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Electrospinning is a suitable method to produce scaffolds composed of nanoscale to microscale fibers, which are
comparable to the extracellular matrix (ECM). Hyperbranched polyglycerol (HPGL) is a highly biocompatible
polyether polyol potentially useful for the design of fibrous scaffolds mimicking the ECM architecture. However,
scaffolds developed from HPGL have poor mechanical properties and morphological stability in the aqueous en-
vironments required for tissue engineering applications. This work reports the production of stable electrospun
HPGL scaffolds (EHPGLS) using glycidyl methacrylate (GMA) as cross-linker to enhance the water stability and
mechanical property of electrospun HPGL. The diameter and morphology of the produced EHPGLS were analyzed
by scanning electron microscopy (SEM). It was observed that electrical fields in the range of 0.2 kV-cm~! to
1.0 kV-cm ™! decrease the average fiber diameter of EHPGLS. The increase in porosity of EHPGLS with GMA con-
centration indicates the in situ formation of a heterogeneous structure resultant from the phase separation dur-
ing crosslinking of HPGL by GMA. EHPGLS containing 20% (w/w) GMA concentration possessed highest tensile
strength (295.4 4+ 11.32 kPa), which is approximately 58 times higher than that of non-crosslinked EHPGLS
(5.1 £ 2.12 kPa). The MTS cell viability results showed that the EHPGLS have no significant cytotoxicity effect
on Chinese hamster ovary (CHO-K1) cells. Scanning electron microscopy (SEM) indicates that the cultured
BALB/3T3 fibroblasts cells were able to keep contact each other's, thus forming a homogeneous monolayer on
the internal surface of the EHPGLS.
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1. Introduction

The advances in the manufacture of polymer matrices from a variety
of polymeric materials and the overabundance of fabrication techniques
in attempts to production of three-dimensional porous matrices for
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regeneration of different biological tissues and organs indicates the
significance and potential of polymer materials in the development of
scaffolds for tissue engineering [1-2]. However, it is to be noted that
the degree of clinical success about the polymeric scaffolds depends
essentially on the architecture and biocompatibility of the synthetic
macromolecule.

In recent years, a variety of dendritic macromolecules (DMs) have
been synthesized for the production of scaffolds opening new possibili-
ties for biomedical applications [3-6]. Advantages provided by DMs are
the high density of reactive sites on periphery of the macromolecule
offering modulation of the crosslinking and porosity that could be
combined with their water absorption and wettability, non-toxicity,
low immunogenicity and antigenicity regulating the cell response and
tissue regeneration [7-8].

Scaffolds based on DMs possessing novel and interesting physical
and biological properties already have been applied in regenerative
medicine products or are presently being widely investigated [9-11].
Among DMs, hyperbranched polyglycerol (HPGL), a macromolecule
synthesized from glycerol belongs to be promising for the production
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of scaffolds for tissue engineering, despite the fact that it's potential of
becoming a high value product of renewable source that has not yet
been fully estimated. The biocompatible and mechanical properties of
scaffolds based on HPGL determine their applications in medicine that
range from biosensors to wound dressings [12-15].

Recently, attempts have been made to produce polymer scaffolds for
medical vascular grafts through electrospinning technique [16-18].
Electrospinning is a process that produces a nonwoven fibers by push-
ing a millimeter diameter polymer liquid jet through a nozzle with a
high electrical field [19]. As a polymer jet is drawn out of the needle or-
ifice, these jets travel downward and become thinner as the solvent
evaporates producing nonwoven mesh polymeric fibers at micro/nano-
scale in a metallic collecting plate. The electrospinning technique seems
to be particularly important since many efforts have been devoted in re-
cent years to explore new skin substitutes and modern wound dressing
materials using tissue engineering approaches. Indeed, we recently
demonstrated that HPGL is readily electrospun and their derivatives
are promising scaffolds for wound dressings [20].

The current trend of burn wound care has been the use of
electrospun scaffolds seeded with fibroblasts (FBs) [21-23]. FBs are
mesenchymal cells that can be readily cultured in in-vitro conditions
and play a significant role in epithelial-mesenchymal interactions, se-
creting various growth factors and cytokines influencing the epidermal
proliferation, differentiation and formation of extracellular matrix [24-
26]. Studies have shown that the pre-seeding FBs on a synthetic scaffold
prior to implantation are important to overcome the lag phase of cellu-
lar growth in the ECM remodeling process and rate of scaffold integra-
tion [27-33].

In this study, we hypothesized that electrospun HPGL might provide
a suitable scaffold (EHPGLS) for 3D cell culture [13-15,20]. However,
when immersed in water EHPGLS swell and collapse into films with a
significantly decrease in their surface area, the number of interconnect-
ed pores and tensile strength limiting their practical application in soft
tissue engineering.

Nowadays, it is well known that the mechanical strength together
with the porosity and pore interconnectivity plays an important role
in the clinical successful of three-dimensional scaffolds for tissue engi-
neering applications [34-37]. Previous studies have demonstrated that
the biological tissue repair is based on the mechanosensitive hypothesis
where changes in cell motility and their capacity to form a new extracel-
lular matrix (ECM) appear to be dependent of both, pore size and elastic
modulus of the scaffold [38-40].

The purpose of this work was to assess the impact of GMA cross-
linker on the EHPGLS descriptor scaffold properties (i.e., morphology,
elastic modulus, swelling and cellular viability). To the best of our
knowledge a detailed description of the descriptor properties of EHPGLS
has not been reported before. Moreover, the produced EHPGLS were
characterized using different analytical methods. Finally, after fulfil-
ments of electrospinning conditions for preparation of EHPGLS and
their characterization, the utilization of this product as biomaterial for
tissue engineering was subjected to FBs adhesion and proliferation
studies. The results obtained in this work may be relevant to applica-
tions of EHPGLS in medicine as scaffolds for wound healing
biomaterials.

2. Materials and methods
2.1. Materials

All chemicals were purchased from Sigma-Aldrich and were used
as received. NaOH (LabSynth). Dulbecco's Modified Eagle Medium
(DMEM, Gibco) were used in cytotoxicity test. The DMEM medium
was supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM L-
glutamine (Sigma-Aldrich) and 1% (v/v) Gentamicin/Amphotericin B
(Sigma-Aldrich, 10,000 units/mL Penicillin, 10 mg/mL Streptomycin
and 25 pg/mL Amphotericin B).

2.2. Synthesis of HPGL

HPGL was synthesized with a one step process previously de-
scribed [20,34]. Briefly, a polyglycerol core (PGL) with a molecular
weight (M,) of 12 kDa and narrow polydispersity (M/M, = 1.46)
was synthesized through the reaction of partially deprotonated
1,1,1-tris(hydroxymethyl)propane with glycerol carbonate [20,34].
After neutralization by filtration over cation-exchange resin, the HPGL
was purified by precipitation in acetone and subsequently dried for
24 h at 80 °C under vacuum. 400 MHz-'H NMR (D0, 25 °C): 6 [ppm]:
3.32-3.84 (CH,—0—, CH, CH,). 100 MHz-'3C NMR (D,0, 25 °C): &
[ppm] = 62.60, 62.80 (L1,3), 64.20, 64.41 (T), 70.64-71.40 (L1,4-
L1,3), 72.20-72.77 (T, L14, L1,3, D), 74.20 (L1,4), 79.80, 81.10 (D),
81.42, 81.58 (L1,3). FTIR (ATR): v(cm™!') = 3350 (O—H), 2870
(C—H), 1066 (C—0—C) and further characteristic peaks at 1458,
1329, 930, 870, 530.

2.3. Synthesis of HPGL-GMA macromonomers

The HPGL was functionalized with methacrylate groups after
reaction with glycidyl methacrylate (GMA) for the covalent crosslinking
of the HGPL chains and formation of the hydrogel [20]. Briefly, HPGL
was dissolved in dimethyl sulfoxide (10 mL) and 4-(N,N-
dimethylamino)pyridine (DMAP) (2.0 g). GMA (1.0 mmol) was added
under gentle stirring to obtain a HPGL with GMA substitution degree
(SD) of 2.5, 5.0, 10.0 and 20% (w/w). The maximum SD value obtained
for incorporation of GMA on HPGL in this work was 20% and appears
to be limited by accessibility of the crosslinker agent to secondary hy-
droxyls on HPGL structure. The HPGL-GMA was re-precipitated three
times in diethylether, washed three times with the same solvent and
subsequently dried overnight under vacuum at room temperature
(25°C).

HPGL and HPGL-GMA samples were dissolved in D,0 at a concentra-
tion of 2-4 pg/mL. 'TH NMR spectra were recorded with a 400 MHz
Bruker NMR spectrometer. The percentage of double bonds (DM) was
calculated using Eq. (1) [41]:

f (25)

HppeL—1
6

where Hypg, represents H atoms in the HPGL backbone, H, represents H
atoms in the methyl group, Hy, and H, represents the H atoms in meth-
ylene group of GMA and Hq represents the H atoms of hydroxyl group of
HPGL.

DM(%) =

2.4. Production of electrospun HPGL-GMA scaffolds (EHPGLS)

The EHPGLS were prepared by electrospinning from neat 30 wt%
HPGL-GMA solution in a mixture of 1:1 v/v methanol and DMF solution.
The HPGL solution was placed in a 10 mL glass syringe fitted to a needle
with a tip diameter of 0.9 mm. A high electrical field 0f 0.2-2.0 kV-cm ™!
was applied to the needle using a high voltage power supply. The
ground collection plate of aluminum foil was located at a fixed distance
of 20 cm from the needle tip. A syringe pump was used to feed the poly-
mer solution to the needle tip at a feeding rate of 1.5 mL - h™ ' under UV
radiation (200 W UV lamp, 280 nm) to crosslinking HPGL chains by
photopolymerization of GMA groups.

The EHPGLS were carefully detached from the collector plate and
dried under vacuum for 48 h at room temperature (25 °C) to remove
solvent molecules completely. After that, they were soaked in pH 7.4
phosphate-buffered saline (PBS) and then dehydrated by lyophilization.
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2.5. Physicochemical characterization of EHPGLS

2.5.1. EHPGLS morphology

The surface morphology of EHPGLS was characterized prior to and
after FBs cell attachment were examined by scanning electron micros-
copy (SEM). The adhered FBs cells on EHPGLS were fixed using 2.5%
(v/v) glutaraldehyde (GD) solution (Sigma-Aldrich) for 24 h, and
washed three times with 0.1 M phosphate buffered saline solution
(PBS, pH 7.4) to remove the residual GD. The samples were then dried
using a graded series of ethanol (70%-80%-90%-95%-100%) at 20 min
intervals. After drying by lyophylization, the samples were sputter coat-
ed with gold (40 mA) by using a Sputter Coater SCD 050, and examined
using a Phillips XL30 scanning electron microscope operated at 15 kV.

2.5.2. Scaffold porosity

The porosity of the EHPGLS was measured by picnometry. Because
EHPGLS are hydrophilic, a highly hydrophobic liquid (n-heptane,
C;H;6) was used in procedure because it readily penetrated the pores
of the matrices and did not induce shrinkage or swelling of the material.
The weight of dry EHPGLS was immersed in a pycnometer full of C;Hqg
for 24 h until no air bubbles were observed emerging from the mem-
branes. The C;H;¢ impregnated EHPGLS was removed from the
pycnometer and the weight of residual C;H;¢ and pycnometer was
measured. Porosities of EHPGLS scaffolds were determined from
Eq. (2) [42]:

(Wr—Wy)

PO = ovy

100 )

where W, is the saturation mass of the sample after immersion, W is
the initial mass of the sample, V; is the volume of the sample prior to
immersion in pycnometer filled with C;H;¢ and p is the density of
C7H;6 at 25 °C (684 kg/m?>).

2.5.3. Young modulus measurements

Tensile properties (Young's modulus) of EHPGLS were determined
using samples cut from electrospun membranes in according to ASTM
D-1708 standard, 60 mm in length, 10 mm in width and 30 4 5 pm in
thickness, at a crosshead speed of 10 mm/min. In order to prevent
the grips from direct contact with the EHPGLS membranes, cushion
tabs were used. Before measurements the EHPGLS samples were
preconditioned at 37 4 1 °C and 90 & 2% relative humidity (RH). The
strength at break and elastic modulus were determined with an Instron
Instrument according to ASTM D-882 [43] using a load cell of 100 N at
5 mm-min~ ! and 20 mm grip distance. At least five measurements
were taken, and the average was calculated for each electrospun
membrane.

2.5.4. Swelling assay and water diffusion

For the swelling assay and water diffusion studies four replicas of
pre-weighed dry EHPGLS discs (10 mm in diameter) were immersed
in PBS solution pH 7.4 for 72 h at 37 °C. The swollen EHPGLS scaffold
discs were periodically removed from PBS, blotted with filter paper,
and weighed. The equilibrium water content (EWC), reflecting the
maximum amount of water absorbed by EHPGLS samples was gravi-
metrically calculated through Eq. (3) [44,45]:

M;—M,)

EWC (%) = v, 100 3)

where M and M, are the weight of swollen gel at equilibrium and the
initial weight of scaffolds, respectively.

The diffusion coefficient (D.) of water through EHPGLS samples was
evaluated by following the Eq. (4) [46]:

Do (ﬁ)z @

where EWC is swelling of EHPGLS at equilibrium, « is the slop of the
linear part of the swelling curves and h is the initial thickness of
electrospun samples before swelling.

2.5.5. Determination of gel fraction (GF) in EHPGLS

A leaching assay was conducted to identify any non-crosslinked
EHPGLS and to determine the gel fraction (GF). After swelling assay
the non-crosslinked fraction of EHPGLS was supposed to be fully
dissolved in the PBS solution pH 7.4 and could be separated from the re-
maining, EHPGLS-GMA crosslinked and hence insoluble, scaffold matrix
(“gel”). This insoluble residue was dried at 80 °C in a vacuum oven until
constant weight, followed by determination of its net weight (Wy). The
ratio of the mass of the insoluble residue divided by the initial mass (W;)
of the test sample yields GF of the sample in according to Eq. (5) [47]:

Wy

GF (hydrogel %) = W, .100 (5)

where, W; is the initial weight of dried EHPGLS and Wy is the weight of
the dried insoluble part of sample after extraction with PBS solution.

2.6. Evaluation of biological properties of EHPGLS

2.6.1. In vitro cytotoxicity test

To investigate the suitability of the EHPGLS for tissue engineering
applications, cytotoxicity studies were performed through the indirect
contact method. In the indirect cytotoxicity study, Chinese ovary ham-
ster (CHO-K1, ATCC) cells were used to assess the cytotoxicity of the
EHPGLS in according to guidelines of ISO 10993-5 [48]. The CHO cell
assay is a sensitive and specific test that can augment both the speed
and reliability of the biocompatible properties of synthetic materials
and become a standard laboratory tools.

The EHPGLS samples were sterilized by gamma rays from °Co
(25 kGy) at room temperature (25 °C). The CHO cell culture media (sup-
plemented DMEM) was put in contact with EHPGLS samples at concentra-
tion of 1.0 cm?/mL and incubated at 37 °C, 5% CO, in air for 72 h to obtain
the extract media to assess the cytotoxicity of the scaffold as a result of
some extractable residual chemical compound or foreign particulates.

CHO cells were routinely cultivated in DMEM media at 37 °C and 5%
CO, to confluency at which point they were trypsinised and seeded into
96 well plates at a density of 1.0.10* cells/mL (100 L) and incubated for
24 h at 37 °C. After overnight cultivation, the culture medium was replaced
with fresh medium that contained serial dilutions of the extracts of the
EHPGLS samples. HDPE (High-density polyethylene) and phenol 0.3% (m/
v) in PBS (pH 7.4) solution were used as negative and positive controls, re-
spectively. CHO viability after exposure was determined by MTS assay after
addition of 3-(4.5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS)/phenazinemethosulfate (PMS)
(20:1) solution. The absorbance of viable CHO cells was measured at
490 nm using a microplate reader. The cytotoxicity index (ICsp) was esti-
mated by curve interpolation as the biomaterial extract concentration
resulting in 50% inhibition of MTS uptake after plotting the mean percent-
age of surviving cells against the concentration of the extract.

2.6.2. Fibroblasts culture

FBs response to EHPGLS was evaluated in vitro against BALB/3T3
cells line. BALB/3T3 FBs (ATCC) were previously grown in cell culture
plates and subsequently applied to the EHPGLS with DMEM containing
10% fetal bovine serum (FBS), 1% L-glutamine and 1% antibiotic. The
EHPGLS samples were stored in duplicate in 12 well plates and sterilized
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by gamma rays from ®°Co (25 kGy) at room temperature (25 °C). After
this step, the culture DMEM medium was applied for conditioning the
EHPGLS samples for 20 min.

The FBs were cultured at a concentration of 1.0 x 10* cells/cm? on
EHPGLS with the aid of a stainless steel ring of 1 cm in diameter, thus de-
fining the area of cell application. After 48 h, the rings were removed
and DMEM culture medium (10% FBS, 1% L-glutamine, 1% antibiotic/an-
timitotic) was changed. After 96 h of fibroblasts cultivation, the EHPGLS
samples were washed four times with phosphate buffered saline (PBS)
pH 7.4. The EHPGLS were immersed in 0.9% saline for 15 min and then
added glutaraldehyde 2.5 wt.% in water for 10 min for fixation. Then,
the EHPGLS were washed four times with PBS pH 7.4 and lyophilized.

2.7. Statistical analysis

Analysis of variance (ANOVA) was applied on the results and the
Tukey test was used to evaluate average differences (at a 95% of confi-
dence interval).
3. Results and discussion
3.1. SEM characterization of EHPGLS

A major component of most biological tissues is the ECM with their
fibrous structure that acts regulating almost all cellular behavior that is

of critical importance for tissue engineering such as cell adhesion, mi-
gration, proliferation and differentiation [49-50].

Through electrospinning technique HPGL can be engineered as ECM
mimicking scaffolding systems for tissue engineering applications to
simulate the organization of ECM. A typical SEM image of EHPGLS is
shown in Fig. 1 (A). The images obtained from SEM were studied for
the effect of the polymer concentration and electric field on fiber diam-
eter and its distribution. Fig. 1(B) shows the effect of the electrical field
on the measured average fiber diameter of the fibers at two different
concentrations of the HPGL solution. It is evident from the Fig. 1 that in-
creases the electrical field at all concentrations, the average diameter of
the EHPGLS fibers decreases. The high electrical field can increase the
electrostatic repulsive force on the charged HPGLS jet, thus favoring
the narrowing of fiber diameter.

3.2. Effect of GMA concentration on crosslinking

It is well known that the porous architecture plays a critical role in
improving the efficiency of polymer scaffolds in tissue engineering
since the network structure of the pores promotes the guiding and
new tissue formation [51-52]. The effect of GMA concentration on mor-
phology of EHPGLS was characterized by using SEM and the results are
shown in Fig. 2. It is evident that by increasing GMA contents on
EHPGLS, porosity increases. The porosity of EHPGLS varied from
65.2 £ 1.8% (when produced with 2.5% GMA) to 89.3 + 4.2% when pro-
duced with 20% of GMA (Fig. 2). These phenomena can be explained in
terms of the compatibility of the GMA chains with the HPGL structure
considering their solubility parameters (8). The lower the difference
between solubility parameters of PGMA and HPGL, a higher affinity be-
tween these two polymeric chains are expected. The solubility parame-
ters for PGMA and HPGL are 19.6 (MPa)'/? and 24.5-26.6 (MPa)'/?,
respectively [53-54]. The increases in porosity of EHPGLS with GMA
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Fig. 1. SEM micrographs (A) and the effect of electric field and HPGL concentration on the
measured average diameter of EHPGLS (B). HPGL concentration: 50 wt% (O) and 30 wt%
(m) in 50:50 v/v methanol/DMF solution.
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of electrospun HPGL scaffolds.
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concentration may be due to the in situ formation of a heterogeneous
structure resultant from the phase separation of HPGL and PGMA chains
during crosslinking. These findings indicate that the porosity can be
tuned by selecting the degree of GMA in EHPGLS.

3.3. Effect of GMA content on the gel fraction and swelling properties of
EHPGLS

Fig. 2 show the effects of the crosslinking agent (GMA) concentra-
tion on the gel fraction (GF) of different formulations of EHPGLS. The
GF quantifies the success of the GMA reaction crosslinking while indi-
cating the migration of the uncrosslinking HPGL in water. All the syn-
thesized EHPGLS are characterized by remarkably high GF values,
even for the smallest concentration of the GMA. The values of GF are
ranging between 94 + 2.43% for GMA concentration at 2.5% (w/w)
and 98 + 1.94% for GMA concentration of 20% (w/w), respectively. As
the concentration of crosslinking agent increases, there will be more
crosslinking so the GF will increase.

The crosslinking with GMA is necessary to form a hydrogel in order
to prevent dissolution of the hydrophilic HPGL chains in an aqueous en-
vironment. As shown in Fig. 3, as the concentration of the GMA was in-
creased, the water absorbency (EWC) of the EHPGLS was decreased
clearly indicating that a higher concentration of crosslinked chains
generates an additional network with high crosslinking density [55].
Therefore, the network space gets diminished, and less water enters
the EHPGLS.

The effects of GMA concentration on the EWC and water diffusion
coefficient (D) are shown in Fig. 3. Here a clear picture is seen that
both, EWC and D decreased as the amount of GMA was increased. This
is due to the fact that as the concentration of GMA was increased,
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Fig. 3. Influence of GMA concentration on the EWC and water diffusion coefficient (D)
properties of EHPGLS. The EWC (@) and D (O) measurements were made after EHPGLS
immersion in PBS solution pH 7.4 at 37 °C.
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Fig. 4. Effect of GMA concentration on Young modulus (O) E and M, (@) for swollen (PBS
solution pH 7.4 at 37 °C) EHPGLS.

there was a decrease in the mobility of the HPGL chain and the stability
of the polymeric network was increased which resulted in a hindered
HPGL structure with low swelling values as compared to samples with
low degree of crosslinking [56-57].

3.4. Mechanical properties

The understanding of EHPGLS mechanical properties is very impor-
tant for evaluating the feasibility of the material for the clinical applica-
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Fig. 5. CHO metabolic activity (extract) of EHPGLS. CHO cell populations were cultured in
monolayer with extract media of UHWPE (negative control), phenol 0.3% (m/v) in PBS
pH 7.4 (positive, cytotoxic control), EHPGLS or nothing (Blank).
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tions in tissue engineering. In addition, in order to tailor the EHPGLS
properties to meet the adequate specification for clinical applications
in tissue engineering, a quantitative structure-property relationship of
EHPGLS could be necessary [58-59]. The EHPGLS in their swollen state
can be considered as an elastomer and the rubber elasticity theory can
be used to the analysis of the relationship between the mechanical be-
havior and the polymer structure.

Considering an affine deformation model of the EHPGLS network in
which electrospun fibers do not interact with each other but are treated
as a collection of independent units, the molecular weight between
crosslinks (M) was calculated through Eq. (6) [60-61]:

mM=320 /5 ®)

where E is the Young's modulus, R is the gas constant, T is the absolute
temperature, p is the polymer density and ¢ is the equilibrium volume
fraction of polymer in the swollen state.

For qualify EHPGLS for soft tissue engineering applications, they
need to be flexible and sustain a sufficient mechanical [62]. Hence,

high elasticity (expressed through Young's Modulus) is the desirable
mechanical properties of EHPGLS for soft tissue applications. The
Young's modulus (YM) of EHPGLS samples as a function of the GMA
concentration is shown in Fig. 4. It can be seen (Fig. 4) that the Young's
modulus of EHPGLS samples increased linearly (r?> = 0.997) with in-
creasing GMA concentration due to the increased crosslinking density.
EHPGLS containing 20% (w/w) GMA concentration possessed highest
tensile strength (295.4 + 11.32 kPa) and was similar to the value re-
ported by literature for the elastic modulus of human skin [63]. This
value was approximately 58 times higher than that of non-crosslinked
EHPGLS (5.1 & 2.12 kPa).

An important parameter that was used to characterize the EHPGLS
network is the molecular weight of the polymer chain between two
neighboring crosslinks (M:). M. is a measure of the degree of
crosslinking of the polymer, regardless of the nature (physical or chem-
ical) crosslinking. The molecular weights between the crosslinks are
shown in Fig. 4. As can be seen (Fig. 4) by increasing molar percent of
GMA (i.e. lightly to highly crosslinked) the number of efficient
crosslinks per unit volume increase what appears to provide a M,
crosslinks increase.

Fig. 6. Scanning electron microscopy (SEM) images of BALB/3T3 FBs cells cultured in vitro on EPGHLS: control (A), after 24 h of cultures (B-D) and after 48 h of cultures (E-F).

Magnification: x 2000 (A), x 5000 (B), x 2000 (C-F).
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3.5. Effect of EHPGLS on CHO-K1 viability

The functionalization of HPGL with glycidyl methacrylate (GMA)
was a strategy used in this work for producing HPGL-macromers to gen-
erate photo-crosslinkable electrospun scaffolds. These highly cross-
linked EHPGLS with improved mechanical properties appear to be
very attractive for soft tissue engineering applications and could expand
the range of properties of crosslinked HPGL. However, the presence of
unreacted GMA in EHPGLS can induce severe adverse biological effects
[64].

Fig. 5 represents the cell viability of CHO cells after incubation for
24 h with EHPGLS extracts at various concentrations. The HDPE extracts
(Fig. 5) did not have any significant cytotoxic effect on CHO cell lines in
all the studied dilutions. However, in the CHO cells treated with increas-
ing concentrations of phenol (Fig. 5), the cell viability was remarkably
decreased in a dose-dependent manner. The ICso value (%) of phenol
against CHO cells was found to be 0% (Fig. 5). The ICso of EHPGLS
showed large values (80%), indicating higher cell compatibility implying
that the electrospun scaffold has the potential to be applied in bio-appli-
cations. The results of the experiments based on indirect cytotoxicity as-
says indicate that EHPGLS exhibited negligible or no contamination
with cytotoxic leachable for the mammalian cell line.

3.6. Cell adhesion and proliferation

In construction of scaffolds for tissue engineering the main strategy
for modulating the cell-material interactions will be the creation of
the mimetic biological surface that will be favorable to the adhesion
and proliferation of cells [65]. In this study, BALB/3T3 cells were seemed
to EHPGLS and cultured for 2 days. It is well known that the higher the
number of viable cells attached to the surface, the better the biocompat-
ibility of the scaffold [66].

The SEM observations of the adhesion and growth of BALB/3T3 cells
fibroblasts were presented in Fig. 6. Fig. 6(A) shows the SEM micro-
graphs of the FBs control cells. In Fig. 6(B), the FBs cells on the EHGPLS
in the initial phase of adhesion are observed with their characteristic
rounded shape, representing the cytoplasm concentrated in the spheri-
cal shape of the cell. After the initial stage of FBs adhesion the cytoplas-
mic projections are observed, losing their initial spherical shape. The
formation of the first extensions of the cytoplasm and the scattering cy-
toplasm with a larger number of lateral projections were observed, sug-
gesting that FBs has to begin the anchoring process in EHPGLS (Fig. 6(C,
D)). Finally, the adhesion process is then completed and FBs showed
spindle-like shape morphology and the cytoplasm occupies the maxi-
mum space in the EHPGLS, allowing neighboring cells to interact with
each other as displayed in Fig. 6(E, F).

Today, it is well known that the cell adhesion process is caused by
the change in the cytoplasm which tends to extends, retaining its initial
volume and occupying the maximum space, as shown in Fig. 6(C-F).
This cytoplasm extension is related to the presence of a set of integrin
receptors responsible for the binding of substrate to the cytoskeleton
[67]. At this step, the glycoproteins of the cell membrane are adsorbed
to the surface and the cell deformation takes place while it tries to occu-
py the largest possible area [68-69]. In this work, it was observed that
the frequency at which the FBs adhesion is increased as cell spreads (re-
sults not shown here). This fact could be associated with the fact that
the more extended FBs cells with larger surfaces are (Fig. 6(E, F), the
greater the number of growth-factors molecules and nutrients they
can capture [70].

4. Conclusions

In the present study, HPGL derived scaffolds were prepared by
electrospinning and its properties including morphological, mechanical
and biological behavior, were investigated. The prepared EHPGLS
showed highly randomly fibrous morphology with diameter dependent

of the applied electrical field. The GMA crosslinking was sufficient to im-
part a mechanical integrity similar to soft tissues. The cytotoxicity study
indicates that electrospun EHPGLS did not induces toxic effects on the
CHO cells exhibiting high cell viability. The BALB/3T3 fibroblasts
responded favorably to EHPGLS. The EHPGLS did not affect significantly
the cell proliferation, which showed a significant increase over time. In
conclusion, EHPGLS is an attractive biomaterial candidate for further
studies in tissue engineering of soft tissues designing clinical strategies
that could benefit the regenerative medicine
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