
high modulus, which promotes its utility for the generation
of nanofiber mats.” However, CA cannot be used alone as a
biomedical material in the clinic due to its poor resistance,
strain, and low breaking stress. On the other hand, some
researchers have reported that semi-permeable dressings
like PU, enhance wound healing rate due to their
oxygen permeability and unique barrier properties.”*
Polyurethanes include three basic components: (1) the
polyol, (2) the diisocyanate, and (3) the chain extender.
Polyol is a soft segment that is terminated by hydroxyl
(-OH) groups. The diisocyanate constitutes a part of the
low molecular weight that reacts with either the chain
extender or polyol. The chain extender includes a small
molecule with either amine or hydroxyl end groups'.
Thermoplastic polyurethane (TPU) is a class of PU that
has linear molecular chains and can be easily developed
through melt methods or solutions'2. TPU is regarded as
biodegradable materials because it is synthesized using
either degradable chain developer or polyester diols as soft
segments. The unique biological and elastomechanical
properties of TPU including air permeability and blood
compatibility make it an attractive material in biomedical
applications. As a result, TPU has been extensively applied
as foams or films in wound-dressings.”” Tegaderm and
OpsSiteare PU-based wound dressing commercial products
that soak up a limited amount of ulcer exudation because
of their dense structure."’ However, extensive application
of PU, as a soft and hydrophobic material, is associated
with a few drawbacks including the displacement of the
dressing and prevention of fluid exuding from the wound
area. Therefore, the combination of PU-CA along with
PRGF would be an ideal wound dressing material. This
study evaluated the effects of a PU-CA scaffold containing
PRGF-gelatin on the migration pattern of fibroblast cells.

An enhanced green fluorescent protein (EGFP) reporter
gene was targeted in the adeno-associated virus integration
site 1 (AAVSI) safe harbor locus using CRISPR/Cas9
system to facilitate fibroblast cells monitoring during the
migration. CRISPR/Cas9 system has gained tremendous
attention as a precise and effective tool for gene targeting
in mammalian cells."*** AAVSI locus which is located on
human chromosome 19 (position 19q13.42) has served
as a safe harbor locus for targeted integration of the
exogenous DNA. Studies have shown that disruption of
the phosphatase 1 regulatory subunit 12C (PPP1RI12C)
gene located in this locus is not associated with any
adverse cellular effects. In addition, it has been indicated
that AAVSI supports the long-term and stable expression
of exogenous genes in a wide variety of cells.'"” This study
examined the potential of EGFP targeted fibroblast cells
as an in vitro model to investigate the migration pattern
of fibroblast cells on a triple-layered scaffold containing
PRGF-gelatin.
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Materials and Methods

Vector construction

To target the AAVSI locus in fibroblast cells, the AAVS1_
Puro_PGK1_3xFLAG_Twin cassette (Addgene #68375)
assembled donor vector, and the eSpCas9 (1.1) No_FLAG_
AAVS1_T2 vector (Addgene #79888) which expresses
the AAVS1 T2 gRNA in combination with eSpCas9 (1.1)
were purchased from Addgene. To construct the AAVS1-
EGFP donor vector, the EGFP fragment (720 bp) was
first amplified from pEGFP-N1 vector, cloned into an
intermediate plasmid (pTG19-T, Vivantis, Malaysia), and
sequenced. Subsequently, the EGFP fragment was sub-
cloned in Kpnl restriction site of the AAVS1 donor vector.

Cell culture

Human foreskin fibroblast cells, Hu02, (Iranian Biological
Resource Center, I.R. Iran) were grown in Dulbecco’s
modified eagle medium (DMEM)/F-12 medium
supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine and 1% penicillin/streptomycin (100 pg/mL)
(all purchased from Gibco, USA). The cells were seeded
in the vent cap flasks, incubated with 5% CO, and 90%
humidity at 37°C, and were sub-cultured at 48 hours
intervals. Trypan blue exclusion assay was used to evaluate
the cell count and viability.

Gene targeting

One day before transfection, fibroblast cells were cultured
atadensity of 1 x 10° cells/well in 24- well plates. TurboFect
Transfection Reagent (Thermo Fisher Scientific, USA) was
applied for the transfection based on the manufacturers'
instructions. The cells were co-transfected in duplicates
with 500 ng of AAVS1-EGFP targeting vector and Cas9-
gRNA pU6 vector in a 1:1 ratio. Seventy-two hours
post-transfection, EGFP expression was evaluated using
fluorescence microscopy (Nikon Instruments, USA). The
cells were then detached, diluted in 1:10 ratio in complete
medium and seeded in 6-well plates. A selective medium
containing 0.25 pg/mL puromycin (Sigma-Aldrich, USA)
was applied to select the cells during 7 days of culture.
Cells were then diluted to 10 cells/mL concentration in
DMEM-F12 medium with 15% FBS and 1% nonessential
amino acid mixture (Thermo Fisher Scientific, USA), and
100 uL of the resulting dilutions were cultured in 96-well
plates to achieve 1 cell/well concentration. Following one
week of incubation, single-cell EGFP expressing clones
were identified using fluorescent microscopy and were
subjected to the selective medium for another week. The
EGFP positive surviving clones were then expanded in 12-
well plates.

Genomic DNA extraction and junction PCR analysis

Genomic DNA of selected EGFP positive clones
was extracted using the genomic DNA extraction
kit (Qiagen, Germany) following the manufacturer’s
instructions. Approximately 200 ng of genomic DNA was

used for each polymerase chain reaction (PCR). Forward
primer (F1) 5- ATGGTGAGCAAGGGCGAGGAG
-3’ located on the EGFP, and reverse primer (R1) 5-
GGTCCAGGCCAAGTAGGTG -3’ located on genomic
DNA downstream of the right homology arm were used
to detect the junction point of integration. PCR cycle
parameters were 95°C for 5 minutes, 60°C for 30 seconds,
and 72°C for 2 minutes, with a final elongation step of
72°C for 10 minutes. The resulting fragment was then
purified and sequenced.

Preparation of the PRGF

Blood was drawn from the voluntary person ulnar vein
and put into 9 mL tubes containing 3.8% (wt/vol) sodium
citrate. To prepare PRGE, the blood was centrifuged at 200
g for 20 minutes. Subsequently, the plasma was transferred
to new tubes and centrifuged again at 3000 g for 15 minutes
at 4°C. Two milliliters (mL) of plasma at the bottom of the
tube along with the precipitated platelets which constitute
the inactivated PRGF was transferred to a new glass tube.
To activate PRGE, 50 uL of CaCl, (10%) was added per
1 mL of the PRGF solution. The mixture was incubated
for 1 hour at 37°C, which led to formation of the fibrin
clot. Upon PRGF activation, fibrinogen transforms into
fibrin through the function of thrombin and the PRGF
activator. The solution was then placed at 4°C for 2 days to
develop all possible deposits. Eventually, the mixture was
centrifuged at 3000 g for 10 minutes, and the supernatant
was filtered and stored at -80°C until use.

Preparation of the polymer solution

Two solutions were used to produce the triple-layered
scaffold. Solution A contained PU, 4 wt% (Sigma Aldrich,
USA) and CA, 18 wt% (Sigma Aldrich, USA). PU was
dissolved in the 3:1 ratio of N, N dimethylformamide
(Merck, Germany) and tetrahydrofuran (Merck, Germany)
at room temperature to acquire a uniform solution
overnight. CA was dissolved in the 3:1 ratio of acetic acid
(Merck, Germany) and H,O at room temperature for 24
hours. The PU and CA solutions were mixed in 3:1 ratio.
To prepare solution B, a 20% (w/v) gelatin type A (Sigma
Aldrich, USA) was dissolved in 40% acetic acid and mixed
at 37°C for 30 minutes. PRGF was then added and mixed
to obtain a 12.5% solution.

Fabrication of the electrospun scaffolds

PU-CA solution was placed in a plastic syringe tube
and fibers were developed by the electrospinning device
(Nanoazma, Iran) under 18 kV voltage in 17 cm distance
with two nozzles at a flow rate of 0.2 mL/hour and drum
speed of 300 rpm with a 45° angel between the needles’
tip and the collector. The solution of PU-CA scaffold
was electrospun for 4 hours at the conditions mentioned
above. For the inner layer, the whole scaffold was covered
excepta 1 cm strip in the middle of the scaffold. This layer
was electrospun by the gelatin/PRGF solution for 4 hours
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in the identical situation except for the voltage, which was
set to 16 kV. Then the cover was removed and PU-CA
solution was again electrospun for 4 hours on the inner
layer. In order to enhance the mechanical and biological
features of the scaffold it was cross-linked through
glutaraldehyde (GTA,1%).

Mechanical and morphological characterization of the
scaffolds

To measure the surface structure and the size distribution
of fibers on PU-CA and PU-CA/gelatin. PRGF/PU-CA
scaffolds, scanning electron microscopy (SEM) (Philips
XL30; Philips, Netherlands) was used under a 25 kV
accelerated voltage after coating with a thin layer of gold
on the samples. The fiber diameter was measured using
the Image] software (National Institute of Health, USA).
Mechanical characteristics of PU-CA and PU-CA/gelatin.
PRGF/PU-CA (1 x 4 cm) were defined through tensile
measurement on an Instron universal testing machine
(Model STM-20, SANTAM, Iran) at a speed of 5 mm/
min. The elastic modulus, final tensile strength, and strain
at break were measured. Ultimately, the data were plotted
as a stress-strain curve. The Contact angle was performed
with water to measure the surface hydrophilicity of
scaffolds. To obtain a contact angle goniometer (Kriiss,
Hamburg, Germany), scaffolds were cut 1x1 cm and set on
microscope slides. For this analysis, 4 pL of the deionized
water was located on the scaffold and the contact angle
was measured.

Fourier transform-infrared spectroscopy (FTIR)

The bonding configurations of the specimens were
determined by employing FTIR spectroscopy. FTIR
spectroscopy was operated in the 400-4000 cm™ range,
with a scanning speed of 32 cm™ and spectral width 2.0
cm’. The two samples were read by grinding along with
KBr and compressing into the thin pellets.

Protein Release

Two 1 x 1 cm® punches of PU-CA/gelatin.PRGF/PU-
CA and PU-CA scaffolds were placed in a 24-well plate
containing 500 uL per well of DW and incubated at 37°C.
100 pL aliquots were taken out at certain times (6, 12, 24,
48, 72, 96, 120, 144, 168, 192, and 216 hours) and stored
at -20°C. Simultaneously,100 uL of DW was added to fix
the final volume at 500 pL. Each sample was subjected
to protein quantification using a micro BCA assay. The
optical density was read at 570 nm by using a microplate
reader (BioTek, USA). The absorbance values of the
sample scaffold were normalized according to the values
obtained in the PU-CA control scaffold. The values were
then converted to ug/mL using the calibration curve that
was obtained using BSA as a standard. Since 20% of the
total proteins were removed from each collection, the
amount of cumulated proteins in each collection time
were measured according to following equation:

XL(0) = X,(t) + 02X X,_,(t — At)

where X, is the real amount of cumulative protein in
time t, X is the amount of absorbed protein at time ¢, and
X, is the real amount of cumulative protein in one step

time (At) before time ¢.

MTT assay

The proliferation rate of fibroblast cells on scaffolds was
measured using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide; Sigma, Germany) assay. A
total of 1 x 1 cm? sections of scaffolds were sterilized in a
24-well plate by UV irradiation. 5000 EGFP positive cells
in 25 uL. DMEM-F12 supplemented with 5% FBS were
cultured on the center of scaffolds and incubated for 1
hour at 37°C, 5% CO,, and 95% humidity. Then 475 pL
DMEM-F12 with 10% FBS was added gently. The same
conditions were applied for the sample without scaffold,
tissue culture polystyrene (TCPS), as a control group. Cell
viability assay was examined on days 1, 3, 7, and 14. After
removing the culture medium, PBS was used to wash the
cells and 50 uI of MTT solution (5 mg/mL in DMEM)
was added to each well. The plate was incubated at 37°C
for 4 hours to change MTT into formazan crystals by
mitochondrial dehydrogenases of living cells. Next, the
medium was removed and dimethyl sulfoxide (DMSO)
was used to dissolve formazan crystals. Finally, solutions
were collected and their absorbance was recorded at 570
nm using a microplate reader (BioTek, USA).

Cell culture for scanning electron microscopy

To evaluate the attachment and growth morphology of cells
on the scaffolds, specimens were fixed by glutaraldehyde
for SEM. Briefly, fibroblast cells were seeded on both PU-
CA and PU-CA/ gelatin.PRGF/PU-CA scaffolds at a final
DMEM-F12 volume of 500 pL supplemented with 10%
FBS in a 24-wells plate and incubated for 72 hours. Then,
scaffolds were fixed using a glutaraldehyde solution (2.5%)
for 2 hours and a serial dilution of ethanol was applied for
dehydration treatment. Ultimately, scaffolds were coated
with gold and evaluated using an SEM at an accelerating
voltage of 25 kV.

Migration assay

Chemotactic properties of PRGF released from the
triple-layered scaffold were assessed through EGFP
positive fibroblast cells. For this purpose, the PU-CA/
gelatin PRGE/PU-CA scaffold was punched with a 3.8
cm diameter that contained a PRGF strip in the middle.
Also, the PU-CA scaffold was punched with a 3.8 cm
diameter as a control group. Scaffolds were sterilized and
placed in a 6-well culture plate. 1.5 x 10* EGFP positive
cells in the volume of 15 pL. DMEM-F12 were seeded on
each side (about 2 mm) of the scaffold, which had the
farthest distance from the center. After 1 hour incubation
at 37°C and 5% CO,, 2 mL of DMEM-F12 with 10% FBS
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was gently added to the samples. The sample and control
groups were monitored by fluorescence microscopy for 6
days and fluorescent images were taken on days 1, 3, and
6. To evaluate migration on the scaffold, the cells on 8
considered positions were counted using Image J.

Gene expression analysis

Quantitative real-time PCR (qRT-PCR) was employed
to investigate the expression level of fibroblast migration
markers, including discoidin domain receptor tyrosine
kinase 2 (DDR2) and sphingosine-1-phosphate lyase
(SGPL1). In addition, vascular endothelial growth factor
(VEGF) was evaluated as a proliferation marker. Following
6 days of culture, PU-CA, PU-CA/PRGF scaffolds and
TCPS as a control group were removed for RNA extraction
(Favorgen, Taiwan) according to the manufacturer’s
protocol. Then, cDNA synthesis kit (Vivantis, Malaysia)
was used for preparing total cDNA. qRT-PCR was carried
out in a StepOnePlus™ system (Applied Biosystems, USA)
using a high ROX SYBR Green master mix (Ampliqon,
Denmark). The amplification program was set at 95°C for
10 minutes, followed by 40 cycles at 95°C for 15 seconds,
and 60°C for 1 minute. Relative quantification analysis was
carried out using the comparative CT (AACT) method
and f-actin housekeeping gene was selected to normalize
the relative expression. Table 1 shows the primers used in
this study.

Statistical analysis

REST 2009 (Qiagen, Germany) and GraphPad online
software were employed for the gene expression analysis.
Data were reported as means + standard deviation (SD).
Un-paired t test and one-way ANOVA were used to
compare the means between two and multiple groups,
respectively (Graph Pad Prism 4.0, US). P values <0.05
were considered statistically significant.

Results

Targeted integration of EGFP reporter gene into
the AAVSI locus

Site-specific gene integration of the reporter genes into
safe harbor loci facilitates the development of stably
labeled cells without affecting the phenotype of the
cells. Therefore, CRISPR/Cas9 system was employed to
integrate the EGFP expression unit into the first intron of
PPPIRI12C gene in the AAVSI locus (Fig. 1A). The EGFP
coding sequence was inserted downstream of the hPGK
promoter in the AAVSI donor vector. The vector utilizes
a splicing acceptor (SA)-linked promoter-less puromycin
resistant gene, which allows selection of AAVSI targeted
cells while restricting the growth of cells harboring
randomly integrated vectors in puromycin containing
medium. Following transfection and selection, two
EGEFP positive clones were selected for further analysis.
Observation of puromycin-resistant EGFP expressing
cells using fluorescent microscopy indicated consistent

Table 1. Primers sequences used in real-time RT-PCR analysis

Gene Primer sequences 5’-3’
F: GAGACCAAGGGAGGCAGAC
DDR2 R:CATCACTCGTCGCCTTGTTG
F:CATCTACCGACTATCAAACCTG
SGPLL R:GCGTGTAGTAATGTGTATGCAG
F: CCCATGGCAGAAGGAGGAG
VEGF R: GGATGGCTTGAAGATGTACTCG
B-Actin F: TCCTCCTGAGCGCAAGTAC

R: CCTGCTTGCTGATCCACATCT

expression of the reporter gene (Fig. 1B). Furthermore,
successful targeting of the donor vector to the AAVSI
locus in selected clones was verified using PCR analysis.
As indicated in Fig.1C a 2.2 kb fragment corresponding
to the junction PCR product was observed. Site-specitfic
integration was further verified by sequencing of the
resulting fragment (Fig. 1D).

Physiochemical characteristics of scaffolds

SEM images demonstrated the mean diameter, the overall
morphology, and diameter distribution of the scaffolds
(Fig. 2A-B). Morphological characterization of both
scaffolds based on SEM showed smooth, continuous,
randomly aligned and bead-free fibers. The diameter
distributions of PU-CA/gelatin. PRGF/PU-CA fibers were
as follows: 10% of fibers were less than 300 nm diameter.
Forty- three percent of fibers were ranged between 300
to 600 nm diameter and 46% of fibers were more than
600 nm diameter (Fig. 2C). In PU-CA scaffold, 17% of
electrospun fibers were less than 300 nm diameter, 70%
of fibers were ranged between 300 to 600 nm, and 13%
of fibers were more than 600 nm diameter (Fig. 2D).
According to these results, the mean diameter of the PU-
CA and PU-CA.PRGEF fibers were 596.26 and 439.1 nm,
respectively. Therefore, there is a noticeable difference
between PU-CA and PU-CA/PRGEF fibers’ mean diameter.
The hydrophilic properties of scaffolds were determined
using contact angles (Fig. 3). The contact angle of PU-
CA scaffolds with and without PRGF was 55.45° and
61°, respectively. A contact angle under 90° correlates
with a hydrophilic surface and both scaffolds maintain
hydrophilicity characteristics. Therefore, the presence
of PRGF within the PU-CA scaffold was associated with
reduced wettability of electrospun fibers.

Mechanical properties

The effect of PRGF on diverse mechanical parameters such
as young modulus, ultimate tensile strength and strain
at break was investigated by obtaining the stress-strain
curve of both scaffolds (Fig. 4). Data were summarized in
Table 2. A higher strain was observed in PU-CA scaffold
(12.708642%) compared to PU-CA/gelatin. PRGF/PU-CA
(6.666837%) (P < 0.05). Therefore, the presence of gelatin
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Fig. 1. CRISPR/Cas9 based insertion of EGFP into AAVS1 locus of fibroblast cells. (A) Schematic illustration of the chromosomal location of the AAVS1 safe
harbor site. This locus was targeted using sgRNA in a CRISPR/Cas9 strategy. The inserted cassette consists of promoter-less puromycin-resistant gene
(puro), and the EGFP expression unit. Following integration, puro expression is driven by the endogenous promoter of the PPP1R12C gene. EGFP expression
is driven by hPGK promoter. This is flanked on each side by about 0.8 kb of homology to the AAVS1 locus. (B) GFP-positive cells were illustrated after colony
selection. (C) Primers F1, R1 used to detect the junction point of insertion. The junction PCR amplifies a fragment from intron 1 of the PPP1R12C gene, just
downstream of the right homology arm (AAVS7-HA-R), to the EGFP element. While a 2.2-kb fragment was detected in the fibroblast-insertion group, PCR
amplification was not observed in the fibroblast group. (D) Sequencing was carried out to confirm the fidelity of 2.2 kb fragment obtained in junction PCR.
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Fig. 2. Morphology and diameter distribution of PU-CA/gelatin.PRGF/PU-CA (A, C) and PU-CA (B, D) scaffolds.
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Fig. 3. Contact angle measurements of PU-CA (A) and PU-CA/gelatin.PRGF/PU-CA (B) scaffolds.

and PRGF in PU-CA scaffold meaningfully decreased
the ultimate tensile strength and strain at the break of the
scaffold, while there was no considerable difference in
young modulus.

FTIR analysis
FTIR was utilized to determine the intermolecular

interactions of the mixture. The spectra of PU-CA and
PU-CA/gelatin PRGF/PU-CA fibers are shown in Fig.
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Stress (MPa)

Strain (%)

Fig. 4. Representative stress-strain curves of PU-CA (A) and PU-CA/
gelatin.PRGF/PU-CA (B) scaffolds.

Table 2. Different mechanical properties of PU-CA and PU-CA/gelatin.
PRGF/PU-CA

Ultimate tensile s Young
Gropes strength (MPa) Strain % modulus
PU-CA 6.310835 12.708642 1.79
PU-CA /gelatin.PRGF/
PU-CA 6.048841 6.666837 1.58

5. The spectroscopy of PU-CA showed the characteristic
peaks at 3442, 2954, 1530, 1167, 1060 and 906-605 wave-
numbers (v), which belongs to PU, and represents v
w Vien Vo Yo Yoy Vien On replaced benzene,
respectively.'® Also, the important adsorption peaks of
CA wereat 1733 cm™v . and 1235 cm™v " FITR
spectra of PU-CA/gelatin. PRGF/PU-CA, contained
common protein bands in addition to PU and CA bands
that were almost revealed at 1650 cm™ (amide I) and 1532
cm (amide II), corresponding to the stretching vibrations

of C-O bond, N-H bond and stretching of C-N bonds.
The peak of amide I band at 1650 cm™ was related to both
a random coil and a-helix conformation of gelatin.?

Release profile

A total protein released from PU-CA/gelatin. PRGF/PU-
CA scaffold was monitored for nine days in DW at 37°C,
employing BCA assay. Based on the size of scaffold, which
was about 30 x 10 cm?, the time of the electrospinning,
flow rate, and percentage of gelatin it was estimated that
about 700 pg gelatin exists in each 1 x 1 cm? section of
the scaffold. Fig. 6 illustrates the release profile of PU-CA/
gelatin.PRGF/PU-CA scaffold in the form of cumulative
release. Given this, about 3.4% of all proteins combined
in the scaffold had been released until 216 hours. The
release in 24, 48, 72, 96, and 120 hours were 0.18%, 0.6%,
1.14%, 1.8%, and 2.25%, respectively, which were equal
to 1.27, 4.1, 8, 12.7 and 15.7 concentrations (pg/mL).
Furthermore, the release velocity had been enhanced from
48 to 192 hours and after that, it was reduced. Notably, the
rate of cumulative release between days 8 and 9 was only
0.04%. The kinetic release parameters were analyzed with
zero-order, first-order, Korsmeyer-Peppas, Higuchi, and
Peppas-Sahlin models represented in Table 3.

MTT assay

According to Fig. 7, fibroblast cells on PU-CA/gelatin.
PRGF/PU-CA scaffold showed the highest proliferation
rate until days 3 and 7 compared to TCPS and PU-CA
groups. On day one, the number of active cells in the
TCPS group exceeded those of the other groups (P < 0.05).
Moreover, PU-CA, PU-CA/PRGE, and TCPS groups
demonstrated a steady enhancement in cell number until
day 7, while the number of active cells reduced on day
fourteen. In addition, The number of viable cells in the
PU-CA/PRGF group was more than PU-CA and TCPS
groups on day fourteen.
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peaks), and Red dashed line (PRGF peaks).
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Fig. 6. Cumulative release of PU-CA/gelatin.PRGF/PU-CA scaffold.

Cell attachment and growth on scaffolds

SEM and fluorescent images showed proper expansion
of the cells (Fig. 8). The cells were cultured on PU-CA/
gelatin.PRGF/PU-CA scaffold aligned and directed well
after 72 hours compared to those seeded on PU-CA
scaffold (Fig. 8A-B). Cell behavior on the PU-CA scaffold
was different and showed a random orientation. SEM
images indicated that cells on the PU-CA scaffold were
located cumulatively. While on the PRGF scaffold, cells
were growing in one direction, were protruding well on
the substrate, and their movement was much faster. The
cell attachment pattern and growth on both scaffolds were
also confirmed by fluorescent microscopy (Fig. 8C-D).

Migration of EGFP targeted fibroblast on scaffolds

Evaluation of cell migration is essential for validation of
novel scaffolds in wound healing studies. In this study,
the EGFP targeted fibroblasts cells were employed
to investigate the effect of electrospun PRGF on cell
migration. A migration test was designed to trace the
migrating fibroblast cells towards the center of the scaffold
where a strip of gelatin-PRGF was located. Fig. 9 shows the
behavior of cultured cells on the PU-CA (control) and PU-
CA/gelatin PRGF/PU-CA scaffolds during different days.
On the first day, there was no noticeable difference in the
appearance and behavior of cells in both scaffolds. On day
3, migration was quite clear, according to the behavior and
orientation of cells. During the following days, most of the
cells were observed to migrate toward the center of the
scaffold. On day 6, cells were mostly residing in the centre
of the scaffold, albeit migration was continuing (Fig. 9K).
Cell migration was not observed in the control group

= TCPS
ez PU-CA
e PU-CA/PRGF

Absorbance (570 nm)
o -
o o
1 1

0.0-
Day 3 Day 7 Day 14

Time (Day)

Fig. 7. Viability of cells seeded on scaffolds and TCPS as control during the
14-day culture period. ‘P < 0.05, P < 0.01, P < 0.001

Fig. 8. Expanded cells on PU-CA (A) and PU-CA/gelatin.PRGF/PU-CA (B)
scaffolds. Cells could protrude well on both scaffolds especially on PU-CA/
PRGF scaffold which cells illustrated acceptable migratory and proliferation
morphology 72 hours after seeding (B, D). In the PU-CA scaffold, the cells
demonstrated random orientation (A, C) at a certain time. The protrusions
and orientation of cells are shown with arrows.

during this period despite noticeable cell proliferation.
Fig. 10A-B represents the number of migrating cells on
days 3 and 6 in eight positions. Interestingly, the number
of migrating cells at positions 2, 3 and 6, 7 were higher
compared to other regions. The total number of migrating
cells was also measured on days 3 and 6 (Fig. 10C). On
both days, extensive migration was observed on the PRGF
scaffold with a significant difference from the control (P <
0.01).

Table 3. The release mechanism of PRGF from PU-CA/gelatin.PRGF/PU-CA scaffold

Release mechanism

Zero-order First-order Higuchi Korsmeyer-Peppas Peppas-Sahlin

Release Release
K, R? K, R? K, R? Ko h K, R?

exponent (n) exponent (n)
0.017 0.977 0.0002 0.973 0.211 0.827 0.022 0.973 1.01 0.001 2 x107  0.999 1.551
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Day 1

Day 3

PRGF Control

PRGF

Fig. 9. The behavior of cultured cells on PU-CA (control) and PU-CA/gelatin PRGF/PU-CA scaffolds. Migration on PU-CA/PRGF scaffold was clearly observed

on days 3 and 6. Also, the proliferation of cells is obvious on both scaffolds.

Gene expression analysis

qRT-PCR analysis showed a significant increase in
selected genes at mRNA level in cells seeded on PU-CA/
gelatin.PRGF/PU-CA scaffold compared to other groups
(Fig. 11). In this group, the expression of the SGPLI gene
at the mRNA level was about 3-fold higher than other
groups (P < 0.001). Also, a significant increase was shown
in the expression of the DDR2 in comparison to PU-CA
and TCPS groups (P < 0.01). However, the cells seeded on
the PU-CA scaffold did not show a significant difference
in the expression of migration markers compared to the
other groups. The expression level of the VEGF gene in
both scaffolds was increased significantly compared to
TCPS as the control. Furthermore, the expression rate of
the VEGF gene in the PU-CA/PRGF scaffold was about
2-fold higher than PU-CA (P < 0.01).

Discussion
Proliferation and migration of cells to the damaged area are
vital events during the wound healing process. Migration

of fibroblast cells to the injured area is particularly crucial
in chronic wounds where the natural wound healing
process is impaired. Furthermore, fibroblast cells produce
and deposit matrix proteins, which are essential for the
migration of inflammatory cells to the wound area.”
Electrospinning is regarded as a practical procedure
for generating a physical construct for wound dressing.
The multi-layered scaffolds, similar to skin architecture,
are employed as potential engineered skin substitutes
applicable to wound care.’

Efficient genome engineering tools and reliable reporter
cell lines are invaluable tools to investigate the role and
behavior of cells during the treatment processes. Site-
specific gene integration at pre-defined safe harbour
loci facilitates rapid generation of stable cell lines with
limited transgene silencing and few detrimental effects.
The AAVSI locus which supports persistent transgene
expression is a favorite choice for the targeted integration
of exogenous DNA.* Robust expression of EGFP at the
AAVSI locus will facilitate in vitro and in vivo imaging
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to evaluate the localization, proliferation, survival and
migration of cells in experimental and preclinical studies.”
Here, we demonstrated successful targeting of the AAVSI
locus with the genetically encoded EGFP cassette using
a CRISPR/Cas9 system. In accordance with the previous
reports, our results showed stable expression of the EGFP
from the AAVSI locus.'**

In the current study, the multi-layered scaffold was
synthesized using PU-CA as the outer layers and gelatin
type A combined with PRGF as the inner layer with
optimized morphological and mechanical attributes
as a wound dresser. Based on mechanical results, the
percentage of strain was reduced due to the lower
interfacial interaction between PU-CA chains as a function

= TCPS
PU-CA
e PU-CAPRGF %

Fold change

SGPL1
Gene

Fig. 11. DDR2, SGPL1, and VEGF gene expression at mRNA level. After
6 days of cell seeding on PU-CA, PU-CA/PRGF scaffolds, and TCPS the
cells were tested by Real-Time PCR. The cells which were seeded on PU-
CA/PRGF scaffold showed more expression in these genes compared to
the other groups. ‘P < 0.05, “P < 0.01, P < 0.001

of gelatin and PRGF presence. In fact, incorporation of
the protein into the fibers leads to a reduction of tensile
strength. However, the young modulus and elastic
behavior of scaffolds were not reduced.” In this line, other
studies indicated increasing PRGF was associated with
an enhancement in fiber diameter/pore area, which can
in turn accelerate cellular infiltration while diminishing
regression of mechanical properties.>* Reduction in
mechanical properties of the scaffold containing PRGF
was also found in our study which could have induced
rapid migration. Hence, scaffold with PRGF content
displayed reduced mechanical attributes that facilitated
cell migration more rapidly. The FTIR spectra recorded
on both scaffolds demonstrated that the whole peaks of
PU-CA were visible in PU-CA/gelatin.PRGF/PU-CA
composite fibers and some peaks were being overlapped.
This measurement confirmed the presence of the gelatin,
PRGE and other polymers in the fabricated scaffolds. This
finding indicates successful incorporation of PRGF in the
electrospun scaffolds.'*?

Since mathematical functions are very useful for
describing the release profile, suitable kinetics models
were selected to predict the release mechanism according
to the R* values.”® Based on the evaluated R2 values
presented in Table 3, zero-, first-order and Korsmeyer-
Peppas model predicted experimental data properly,
while; the Peppas-Sahlin kinetics model had the best
adaption to experimental results. Peppas-Sahlin model
calculates the two contribution mechanisms (diffusional
and relaxational) in the release process of the swellable
scaffold. This model accounts the effect of the Fickian
diffusion and polymer Case II relaxation release in the
following form:
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M, n 2n
M_m = Klt + Kzt

Where M, and M_ are the amount of the drug released
at the time t and the amount released at the infinite time,
respectively. Also, K, K, and n are constants. According
to Table 3, Case II relaxation constant (K)) is negligible
respect to Fickian constant (K,) which indicates that the
Fickian process has the main contribution to the release
mechanism during the incubation time. Fickian diffusion
is characterized by solvent high diffusion velocity to
the scaffold and low velocity of polymeric relaxation.
This behavior induces a solvent penetration gradient in
the scaffold.” The higher proportion of components
released after the first 48 hours, validated the time
required for facilitating higher swelling and polymer
relaxation. During this time, the lower water sorption
was another point for lower component release, thereby,
the release was related to time and zero-order kinetic was
confirmed.?® Hence, based on the kinetics of the release
profile, very small amounts of PRGF were released into
the medium during the first 48 hours. Furthermore, the
correlation between gene expression, release profile, and
cell behavior displayed that the scaffold containing PRGF
can be potentially used as a wound dresser.®

MTT results showed an increase in the number of active
cells on days 1, 3, and 7 in the TCPS group, while reducing
viable cells was observed after day 7. In addition, the cells
showed a proper proliferation with reasonable speed
on these scaffolds until day 14. Our results showed that
fabricated scaffolds had appropriate biocompatibility and
were not toxic for the EGFP positive cells as indicated by
other reports.**’! In several studies, CA has been reported
to be biodegradable and its degradation rate depends
on the degree of acetyl substitution.*** Furthermore,
utilization of different biodegradable TPUs as tissue
engineering materials for soft tissues, bone tissues, blood
vessels, cardiovascular tissues, and wound dressings has
been reported recently.'>**** Although most studies have
evaluated degradation of PU in the absence of cells and
plasma enzymes, this process is expected to accelerate
in vivo environment or in the presence of cells in in
vitro settings.*>* In this line, Unnithan et al'® reported
that PU-CA fibers have reasonable biocompatibility and
mechanical properties for dressing wounds."

The operation of the scaffold in the presence of water
is an important criterion that could be beneficial for the
cell attachment. Measurement of contact angle indicated a
hydrophilic behavior for both scaffolds and improvement
in cell proliferation and adhesion, as reported by other
groups.'®® Moreover, the arrangement and orientation
of cells on PU-CA/gelatin.PRGF scaffold indicates the
unique growth pattern in response to PRGF release.
PRGF-containing scaffolds stimulate cell migration into
the wound area. In addition, improved healing potential
has been shown in triple-layered scaffold with PRGF

continuous release.” According to Fig. 10C, the total
number of migrating cells on day 6 compared to day 3 was
quite significant, which can be attributed to cell behavior
on the scaffold and the amount of PRGF release. Based on
migration (Fig. 10) and gene expression results (Fig. 11),
minimal migration was observed on the PU-CA scaffold.
This conclusion is consistent with the findings reported by
Piran et al,”” which showed the positive impact of PDGF-
BB released from the scaffold at a low concentration (even
less than 1 ng), on migration and proliferation of fibroblast
cells compared to the control group which was subjected
to a constant concentration of PDGF in the cultured
media. In the study mentioned above, inflammation was
induced to further elucidate the underlying mechanism
of migration to the wound in the presence of PDGF-BB
using under agarose migration assay.”” In another study,
Piran et al® demonstrated that the scaffold containing
continuously released PRGF at a low rate, maintained its
healing potential until day 5. They fabricated a scaffold
containing PRGF as a wound dresser to induce fibroblast
migration toward the injury site in the agarose migration
test.” In addition, Zhao et al*® investigated the potential
of PDGF-BB on the migration of MC3T3 preosteoblastic
cells using an agarose cell droplet migration assay. They
demonstrated that the incorporation of PDGF with PLGA/
PEG-PLA scaffold could induce a cell migration process
which serves as the primary step of wound healing.*

In the final step, the expression profile of genes involved
in migration and proliferation was evaluated. DDR2
and SGPLI are specific genes in fibroblast migration,
as Herrera et al*® showed that silencing of DDR2 with
siRNA inhibited human fibroblast migration and Lovric
et al* demonstrated knock-down of SGPLI by siRNA
inhibited fibroblast migration in ichthyosis and adrenal
insufficiency. qRT-PCR showed increased expression
of SGPLI and DDR2 genes in cells seeded on PU-CA/
gelatin PRGF/PU-CA compared to TCPS and PU-CA
groups. These results reflect the bioactivity of released
PRGE Moreover, a 1.6-fold increase was observed in
SGPLI mRNA expression compared with DDR2. These
findings were in agreement with those obtained by Piran
et al”’ which indicated enhanced expression of Arp 2
and PDGFRD genes, which were involved in fibroblast
migration, on the scaffold contained PDGF compared to
TCPS and PDGF free scaffold.”” The VEGF gene plays an
important role in cell proliferation and the wound healing
process. Our results demonstrated a significant increase
in VEGF expression in cells seeded on the PU-CA/gelatin.
PRGF/PU-CA scaffold in comparison with the PU-CA and
TCPS groups. Although VEGF expression was observed in
cells applied to both scaffolds, a 2-fold increase was shown
in PU-CA/PRGEF scaffold compared to the PU-CA group.
These findings reflect the bioactivity of the released PRGE.
Enhanced expression of VEGF mRNA in bone marrow
stem cells and the primary bladder smooth muscle cells
has also been reported in different types of scaffolds.*"*?
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Research Highlights

What is the current knowledge?

V Migration of fibroblast cells plays a critical role in the
wound healing process.

v PRGF can accelerate the wound healing process.

v EGFP reporter fibroblast cells facilitates real-time
monitoring of cell behaviour on the scaffold.

V AAVSI site serves as a safe harbor locus for targeted knock-
in of exogenous reporter genes.

What is new here?

v Triple-layered scaffold along with PRGF was be obtained
using the electrospinning process.

v EGEFP reporter gene was targeted in the AAVSI safe
harbor locus to facilitate monitoring of fibroblast cells using
CRISPR/Cas9
v The current scaffold provides the appropriate template for

system.

cell attachment and migration.

Based on our results, PU-CA scaffold did not support
proper migration of fibroblast cells; however, dense cell
populations formed using this scaffold. Substantial growth
and accelerated migration of fibroblast cells were observed
in one direction when PRFG was included in the scaffold.

Conclusion

EGFP targeted fibroblast cells employed in this study
facilitated in vitro cell tracking due to the robust and
persistent fluorescent gene expression on scaffolds. Since
various scaffolds are used in wound healing to create
optimal support and accelerate healing, studying the
behavior of cells could be beneficial in establishing efficient
wound management strategies. In this study, migration of
EGFP targetted fibroblast cells on gelatin. PRGF scaffold
was observed clearly. This strategy indicated that the
release of PRGF from the PU-CA scaffold with mentioned
release profile can induce proliferation and migration of
fibroblast cells.
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