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Abstract

Hybrid polymers have been used as biomaterials for tissue engineering recently. In
this study, the hybrid fibrous scaffolds of polycaprolactone (PCL), gelatin (G) and
polydimethylsiloxane (PDMS) with two various types of fiber arrangement were
fabricated with different mass ratio by electrospinning. Physicochemical proper-
ties of fabricated scaffolds were evaluated using scanning electron microscopy, the
immersion of scaffold samples, attenuated total reflectance Fourier transform infra-
red, X-ray diffraction and tensile strength analysis. Cytotoxicity analyses of scaffolds
and human foreskin fibroblasts on the scaffolds were assessed by 3-(4, 5-dimethylth-
iazoyl-2-yl) 2, 5-diphenyltetrazolium bromide assay. Attachment to the scaffolds and
morphology of fibroblasts on them were evaluated by hematoxylin—eosin staining
and scanning electron microscopy. Networks and nanofibers less than 30 nm were
created throughout the normal nanofibers of PCL/G/PDMS hybrid scaffolds that the
efficiency of the homing and proliferation of the fibroblasts cells onto the scaffolds
was improved. The PCL/G/PDMS hybrid scaffolds characteristics, especially mor-
phology, mechanical properties and biocompatibility by altering the ratio PCL, G
and PDMS show that these scaffolds are suitable for random and aligned tissue engi-
neering applications, especially engineering of elastic tissues (nerve, uterus, blad-
der, trachea, heart valves, vein, vagina, liver, skin and others).
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Introduction

Tissue engineering strategies are founded on pathologic tissue regeneration with
supportive scaffolds and biological molecules and cells. Biologically active scaf-
folds are based on analogues to the extracellular matrix (ECM) that have induced
synthesis of tissues and organs [1]. Nanostructures are attractive for many medi-
cal applications such as tissue engineering and regeneration [2].

Nanostructures were found mechanical properties, biocompatibility and bio-
degradability similar to the native ECM and tended to the adhesion and prolif-
eration of cells for repair of damaged tissues. Nanostructures of hybrid biologic
materials have known as effective structures for tissue engineering [3-5]. Selec-
tion criteria for biologic materials are based on synthetic chemical chemistry,
molecular weight, solubility, shape and structure, hydrophobicity, lubrication,
surface energy, water absorption degradation and erosion mechanism [1] that
polymers in the field of biological materials are remarkably advanced in the fab-
rication of tissue engineering scaffolds [6, 7]. Polymeric scaffolds are suitable
for tissue engineering applications because of their high surface-to-volume ratio,
biodegradability, biocompatibility, high porosity with very small pore size, good
mechanical and biological properties [1].

Synthetic elastomer polymers often lack proper biocompatibility and natural
polymers lack the mechanical properties needed for tissue engineering, so com-
bining natural and synthetic materials to create composite scaffolds can be solve
these challenges. The hybrid structures of proteins and synthetic polymers have
the proper elasticity in tissue engineering structures [8]. PCL is an aliphatic lin-
ear biological polymer [9] and has been considered due to low tissue melting,
biocompatibility, solubility, ability to maintain mechanical and physical prop-
erties, and cell and drug permeability for tissue engineering applications [10,
11]. When the force applied to PCL, it resists linear shear and pressure forces
and when the force removed it returns to its original state and has good elas-
ticity properties [10]. Therefore, PCL synthetic polymer is a potential candidate
for tissue engineering applications [12]. Over the past years the combination of
bioactive materials and PCL for tissue engineering and remedial medicine has
received much attention and PCL scaffolds through blending with polylactic acid
[13, 14], octacalcium phosphate [15], alginate [16], collagen [17], gelatin[18,
19], chitosan [20, 21] showed special characters. Gelatin is a natural biopolymer
made from controlled hydrolysis of collagen that is a major component of native
ECM. Gelatin has biological, biodegradability and biocompatibility properties
and is commercially low cost and has many applications in pharmacology and
medicine. Gelatin preserves information signals of the arginine—glycine—aspartic
acid (RGD) that promotes cell adhesion, proliferation and differentiation. There-
fore, gelatin can be mixed with biological polymers to fabricate tissue engineer-
ing scaffolds [21, 22]. Also, Gelatin increases the uniformity of adsorption in
nanofibers, and this property of gelatin may be useful for cell adhesion uniformity
[23]. The PDMS is a viscoelastic polymer, it means that at long flow times (or
high temperature), it acts like a viscous liquid, similar to honey. However, at short
flow times (or low temperature), it acts like an elastic solid, similar to rubber.
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Viscoelasticity is a form of nonlinear elasticity that is common among noncrys-
talline polymers [24]. The mechanical properties of PDMS enable this polymer to
conform to a diverse amount of surfaces. Since these properties are affected by a
variety of factors, this unique polymer is relatively easy to tune [25, 26]. Specifi-
cally, the determination of mechanical properties can be decided before PDMS is
cured. The uncured version allows the user to capitalize on myriad opportunities
for achieving a desirable elastomer. Generally, the cross-linked cured version of
PDMS resembles rubber in a solid form. It is widely known to be easily stretched,
bent, and compressed in all the directions. Depending on the application and the
field, the user can able to tune the properties based on what is demanded. PDMS
network can be used as substrate to grow cells. Varying the crosslink density in
the polymer network allows one to tune the mechanical properties in a range sim-
ilar to living tissues. The effect of the PDMS network stiffness on the growth and
behavior of cells has been studied [27].

To mimic the structure and biological function of native ECM proteins, tissue
engineering scaffolds must be designed to meet the mechanical properties of the
tissues and create physical, chemical, and biological properties for a good life and
guidance of cells to the functional tissues via cell migration, adhesion and differen-
tiation [28]. Electrospinning is a versatile technique as a powerful technology for the
production of nanofibers with compositions, structures, and diverse properties [29].
Also, electrospinning has been considered as a versatile fiber producing method as
its high potential for a variety of applications including biomedical scaffolds [30].
Depending on the type of material and application of the scaffold, the nanofibers can
provide the required surface for cell activity and adjustable mechanical and biologi-
cal properties [31, 32].

Composite PCL/gelatin nanofibrous scaffold by electrospinning method caused
biocompatibility and enhanced cell proliferation rate [22]. Aligned nanofibers highly
supported the nerve cells and improved the neurite outgrowth and cell differentia-
tion process [33]. Also, the PCL—gelatin nanofibers crosslinked with genipin may
hold a promise to be used as a substrate for the culture of muscle cells and further
implantation for engineering muscle tissue [34]. Macroporous PDMS scaffold can
serve as a promising material for acellular as well as cellular skin tissue dressing
[35]. The advanced mechanical properties, shape memory properties and biocom-
patibility of these PCL-PDMS fibers would allow them to become promising can-
didates for tissue regeneration, and an injectable TE scaffold may be achieved based
on these electrospun SMP fibers [36].

In this study, PCL/G/PDMS hybrid fibrous scaffolds with both the random and
arranged fibers were fabricated using electrospinning. Then morphology, crystallin-
ity, surface roughness and mechanical properties, and biocompatibility of the ran-
dom and arranged scaffolds were studied. Growth, proliferation and morphology of
the cells on scaffolds were also evaluated. Presented results indicate that the PCL/G/
PDMS scaffold is a novel biocompatible scaffold, suitable for tissue engineering. This
study is the first manuscript for optimization of the combination of three polymers
of PCL/G/PDMS for application in tissue engineering which can replace collagen
polymer in tissue engineering scaffolds. the purpose of current study is elastic scaf-
fold design for endometrial cells, uterine tissue reconstruction and also, production of
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artificial uterus in the future. Endometrial cells were cultured on the selected scaffold
and yielded positive results which will be presented in the following articles.

Materials and methods
Materials

PCL (M,=80,000), PDMS (PDMS-diol, Mn=2000 g/mol), gelatin powder of
bovine skin were purchased from Sigma-Aldrich (St. Louis, MO) with a purity
of 97%. 3-(4,5-dimethylthiazoyl-2-yl) 2,5-diphenyltetrazolium bromide (MTT)
and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich® and trif-
luoroacetic acid (TFA) (C2HF302, 114.02 g/mol), glutaraldehyde and hematoxy-
lin—eosin (H&E) were purchased from Merck® companies. Dulbecco’s Modified
Eagle Medium (DMEM), collagenase type I, fetal bovine serum (FBS) and pen-strep
solution were purchased from Gibco®. Phosphate buffered saline (PBS, pH 7.4)
was purchased from Inoclon®. Trypsin/ethylene diamine tetra-acetic acid (trypsin/
EDTA) was purchased from Bio-Idea®. Human fibroblast Cells (Yazd human fore-
skin fibroblasts; YhFF#8; passage 20) were kindly gifted from the Stem Cell Biol-
ogy Research Center of Yazd Reproductive Sciences Institute.

Fabrication of scaffolds

Electrospinning is a hydro-dynamic process that liquid droplet is electrified to produce
a jet, which causes the fiber production by stretching and elongation. An electrical
conductor is inserted between the tip of the needle and the conductor. Then the droplet
becomes a cone shape structure (Taylor cone) which a charge jet is ejected. The jet
first runs along a straight line then look like whipping motions. Jet converts drop into
thin fibers because of bending instabilities and solidifies rapidly and produces solid
fibers [29]. PCL (10 wt%), G (5 wt%) and PDMS (7 wt%) were dissolved in TFA
by agitating the mixture with magnetic stirrer at 500 rpm for 2 h at room tempera-
ture (28 +1 °C) at various ratios 100:0:0, 90:10:0, 70:30:0, 50:50:0, 0:100:0, 90:0:10,
80:0:20, 70:0:30, 30:50:20 (optimized points in different blend ratio obtained by RSM
[37, 38]), 40,40,20, 50:30:20, 60,30,10, 70:20:10, respectively. The produced fibers
were coded as C10, C9G1, C7G3, C5GS5, G10, C9D1, C8D2, C7D3, C3G5G2 (Opti-
mized points in different blend ratio obtained by RSM), C4G4D2, C5G3D2, C6G3D1
and C7G2D1, respectively, based on the ratios of PCL (C), gelatin (G) and PDMS
(D) in the scaffolds (Table 1) [36]. Different electrospinning parameters were tested
such as applied voltage, feeding rate, needles caliber, and collector distance for the
production of the smooth and beads-free composite nanofibers. The solution was
infused through a 2.5 ml syringe attached to a programmable syringe pump into a
21-gage metal needle. The optimum condition was obtained after an immiscible blend
of PCL/G/PDMS was obtained for electrospinning, with the feeding rate of the poly-
mer solution at 0.1 ml h™!, 22 kV of voltage and needle tip to the collector distance at
16 cm. The speeds of the collector rotation were set at 300 and 1000 rpm.
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Table 1 Codes of producted

fibers Code Polymer
PCL (%) Gelatin (%) PDMS (%)
C10 100 0 0
C9G1 90 10 0
C7G3 70 30 0
C5G5 50 50 0
G10 0 100 0
CI9D1 90 0 10
C8D2 80 0 20
C7D3 70 0 30
C3G5D2 30 50 20
C4G4D2 40 40 20
C5G3D2 50 30 20
C6G3D1 60 30 10
C7G2D1 70 20 10

Characterization of composite nanofiber scaffolds
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR spectra of mixing percentages of three polymers were recorded using
thermo nicolet ATR-FTIR. The range of wavenumbers of FTIR (Equinox 55,
Bruker, Germany) was from 600 to 4000 cm™

X-ray diffraction (XRD)

XRD patterns were recorded using X-ray diffractometer to evaluate the crystalline
phase in fibers using anode Cu at 40 kV and 30 mA in 26 the range of 5°-50°.
X’Pert High Score Plus software (PANalytical®) was used for crystalline phases
identification.

Scanning electron microscopy (SEM)

The morphology of composite nanofibers has been investigated with SEM (ZEISS®
DSM 960A Oberkochen, Germany) with an accelerating voltage of 8 kV. The scaf-
folds were coated with gold before imaging. The diameter of the nanofibers was cal-
culated from the SEM images using image analysis software (Image J, 1.410 soft-
ware). The average diameter of at least 100 fibers per image (three random images
per sample) was determined for each sample and reported as mean =+ standard devia-
tion (SD).
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Image processing

The computation of pores on the web of nanofibers using image processing has pri-
oritized the optimization of the image separated into two portions of fibers and pores
using the k-means clustering algorithm. K-means clustering algorithm is a cluster
analysis of data analytics that contributes them into predetermined clusters. The data
are made up of image details, the data of each cluster being similar to the data of
the other clusters. Distance is one of the criteria for clustering. The closer data are
considered as one cluster. The k-means clustering method has been used in images
threshold studies [39].

Evaluation of biodegradability of the scaffolds

The degradation behavior of the scaffolds was investigated by the immersion of scaf-
fold samples (50 mm X 15 mm) into a Falcon tube containing 10 mL of PBS solu-
tion (pH 7.4, 37 °C). The scaffolds were dried in an oven at 37 °C until making a
constant mass (W,) before the test. At 14 and 28 days, the samples were removed
from the medium, washed with distilled water, and the excess of water at the surface
was withdrawn by a filter paper. After this stage, the hydrated weight (W,) of the
scaffolds was immediately evaluated to determine the water absorption. Then, the
scaffolds were transferred to an oven and dried at 37 °C until stopping on a constant
mass (W;) to determine its weight loss. The medium was replaced weekly with a
new fresh media. Nine samples were tested for every model [40].

Water absorption (%) = (W}1 - Wi)/Wi x 100

Weight loss (%) = (W, — W) /W; X 100.

Mechanical property test

The mechanical properties of nanofiber scaffolds were determined using a tabletop
uniaxial test apparatus (Instron® SANTAM-STM-20 Testing Machine). The 20-N
load cell is used for tensile tests speed of 3 mm/min under ambient conditions. Scaf-
folds samples were cut in the dimension of 30x 10x 0.2 mm?. For all the samples, at
least six trials were tested for each type of electrospun nanofibers.

In vitro cell culture

The fibroblasts were grown in DMEM supplemented with 10% FBS and 1% peni-
cillin/streptomycin in 60 cm? tissue culture Petri dishes (TPP, Biochrom AG®,
Germany) in a standard humidified incubator at 37 °C temperature and 5% carbon
dioxide concentration. At a cell confluency of about 80%, the cells were washed
with PBS, incubated with 0.05%/ 0.02% (v/v) trypsin/EDTA solution and pelleted
by centrifugation at 200 g for 5 min. Fresh culture medium was added to the cell
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pellet obtained after centrifugation, and the cell number was counted. After steri-
lization under UV light for 30 min, the electrospun fibers were placed in 24-well
plates and were seeded with fibroblast cells at a density of 10,000 cells per well.
The cells were incubated in a humidified incubator at 37 °C with 5% CO2, and the
medium was changed every 3 days. Samples were harvested after 1, 3, and 7 days
for H&E staining and after 5 days for SEM examination. To fix the cells on the scaf-
fold, the medium was removed from the wells, 2.5% glutaraldehyde was added to
the wells and incubated at 4 °C for 2 h.

Cell viability assay

The viability of cultured fibroblast cells on scaffolds was evaluated by MTT assay
on days 1, 5 and 7. Cells were seeded at 96-well plates at a density of 1x 10* cells
per scaffold and maintained at 37 °C under 5% CO, concentration. 100 pL of MTT
solution (0.5 mg/mL) was added to the culture medium in every well. After incuba-
tion for 4 h, the MTT solution was removed and same volume of MTT solution,
isopropanol and hydrochloric acid of 0.1 normal were added to each well and were
placed in the incubator for 30 min. The absorbance of samples was measured at
570-630 nm using an ELIZA reader (Expert 96, Asys Hitch®, Ec Austria).

Cell study on nanofibrous scaffold
SEM

Cell morphology on PCL/G/PDMS composite scaffolds was investigated by SEM.
Fibroblast cells at a density of 10,000 cells/well were cultured on scaffolds. The
cells were incubated in a humidified incubator at 37 °C with 5% CO, concentration
and the medium was changed every 5 days. Then cells of scaffolds were fixed with
4% glutaraldehyde for 2 h at — 4 °C. After that they were rinsed with PBS and dehy-
drated with alcohol 70%, 96% and 100% for 5 min. The scaffolds were coated with
gold and investigated by SEM.

Hematoxylin—eosin (H&E) staining

Cells were cultured on scaffolds and fixed with 2.5% glutaraldehyde 1, 3, and 7 days
after culture for 2 h, then rinsed with PBS three times for 5 min. After washing, they
were exposed to 100%, 96% and 70% ethanol for 5 min, respectively. Samples were
stained with hematoxylin and rinsed with PBS for 5 min. The samples were treated
with acid alcohol for 2 s. Samples were rinsed with PBS and stained with eosin for
2 min. Finally, they were rinsed with 70%, 96% and 100% ethanol for 5 min to dehy-
drate the scaffolds. H&E was performed for staining of the nuclei and cytoplasm of
the cells, respectively, where the nucleus appears blue and the cytoplasm red.

@ Springer



10888 Polymer Bulletin (2022) 79:10881-10908

Statistical analysis

The Origin 8.0 (Origin Lab Inc., USA) was used for statistical analysis. The results
of the experiments were shown as mean values with standard deviation (SD). Sta-
tistical analysis was performed using one-way ANOVA, and P <0.05 was consid-
ered statistically significant. Tukey’s test was applied for evaluations of differences
between groups.

Results and discussion
Fourier transform infrared (FTIR) spectroscopy

Figure 1 indicates the FTIR for composite scaffolds: PCL, gelatin, PCL/G, PCL/
PDMS and PCL/G/PDMS. Due to asymmetric CH2 stretching, symmetric CH2
stretching, carbonyl stretching, C—O and C-C stretching, asymmetric C-O-C
stretching and symmetric C—O-C stretching, several characteristic bands of PCL
were observed in 2943 cm™', 2865 cm™, 1728 ecm™, 1293 cm™', 1239 cm™ and
1171 cm™!, respectively. For N-H stretching of amide bond, C=0 stretching, N-H
bending and N-H out-of-plane wagging bands of gelatin were shown at 3308 cm™!,
1648 cm™!, 1536 cm™! and 674 cm™!, respectively [22]. The characteristic bands of
PDMS in PCL/PDMS composite scaffold were observed in 796 cm™! (Si—C stretch-
ing vibration), 1016 cm™! and 1080 cm™! (Si—O-Si stretching vibration), 1255 cm™!
and 867 cm™! (rocking vibrations of Si-CH3) [41]. In PCL/G/PDMS composite
scaffold, all the characteristic bands of PCL, gelatin and PDMS were observed but
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Fig.1 ATR-FTIR spectra of PCL/G/PDMS nanofibers scaffolds with different ratios
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the bands have been shifted towards the higher wavenumbers. All the peaks in the
FTIR spectrum of PCL, G, PDMS were observed in the FTIR spectra of PCL/G/
PDMS nanofibers. As the amount of gelatin increases, the intensity of peak for PCL
and PDMS decreases, and the peak intensity of gelatin increases, and vice versa.
The same absorption peaks of PCL/G/PDMS scaffolds indicate that PCL, gelatin
and PDMS will not change their molecular structure in blends. The adsorption peaks
of the PCL/G/PDMS scaffolds show that the PCL, G and PDMS molecular structure
has not changed in the PCL/G/PDMS mixture. Also, the adsorption peaks do not
change with the cross-linking of gelatin polymer with glutaraldehyde vapor in scaf-
folds [42]. For example, FTIR of scaffolds of C5G5 and C4G4D2 both specimens
fixed with glutaraldehyde vapor (C5G5-GA and C4G4D2-GA) and without glutar-
aldehyde vapor (C5GS5 and C4G4D2) were done and the peaks are the same for the
both samples.

There is crosslinking reaction between GA and —-NH2 in gelatin According to
Fig. 2.

The NH2 content in gelatin decreases after crosslinking and the more GA the
higher decrease degree is. The absorption peak of C=0 in C5G5 and C4G4D2
moves slightly toward high wave number from 1648 to 1651 cm™.. The reason
may be that with addition of little GA, the hydrogen-bond interaction of intra- and
inter-molecular chain weakens [44]. The absorption peak of C=0 in the C5G5 and
C4G4D2 moves toward low wavenumber from 1648 to 1643 cm™. The reason may
be that the excess GA destroys the triple helix structure of gelatin, so hydrophilic
free radicals increase and the hydrogen-bond interaction is boosted [44].

X-ray diffraction

One of the factors affecting hydrophilicity and cell behavior on the scaffolds is the
crystalline and amorphous structure of their polymers.

The XRD pattern in Fig. 3 shows the sharp diffraction peak in 21.4° and low
intensity peak in 23.8°, which correspond to the semi-crystalline PCL. The absence
of diffraction peak in XRD pattern of gelatin indicates amorphous gelatin. XRD pat-
tern of pure PDMS [45] and in combination with PCL and gelatin polymers exhib-
its an amorphous structure with a single peak of about 12°. The XRD pattern of
C5G3D2 hybrid scaffold in Fig. 2 shows all the characteristic peaks of PCL with
low intensity.

The reduction in the peaks in the C5G3D2 hybrid scaffold indicates a decrease in
crystallinity and this crystallinity decreases and amorphous increases may be due to

H2N
” NH2 H2N
Hl\'} N2 + O % O 4 DAY ~ X ) NH2
g NANY NH2 H2N W N N2

Gelatin Glutaraldehyde Gelatin

Fig.2 Cross-linking process of gelatin nanofibers by GA [43]
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Fig.3 X-ray diffraction patterns
of C10, G10 and C5G3D2
nanofiber scaffolds
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the collision of PCL molecules to gelatin and amorphous PDMS. As the amorphous
structure is more suitable for cell adhesion and proliferation than the highly crystal-
line structure [46], so the hybrid scaffold can be a suitable substrate for cell adhesion
and proliferation.

Nanofiber morphology of PCL/G/PDMS

Electrospun PCL/G/PDMS scaffolds with different weight ratios were fabricated
with random and arranged morphology. The three images randomly were taken at
the different points of every scaffold. One hundred diameters were measured in each
image, and the mean diameters were analyzed with the origin. Figure 4 shows SEM
images of different morphology for scaffolds at different PCL, G and PDMS weight
ratios in random and parallel scaffolds. In these images, it is clear that with increas-
ing the gelatin concentration, the amount of ultra-fine networks between the fibers
increased. The surface of the fibers in Fig. 4 was formed consists of fibers with a
diameter of 200-300 nm with a small number of thin networks (< 100 nm) between
the nanofibers. SEM images consisted of thin nanofibers with diameters of < 100 nm
and thick fibers with diameters of about 200-300 nm. High viscosity solutions
form structures with smaller fibers between larger smooth fibers, forming the con-
tinuous web [47]. Also, gelatin is a polyelectrolyte that increases the conductivity,
increases in electrical conductivity of the solution and tensile force applied to the
jet, that result in the production of fine fibers [22]. Rapid phase separation of mixed
polymer and solvent is the main reason for the formation of networks [47]. Net-
works increase the surface area, cell adhesion and expansion. As shown in Fig. 5,
collector speed increases during the electrospinning process decreases network for-
mation. Also, with increase in gelatin percentage of the hybrid polymers, nanofiber
networks increase and the fibers approach from the arranged state to the random
state. Network is rarely found in gelatin (G10) scaffolds. Nanofibers without gelatin
polymer in their structure, due to the lack of networks have significant makeup and
fibers are almost aligned. The viscosity and conductivity of polymer solutions of
PCL, gelatin, C5G5 and C3G5D2 at a final concentration of 12 wt% in the solvent
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system are measured. Pristine PCL solution showed a viscosity of 61.2 cP, whereas
the conductivity was 13.1 pS. Conversely, gelatin solution showed the lowest vis-
cosity (19.8 cP) and highest conductivity (398.9 pS), C5GS and C3G5D2 solutions
showed a viscosity of 32.4 cP and 31.5 cP, and the conductivity was 51.6 pS and
49.8 pS, respectively, whereas the composite solutions showed a gelatin concentra-
tion dependant decrease in viscosity and increase in conductivity.

The average diameters of hybrid nanofiber and networks with different percent-
ages of PCL/G/PDMS areshown in Fig. 4 (P <0.05).

The diameter of the nanofibers of random (300 rpm) compared with the diameter
of the arranged nanofibers (1000 rpm) increase in all percentages but the diameter of
the networks does not change. As the collector speed increases, the tension between
the feeding syringe tip and the collector increases, this reduces the diameter of the
fibers. With cross-linking of gelatin polymer with glutaraldehyde vapor, the fibers
become denser and as a result of this shrinkage the fibers form a crimped structure
that mimics the collagen-like structure [42, 48].

Figure 6 demonstrates the orientation distribution of nanofibers extracted from
Polar alignment software. False color orientation map of nanofibers extracted from
the SEM image. The radial axis represents the main number of pixels of orienta-
tion for the nanofibers. The black line in the center in Fig. 6a shows the average
orientation of the nanofibers. As Fig. 6a shows the color orientation of each pixel
of nanofibers corresponds to the alignment of nanofibers in the color wheel. S, as
a function of frame size describe the decay of the orientation order parameter. The
variance of the orientation distribution is captured by the orientational order param-
eter S,p, sometimes referred to as Herman’s Orientation Factor. Mathematically, S,y
is defined as:

S,p =2(C0S%6,) — 1 (1)

where 6, is the angle between an individual fiber pixel and the image’s overall
director, n, which is chosen as the average orientation of the population. In the con-
text of this analysis, S,p, varies between 0 and 1; the expected value of cos®d for a
population of random angles @ is 0.5, yielding an S, of O invariant to the selection
of the director, and a perfectly ordered population generates an {cos’6,) of 1, yield-
ing an S, of 1. The director is plotted in each Orientation Distribution as a centered
black line segment, as in Fig. 6b [49].

Nanofiber porosity of PCL/G/PDMS composite

Due to the development of nanofibers in different industries, it is important to know
the morphology of nanofibers structures to understand the distribution of fiber
dimensions and pores. Tissue engineering scaffolds must have a porous structure for
cell infiltration and proliferation within the scaffold as well as to ensure the adequate
exchange of gas and nutrients for tissue regeneration. Nanofibers provide highly
porous assemblies and networks create a large surface area for cell proliferation and
migratio. Networks are useful in cell growth and proliferation on the scaffolds. Also,
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Fig.4 SEM images of electrospun PCL/G/PDMS hybrid scaffolds of random and arrangement with dif- »
ferent ratios. By adding gelatin to PCL and PDMS polymers, the diameter of the nanofibers decreases
and the number of networks increases

as the nanofibers arrangement increases in the scaffolds the porosity decreases. So,
cell penetration may be reduced on the arranged scaffolds.

Threshold capture is a simple and effective technique for image segmentation.
Many threshold methods have been developed so far. One of the methods that have
been considered in recent years is the k-means clustering method. Calculation of
pores has been done on the nanoweb and nanofibers using image processing and
achieving optimum image separated into two portions of fibers and pores by the
k-means clustering algorithm [39]. The steps of calculation of porosity of nanofibers
in the image processing are as follows: (1) Reading of the image, (2) Image filtering
to remove noise, (3) Extract image data (4) Use k-means function for image cluster-
ing, (5) Separate clusters. Because the best image is black and white, the sum of the
black images in every image is porosity (Fig. 7).

One of the causes of pore formation in the scaffold may be rapid evaporation of
TFA and rapid solidification of PCL/G/PDMS during the process of nanofibers pro-
duction. As shown in Fig. 8, the porosity decreases with increases in gelatin content
due to increases in the networks formation, but the presence of polymers of PCL and
PDMS with the production of thicker nanofibers cause a gap in the scaffolds. Also,
increases in the porosity decreases the aligned nanofibers. This change in porosity in
aligned and random nanofibers is most evident in scaffolds without gelatin.

Biodegradability of the PCL/G/PDMS scaffolds

One of the properties of polymers used in tissue engineering is the synchronization
of time appropriate of destruction with the needed time to reconstruct or treat [50].
Polymers of PCL and gelatin are biodegradable polymers [51]. Although PDMS is a
non-biodegradable polymer (and biocompatible) but PCL/PDMS copolymer is used
as a biodegradable option in reconstruction medicine. For biodegradable PCL, as
time passes with increased porosity, the cells penetrate and at the same time non-
biodegradable PDMS with mechanical support provides the basis for cell migration
and attachment [36]. The images shown in Fig. 9 for the gelatin nanofibers and net-
works display loss of visibility of scaffolds after 14 days and for the scaffolds with
lesser percentage of PCL/PDMS, they exhibit smaller surface erosion and a slower
linear degradation due to slow hydrolysis of the PCL molecules. At 28 days, the
networks were completely hydrolyzed, and nanofibers showed more considerable
degradation relative to 14 days. At the SEM images of nanofibers scaffolds with
PCL/G/PDMS ratios were taken 14 and 28 days after degradation, nanofiber surface
becomes rough by a uniform degradation process that results in faster penetration of
water into the nanofibers. As mentioned in the XRD explanation by adding gelatin
and PDMS to PCL polymer, the crystallization of PCL decreases so the degradation
rate of the PCL/G/PDMS nanofibers scaffolds increases. The process of uniform
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C7G3D1

Fig.4 (continued)
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Fig.5 Variations in the diameter of nanofibers and networks with different PCL/G/PDMS ratios by col-
lector speed at 300 rpm and 1000 rpm. Results are expressed as mean+ SD (*P <0.05)

degradation of PCL/G/PDMS nanofibers indicates the intermingling of PCL, gelatin
and PDMS polymer chains.

Mass loss of PCL/G/PDMS nanofiber scaffolds after 14 and 28 days is presented
in Fig. 10. The mass loss of PCL/G/PDMS is much higher than that of PCL and
PDMS alone because of the degradation of gelatin [50].

After being PCL degradation, the tensile strength of the scaffolds and after gela-
tin degradation, elongation are enough to form new tissues [52]. The optimum ten-
sile stregth value for formation of new tissue is listed in Table 3. The results have
shown that degradation occurs in scaffolds with PCL, gelatin and PDMS.

Mechanical properties of PCL/ G/ PDMS scaffolds
Porous scaffolds for tissue regeneration must be strong enough to withstand forces

during surgery and tissue growth. The PCL [48] and PDMS have good mechani-
cal properties [35, 38, 53]. The mechanical properties of scaffolds made by
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Fig. 6 Orientation distribution of nanofibers extracted from Polar alignment software. a False color ori-
entation map of nanofibers extracted from the SEM image. The radial axis represents the number of pix-
els of orientation of nanofibers. The black line in the center shows the average orientation of the nanofib-
ers. The color orientation of each pixel of nanofibers corresponds to the alignment of nanofibers in the
color wheel. b The decay of the orientation order parameter, S,p,, is a function of frame size. The full-
frame value of S, is written in the images
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Fig.7 Nanofiber threshold of SEM images with the k-means algorithm
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Fig. 8 Porosity graphs of nanofibers and network formation with different PCL/G/PDMS ratios by col-
lector speed at 300 rpm and 1000 rpm. Results are expressed as mean + SD (*P <0.05)
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Fig.9 SEM images of electrospun PCL/G/PDMS hybrid scaffolds with different ratio after 14 and
28 days of biodegradation
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Fig. 10 Biodegradable graphs of nanofibers and networks with PCL/G/PDMS different ratios. Results
are expressed as mean +SD (*P <0.05)
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Fig. 11 Mechanical properties of the electrospun PCL/G/PDMS nanofiber: a tensile strengths, b strain at
break and ¢ Young’s modules. PCL/G/PDMS ratio and nanofibers arrangement were important factors in
determining the nanofibers mechanical properties. Results are expressed as mean+SD (*P <0.05)

electrospinning depend on the chemical composition and morphology of the
nanofibers [36]. Figure 11 displays ultimate tensile strength, strain at break and
Young’s modulus of scaffolds with PCL/G/PDMS various ratios. With increas-
ing the PDMS ratio in the blend polymers, the tensile strengths and strain at break
increase and the Young’s modulus decrease. Also, tensile strengths, strain at break
and Young’s modules curves show that increasing PCL ratio and, especially PDMS
ratio increases the elastic properties of the scaffolds [36]. In contrast, with increas-
ing the gelatin ratio in the blend polymers, the tensile strengths and strain at break,
decrease and the Young’s modulus increases. Also, porosity significantly affect the
mechanical properties of the scaffolds [35]. Therefore, the decrease in the mechani-
cal properties of the scaffolds with increase in gelatin can be due to both the poor
mechanical properties of the gelatin and also due to the reduction of porosity of the
scaffolds [33] (Fig. 11, Table 2).

As Fig. 11a and Table 2 show, the arranged nanofibers strength increases in
the fiber direction and decreases in the perpendicular direction to the fibers. Also,
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Fig. 11b and Table 2 show that the elongation decreases in the fiber direction and
increases in the perpendicular direction to the fibers relative to the random nanofib-
ers [33]. Therefore, based on the strength, elongation and morphology of elastic
tissues, scaffolds with different percentages of three polymers of PCL, gelatin and
PDMS can be used.

Cell viability and proliferation on the PCL/G/PDMS scaffolds

In order to evaluate non-toxicity of scaffolds and fibroblasts interaction with PCL/G/
PDMS hybrid scaffolds, the MTT assay was performed on scaffolds containing cells
on 1, 5 and 7 days. Glass coverslips without any electrospun scaffold were used as
control.

At the first day, the cell compatibility with scaffold had confirmed at 570 adsorp-
tion and with the gelatin and PDMS percentage increasing to PCL have increased
cell proliferation on scaffolds in random and aligned nanofibers. The cell prolifera-
tion increasing percentage on the scaffolds with gelatin increasing more than the
PDMS increasing (Fig. 12) due to gelatin excellent cell adhesion and proliferation
properties [29, 54]. After 7 days, the highest YhFF#8 cells proliferation occurred on
the scaffolds.

At days 1, 5 and 7 cell growth and proliferation according to percentage of cell
survival versus compound concentration (absorbance at 570 nm) on the random
scaffolds were more significant than the aligned scaffolds, and this may be due to
the reduced porosity and hydrophilicity of the aligned scaffolds. The MTT assay and
solution absorbance at 570 nm for evaluation of cell compatibility with scaffolds
and comparison with the control sample showed that the nanohybrid scaffolds were
not toxic. Also, scaffolds containing gelatin and PDMS cell growth and proliferation
were better than control (P <0.05).

*

of = ,

o
2 & 5 8
T

Absorbance (570 nm)
8
T
*

Absorbance (570 nm)
e o o
& 2 &

Day1 Day 5 Day 7 Day 1 Day 5 Day 7
Culture time Culture time

Fig. 12 Cell viability and proliferation on PCL/G/PDMS scaffolds with different ratio and control sample
(glass coverslips). a Random nanofibers (300 rpm), b aligned nanofibers (1000 rpm). Increased viabil-
ity and proliferation of cells correlate well with increase in gelatin percentage. Results are expressed as
mean + SD (*P<0.05)

@ Springer



10900 Polymer Bulletin (2022) 79:10881-10908

Cell attachment, spreading and morphology on the PCL/G/PDMS scaffolds

Attachment, proliferation and morphology of cells on random and aligned scaffolds
were studied with H&E staining after 1, 3 and 7 days and SEM images on day 5.
Glass coverslips without any electrospun scaffold were used as control. As shown in
Figs. 13 and 14, the morphology of cells on random and aligned scaffolds is differ-
ent and cells reacted to random and aligned architecture of scaffolds. Cell attachment

ontrol
&

C

' T
P o e
j («,"
Fig. 13 H&E staining micrographs of fibroblasts (YhFF#8) cultured on PCL/G/PDMS scaffolds with dif-
ferent ratio and control sample (glass coverslips) after 1, 3 and 7 days. In both of random (300 rpm) and

aligned nanofiber (1000 rpm), the highest proliferation of cells was with gelatin and PDMS percentage
increasing to PCL. Scale bar 50 pm
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Fig. 14 SEM micrographs of fibroblasts cultured on PCL/G/PDMS scaffolds with various ratios

and proliferation among the scaffolds visualized using SEM, H&E staining. Micro-
scopic data showed that fibroblasts attached and spread over the entire scaffolds surface
(Figs. 13, 14). The cells on random scaffolds widely attached to the entire surface of
the scaffolds, spread and had a flat morphology. In contrary, the cells on aligned scaf-
folds attached along the fibers and were assembled on the surface in the direction of the
nanofibers, creating a uniform linear pattern and showed spindle shape morphology.

After 7 days, an extensive group of cells on the scaffolds proliferated and attached
(Fig. 13). Increased cell adhesion and proliferation with increasing gelatin content is
due to the protein content and fast degradability of gelatin polymer to form scaffold
structure [55] and the large surface area of the networks in these scaffolds.

As indicated in SEM micrographs (Fig. 14), fibroblasts attached and generated an
extensive network of cells after 5 days on the hybrid scaffolds.

With the scaffolds increasing in gelatin content, the nanofibers exit the aligned con-
figuration toward the random nanofibers, which may be due to the presence of network
formation in the scaffolds (Fig. 14).

These results showed that PCL/G/PDMS hybrid scaffold promoted the fibroblast
cell adhesion and proliferation and the morphology of the PCL/G/PDMS scaffolds
make changes in the morphology of the cells.
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Applications of PCL/G/PDMS scaffolds with various ratios

According to literature review, applications of PCL/G/PDMS scaffolds with various
ratios based on cell morphology and mechanical properties according to cell attach-
ment and proliferation are shown in Table 3.

Conclusion

In this study, the hybrid fibrous scaffolds of PCL, gelatin and PDMS with two
various types of fiber arrangement were fabricated with different mass ratio by
electrospinning. Physicochemical properties of electrospun PCL/G/PDMS hybrid
nanofibers were investigated for their influences on cell growth, proliferation and
morphology and their selection for potential scaffolds for elastic tissue engineer-
ing. The results have shown that the mechanical and structural properties of the
PCL/G/PDMS scaffolds are among the major factors for the cell growth and pro-
liferation on the scaffolds. By addition of gelatin to nanofibers due to its pro-
tein nature and fast degradability, producing the large surface area of networks in
scaffolds, amorphous structure of gelatin increases cell adhesion and proliferation
on hybrid nanofibers and decreases nanofibers alignment and porosity. Adding
the PDMS polymer to PCL/G improves the mechanical properties, especially the
elasticity of the scaffolds, also it slightly improves in cell adhesion to the scaf-
folds due to the PDMS amorphous structure. Biocompatibility and non-toxicity
of PCL/G/PDMS nano-hybrid scaffolds in contact with fibroblasts have been con-
firmed by MTT assay. The morphology of cells on random and aligned scaffolds
is different and cells reacted to the both type of scaffolds. The cells on random
scaffolds widely attached to the entire surface of the scaffolds and spread well and
had a flat morphology. In contrast, the cells on aligned scaffolds attached along
the fibers and were assembled on the surface in the direction of the nanofibers,
creating a uniform linear pattern and converted into spindle shape morphology.

Due to the mechanical properties, morphology, biodegradability and biocom-
patibility of the scaffolds, these scaffolds may be suitable for both random (e.g.,
for liver or skin tissues) and aligned (e.g., for nerve) tissue engineering applica-
tions, including elastic organs like uterus, blood vessels, bladder, trachea, heart
valves, vein, vagina, and others.
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