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 Production method affects properties
of nonwoven polymer ferroelectric
materials.
 Materials produced by electrospinning have more pronounced
piezoelectric properties.
 Materials produced by electrospinning have higher strength and
elongation.
 Cell adhesion is higher to the
nonwoven materials produced by
solution blow spinning.
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In the present work the production method inﬂuence (solution blow spinning and electrospinning) on
the structure and properties of the ferroelectric nonwoven materials based on VDF-TeFE copolymer is
investigated. It was shown that the nonwoven materials obtained by electrospinning have smooth
cylindrical-shaped ﬁbers with a narrow diameter distribution, whereas the nonwoven materials produced by solution blow spinning are characterized by multi-level spatial organization with the ﬁbers
having their own advanced morphology. By using DSC and XRD analysis it was found that the nonwoven
materials obtained by electrospinning have higher content of the electrically active phases. Also these
materials have higher strength owing to their morphological and structural features. It was shown that
both types of nonwoven materials are non-toxic. A higher adhesion of stem cells and cells from EA-hy
926 cell line to nonwoven materials produced by solution blow spinning was observed.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
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Polyvinylidene ﬂuoride (PVDF) and its copolymers with triﬂuoroethylene (VDF-TrFE) and tetraﬂuoroethylene (VDF-TeFE) are
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known to have a number of beneﬁcial properties such as high
chemical resistance, an ability to dissolve in organic solvents, an
ability to form ﬁbers, high hydrophobicity, thermoplasticity, and
good mechanical properties [1]. All these features make it possible
to create a wide range of PVDF and its copolymers-based nonwoven
materials for various applications [2]. Such materials are used for
membrane distillation [3,4], secondary battery separators [5,6], and
polymer electrolytes production [7].
PVDF and its copolymers belong to a group of the most electroactive polymers because of their signiﬁcant dipole moment
directed perpendicular to the axis of the polymer chain. It arises
due to the high electronegativity of ﬂuorine atoms present in PVDF.
The signiﬁcant dipole moment allows PVDF and its copolymers to
form crystalline structures with piezoelectric and ferroelectric
properties at a particular conformation of the polymer macromolecules. There are three main crystalline phases a, b, and g. The a e
form is characterized by a monoclinic lattice in which the chain
conformation (TGTG-) has opposite dipole moments, so in general it
is non-polar. The b e crystalline form has an orthorhombic lattice
with polar cell units in which chains have planar zigzag conformation. The g e form is comprised of polar cell units with the chain
conformation T3GT3G-. Among these crystalline forms, b is the most
electrically active, as it has the most signiﬁcant dipole moment
(z8  1030 cm) [8].
Piezoelectric and ferroelectric properties of PVDF and its copolymers are attractive for the creation of “smart” materials - devices capable of changing their characteristics (size, surface charge
density, conductivity, dielectric constant, etc.) in response to the
external mechanical or electrical forces. Smart nonwoven materials
made of PVDF and its copolymers are used for western blot [9], for
energy generators [10], sensors [11], and microrobots production
[12]. One of the prospective application ﬁelds is the use of PVDF and
its copolymers for the development of smart implants and scaffolds
for the tissue engineering. Such devices could affect cells and tissues by means of an electrical power without implanting electrodes
and the use of external voltage source owing to their piezoelectric
and ferroelectric properties [24,25]. It is supposed that PVDF and its
copolymers could be applied for cardiovascular tissue engineering
[13] [14], spinal cord injury, nerve [15,16], esophagus [17], and bone
tissue regeneration [18e20], wound healing [21], drug release [22],
and cell biology [23].
One of the most widespread methods of PVDF and its
copolymers-based nonwoven material fabrication is electrospinning (ES) [26,27]. Nonwoven materials produced by ES have a
narrow ﬁber diameter distribution, good mechanical strength, and
high biocompatibility [28]. However, the use of ES for implants and
scaffold production is limited due to the following reasons:
complexity of obtaining nonwoven materials with a thickness
greater than 500 mm; insufﬁcient pore size prevents inﬁltration of
cells and tissues in a bulk of the nonwoven materials; selectivity to
the relative dielectric constant of the solvent used to make a
spinning solution [29].
An alternative method of producing the nonwoven materials
from polymer solutions is a solution blow spinning (SBS) or Air
Spinning (AS) which uses the high-pressure gas stream to form a
nonwoven. In comparison with ES this method has a high efﬁciency, low cost of the technological equipment, allows the use of
multiple molding nozzles, and the formation of nonwoven materials in situ [30e32].
The technological parameters and their inﬂuence on the properties of nonwoven materials obtained by SBS from various polymers and the scope of their potential applications are being actively
studied [33,34]. A comparative analysis of the nonwoven materials
produced by SBS and ES from a variety of biodegradable polymers
for tissue engineering applications had been carried out [35e38].

It is known that the processing conditions largely determine the
crystalline structure and, thus, a set of the physicochemical properties of PVDF and its copolymers [39]. Today the effect of the
technological parameters on the structure and properties of the
PVDF and its copolymers-based nonwoven materials produced by
electrospinning is well studied [40e42]. However, a lack of
comparative studies of the structure and properties of ferroelectric
nonwoven materials obtained by SBS and ES should be noted. It
makes it difﬁcult to choose the right method for producing ferroelectric nonwoven materials, which meets the requirements of a
particular application area.
The aim of our work was to investigate the production method
inﬂuence (SBS and ES) on the structure and properties of the
ferroelectric nonwoven materials based on VDF-TeFE copolymer.
VDF-TeFE copolymer was chosen for the nonwoven materials
production because it has higher values of the strength and elongation [43], degree of crystallinity [44], pyroelectric coefﬁcient [45]
and electrostrictive constant [46] in comparison with PVDF.
2. Materials and methods
2.1. Nonwoven materials production
Previously it was shown that the concentration of a spinning
solution has the most signiﬁcant effect on the mean ﬁber diameter
and as a result on the properties of the nonwoven materials produced by ES and SBS [47e49,26].
In order to investigate the inﬂuence of the production method
on structure and properties of the nonwoven materials we have
prepared ﬁve different spinning solutions with the following concentrations: 3, 5, 7, 9, and 11% (wt.). Statistical VDF-TeFE copolymer
(Galopolymer, Russia) was utilized as a polymer material. To prepare the VDF-TeFE solutions a mixture of methylethylketone
(Merck, Germany) and DMF (Sigma, USA) taken in a ratio of 1:2 (v/
v) was used. PVDF-TeFE was dissolved in a sealed glass reactor at a
temperature of 50  C with constant stirring until a homogeneous
transparent solution was obtained. The resulting solution was
cooled to the room temperature.
The nonwoven materials were produced by ES using NANON01A (MECC Co., Japan) equipment with the following technological parameters: a ﬂow rate of the polymer solution of 10 ml/h, a
distance from the needle to the collector of 16 cm, and a voltage of
20 kV.
Alternatively, the nonwoven materials were produced by SBS
using equipment previously described in Refs. [50,51]. The
following technological parameters were used: an air pressure of
0.4 MPa, a ﬂow rate of the polymer solution of 50 ml/h, a nozzle
diameter for supplying the polymeric solution of 0.6 mm, a nozzle
diameter for supplying compressed air of 0.9 mm, and a distance
from the nozzle to the collector of 30 cm.
2.2. Scanning electron microscopy (SEM)
The morphology of the nonwoven materials was investigated by
scanning electron microscopy (SEM) JCM-6000 (JEOL, Japan). Prior
to the investigation the material surface was coated with a thin
layer of gold using magnetron-sputtering system SC7640 (Quorum
Technologies Ltd, UK). The ﬁber diameter was determined from the
SEM images out of 5 different ﬁelds of view using Image J 1.38
software (National Institutes of Health, USA). To calculate an
average diameter at least 60 ﬁbers were measured. The volume
fraction was calculated with a method described by Sell et al. [52] as
a ratio of the nonwoven materials density to the density of the ﬁlm
fabricated from the same polymer solution.
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2.3. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) was used to determine
the melting point (Tm), heat of fusion (DHg), and change in the
crystallinity degree DXc (%). The studies were carried out on the
differential scanning calorimeter DSC Q2000 (TA Instruments, USA)
in a dry air atmosphere using a heating rate of 10  C/min, and a
temperature range of 80  Ce180  C. The change in the crystallinity
degree DXc (%) of the nonwoven material compared with the raw
powder of the copolymer VDF-TeFE was calculated from the
following equation:

DXc ¼

Hfs  Hfp
Hfp

!
 100%

(1)

where Hfs is the measured heat of fusion of the nonwoven material,
and Hfp is the measured heat of fusion of the raw powder. It should
be noted that the magnitude of Hf consists of the heat of fusion of
both paraelectric and ferroelectric phases above the Curie
temperature.
2.4. X-ray diffraction (XRD)
Investigation of the samples crystalline structure was conducted
by X-ray diffraction analysis (Shimadzu XRD 6000, Japan). The
average crystals size (lc) was calculated using the Debye-Scherrer
equation:

lc ¼

kl
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
cos q b  br

(2)

where l is the wavelength of the incident radiation, b is the width of
the reﬂection at a half height, br is the broadening reﬂex of the
apparatus, q is the angle of the diffraction and k ¼ 0.9.
For DSC and XRD analysis the untreated VDF-TeFE copolymer
powder was used as a control.
2.5. Mechanical strength
Tensile strength and relative elongation of the samples were
investigated according to the recommendations of ISO 9073.3:1989
using Instron 3344 tensile testing machine (Instron, USA) with a
sample preload of 0.1 N and a crosshead speed of 10 mm/min.
2.6. Cell studies
Сell adhesion was investigated by using two different cell types:
multipotent mesenchymal stromal cells (MMSC) isolated from the
mice bone marrow and endothelial hybrid cell line EA-hy 926. The
materials were cut into a disk shape with a surface area of 1.8 cm2
and placed in a 24-well plate. MMSC were cultured in a concentration of 2.5  105 cells/well in DMEM medium (Gibco, USA)
containing a 1% HEPES buffer, 10% fetal bovine serum, 1% L-glutamine, 100 unit/ml penicillin, 0.1 mg/ml of streptomycin, and 0.1 mg/
ml amphotericin B (Sigma Aldrich, USA). Cells from the endothelial
hybrid cell line EA-hy 926 were cultured in a concentration of
2.5  105 cells/well in DMEM medium (Gibco, США) containing a
1% HEPES buffer, 10% fetal bovine serum, 1% L-glutamine, 100 unit/
ml penicillin, 0.1 mg/ml of streptomycin, 0.1 mg/ml amphotericin B
(Sigma Aldrich, USA), Aminopterin, and Thymidine (HAT) (Sigma
Aldrich, USA). Cells cultured without materials were used as a
control. Each material group (SBS, ES) including the control had 6
repeats. Cells were cultured for 5 days at 37  C in 5% CO2 atmosphere. The cell culture mediums were changed every 48 h.
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In order to assess cell adhesion to the investigated materials,
both cell types were stained with ﬂuorescent dyes: PKH 26 (Sigma
Aldrich, USA) for cell membranes and Hoechst 33342 (Sigma
Aldrich, USA) for cell nucleus. The cell adhesion was evaluated by
calculating the number of cells that are visible in ten ﬁelds of view
of the ﬂuorescent microscope Axio Observer Z1 (Carl Zeiss, Germany). Counted cell amount was then averaged and recalculated
for 1 mm2.
2.7. Statistical analysis
The statistical analysis was performed in Statistica (StatSoft,
Dell) software using ManneWhitney test. The differences between
groups were considered signiﬁcant at a signiﬁcance level of
р < 0.05.
3. Results and discussion
The SEM images of the nonwoven materials produced by ES and
SBS from spinning solutions with different concentration are
shown in Fig. 1.
The nonwoven material produced by ES from the spinning solution with a concentration of 3% were formed by the individual
cylindrical-shaped ﬁbers (Fig 1a) with the mean diameter of
0.38 ± 0.17 mm (Table 1). The spindle-shaped defects with the
average size of 17 ± 4 mm on the longest axis could be found on the
surface; the density of defects was 653 ± 78 pcs/mm2. An increase
in the VDF-TeFE copolymer concentration up to 5% led to an increase in the mean ﬁber diameter by more than 40% in comparison
with the mean diameter of ﬁbers formed from the spinning solution with a concentration of 3% (see Table 1). Meanwhile, a significant reduction in the defect density to 110 ± 24 pcs/mm2 with a
decrease in the average size of the defect to 12 ± 3 mm was observed
(Fig 1c). An increase in the VDF-TeFE copolymer concentration up to
7% resulted in an increase of the mean ﬁber diameter up to
0.83 ± 0.53 mm. The individual defects were found on the material
surface. The polydispersity of the ﬁbers was increased (Fig. 1e)
which is evidenced by an increase in the standard deviation of the
mean ﬁber diameter (Table 1). When the nonwoven material was
produced from the spinning solution with a concentration of 9% no
defects were found on its surface. The formation of the own
microrelief on the ﬁbers surface was observed (Fig 1g) The polydispersity and the mean diameter of the ﬁber were increased
(Table 1). At a spinning solution concentration of 11% the obtained
nonwoven material contained a substantial amount of defects,
moreover the ﬁbers were glued together in the contact areas (Fig
1i).
In comparison with the material formed by ES, the nonwoven
matrix produced by SBS from the spinning solution with a concentration of 3% had a multi-level spatial organization, where two
types of elements could be distinguished (Fig 1b). The ﬁrst type is
macrostructures: ﬁbers with a mean diameter of 8.3 ± 3.4 mm and
globules with a mean diameter of 5.8 ± 2.2 mm. The density of the
globules on the material surface was 3631 ± 435 pcs/mm2. The
space between the macroﬁbers was ﬁlled with the sub-micron
microﬁbers of secondary structure with a mean diameter of
0.53 ± 0.16 mm (Table 1). These microﬁbers also formed the macroﬁbers mentioned above. The increase in the VDF-TeFE copolymer
concentration up to 5% did not change the organization of the
nonwoven material. The macroﬁbers remained in the material;
moreover, their mean ﬁber diameter did not change signiﬁcantly.
However, the microﬁber packing density in the macroﬁber was
decreased. The mean globules diameter was increased up to
9.8 ± 4.1 mm. At the same time, the globules density was decreased
more than 3 times to 931 ± 125 pcs/mm2. The polydispersity and
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Fig. 1. The SEM images of the nonwoven materials obtained using spinning solutions with a different concentration of VDF-TeFE copolymer: а eES 3% (wt.), с eES 5% (wt.), e eES 7%
(wt.), g e ES 9% (wt.), i eES 11% (wt.), b e SBS 3% (wt.), d e SBS 5% (wt.), f e SBS 7% (wt.), h e SBS 9% (wt.).
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Table 1
The dependency of the mean ﬁber diameter on the VDF-TeFE copolymer concentration in the spinning solution.
The VDF-TeFE copolymer concentration in the spinning solution, % (wt.)
3
5
7
9
11
ES mean ﬁber diameter, mm
0.38 ± 0.17
0.64 ± 0.29
0.83 ± 0.53
1.18 ± 0.67
1.71 ± 0.73
SBS mean ﬁber diameter, mm
0.53 ± 0.16
0.77 ± 0.32
1.24 ± 0.58
2.81 ± 1.44
e

the mean diameter of the ﬁber were increased (Table 1). The formation of the own ﬁber microrelief on the microﬁber surface was
observed (Fig. 1 d). The increase of the VDF-TeFE copolymer concentration up to 7% led to the appearance of the large surface defects. Additionally, the ﬁber packing density was dramatically
decreased. The polydispersity and the mean diameter of the ﬁber
were increased (Table 1). The nonwoven materials produced by SBS
from the spinning solution with a concentration of 9% had the
largest amount of defects and were characterized by the low ﬁber
packing density, the presence of a glued ﬁbers and globules with
the size of 30 mm. The nonwoven materials from the spinning solution with a VDF-TeFE concentration of 9% were not produced
since the sprayer injection nozzle became clogged.
The analysis of the results shows that at the similar concentrations of the VDF-TeFE copolymer in the spinning solution the mean
diameter of the ﬁbers produced by ES is less than the mean
diameter of ﬁbers produced by SBS. This is consistent with the results obtained previously [35]. The ES is less sensitive to the polymer concentration in the spinning solution, which allows us to
obtain the nonwoven materials in a wide range of the solution
viscosities. At the same time, the nonwoven materials obtained by
SBS differ by complex spatial organization. The similar ﬁber
structure has been previously described when polymethylmethacrylate, polylactic acid and poly-ε-caprolactone were
used for the production of the nonwoven materials by SBS
[27,42,43].
Apparently, the differences in the structure of nonwoven materials are caused by the different mechanisms of the ﬁbers formation. It is known that the process of production of nonwoven
materials by ES is characterized by a high concentration of the like
electric charges in the spinning solution. As a result of the electrical
forces, a jet of the polymer solution becomes transversely unstable
and ﬂattened, and after the turn across the lines of the external
electric ﬁeld it splits along its axis into two approximately equal
volume jets, each of which can be split again. This process is
repeated several times and lasts until the capillary pressure on the
surface of the branched jets does not compensate the pressure of
the electrical forces or the jet does not turn into a solid ﬁber by the
solvent evaporation [49,53]. Thus, jet multiple splitting processes
driven by the electric forces helps to reduce the ﬁber diameter and
provides a smooth and uniform ﬁber surface.
When nonwoven materials are produced by SBS, the polymer
solution jet is accelerated and stretched by nonisothermal highvelocity gas stream. Under such conditions, the effective stretching of the polymer solution jet occurs at a short distance
(z100÷150 mm) from an injection nozzle. Stretching of the polymer
jet causes a decrease in its diameter about 100 times compared to
the diameter at the outlet of the injection nozzle. At the same time
the rate of the polymer jet increases signiﬁcantly and its velocity is
about 23% of that of the surrounding air. The reduction of the
polymer jet diameter is accompanied by the intensive solvent
removal, resulting in an increased viscosity [54]. Then the polymer
solution jet enters the gas ﬂow area with high turbulence where it
is bended and entangled. A larger viscosity of the spinning solution

5

in the turbulent region prevents the effective jet stretching and
splitting into branch jets. However, the likelihood of neighbour jets
presence increases that leads to the formation of the ﬁbers with a
complex morphology and predominantly micron size [55].
The spectrum of physical and chemical properties of the
nonwoven materials produced from the same spinning solutions is
primarily determined by the size of ﬁbers that form the material
[56,57]. Thus, the investigation of the production method inﬂuence
on the properties of the obtained nonwoven materials could be
provided only if the mean diameter of the ﬁbers that form the
material is equal. According to the results of the morphology
studies, we have chosen materials produced by ES and SBS from the
spinning solution with a VDF-TeFE concentration of 5% (wt.). These
materials do not differ signiﬁcantly in the mean ﬁber diameter and
have low polydispersity.
The DSC curves of the investigated materials are presented in
Fig. 2. In the DSC curve of the VDF-TeFE powder there are two
spaced endothermic peaks: one at 102.6  C and the other one near
142  C. The ﬁrst peak is related to the energy required for the
reorganization of the polymer material's crystalline structure in the
transition from the ferroelectric to paraelectric state. An endothermic effect of this process was 1.2 ± 0.3 J/g. The second and more
intensive peak corresponds to the melting of the VDF-TeFE copolymer [58,59]. In this case the endothermic effect was 19.4 ± 0.9 J/g.
In the DSC curve of SBS nonwoven materials an endothermic
effect of 1.8 ± 0.2 J/g was also observed. It is caused by the Curie
transition, however the transition temperature increased more
than 13  C in comparison with VDF-TeFE powder. Also there is a 1  C
shift for the melting point. The total amount of heat taken for the
melting of the nonwoven material produced by SBS was 21.2 ± 0.7 J/
g. The increase of the crystallinity degree of the nonwoven material
produced by SBS in comparison with VDF-TeFE powder calculated
according to the Equation (2) was over 14%.
In the DSC curve of ES nonwoven materials an endothermic
effect which corresponds to the Curie transition was observed at
134  C. It is overlapped with an endothermic effect related to material melting at 144  C. The total heat of fusion for these two
processes is 27.1 ± 1.3 J/g. Thus, the increase of the crystallinity
degree of the nonwoven material produced by ES in comparison
with VDF-TeFE powder was over 30%.
The shift and subsequent merger of the endothermic effects
associated with the melting and Curie transition while increasing
the heat of fusion was previously described [60]. This was shown in

Fig. 2. The DSC curves of the investigated materials.
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VDF-TeFE copolymer samples with signiﬁcant residual polarization
after the exposure of polymer in electric ﬁelds of high intensity
[60]. It is known that the effect of strong electric ﬁeld and tensile
forces on PVDF and its copolymers promote the ferroelectric phases
formation [61]. Thus, the results of DSC allow us to suggest that
both types of nonwoven materials have an increased amount of
crystalline phases with ferroelectric properties. However, the inﬂuence of the electric ﬁeld during the production of nonwoven
materials by ES is more conducive than the formation of crystalline
phases with ferroelectric properties.
The XRD patterns of the investigated materials are shown in
Fig. 3.
The following reﬂexes could be found in the XRD patterns of the
investigated materials: a halo in the 16e18 region corresponding
to the paraelectric a e phase, a small diffraction peak in 18.6 area
corresponding to the reﬂection from the plane (020) of the ferroelectric phase g and an intensive diffraction peak in 19.3 region
corresponding to the reﬂection from the planes (110, 200) of
ferroelectric phase b [59]. In the VDF-TeFE powder XRD pattern
there is a diffuse intramolecular reﬂex in the area of 35.5 corresponding to reﬂection from the (001) ferroelectric phase b. Also
there is a peak in the area of 40.5 corresponding to the reﬂection
from the (201, 111) of the ferroelectric phase b.
The nonwoven materials XRD patterns conﬁrm rearrangement
of the VDF-TeFE copolymer crystal structure under the tensile
forces. These forces act on the spinning solution from the ﬂow of
the compressed gas or the electric ﬁeld in the process of the materials production. It is proven by a decrease in the intensity of the
halo in the area of 16e18 , which indicates a decrease in the ratio of
the paraelectric a phase in the nonwoven materials in comparison
with the VDF-TeFE powder. In the XRD pattern of the nonwoven
material formed by SBS the intensity of reﬂexes in the area of 35
and 45 is signiﬁcantly reduced with simultaneous increase of the
intensity of the reﬂexes in the area of 19.2 (Table 2).
In the XRD pattern of the nonwoven material formed by the ES
reﬂexes in the area of 35 and 45 were not found. There is almost
no halo in the area of 16e18 . At the same time the intensity of the
reﬂex of the ordered b phase in the direction of (110, 200) increases
due to the extension and simultaneous polymer ﬁbers polarization
under the inﬂuence of a constant electric ﬁeld arising in the space
between the needle and the collector. It signiﬁcantly increases the
degree of crystallinity of the VDF-TeFE copolymer (Table 1). A signiﬁcant increase in the degree of crystallinity after the production

Table 2
The crystallite size of the investigated materials.
Sample type

Powder

SBS

ES

Crystal size (nm) b110,

5.4 ± 0.6

11.2 ± 0.3

14.4 ± 0.2

200

of PVDF and its copolymers-based nonwoven materials by ES was
already described in several studies [26,62].
The results of nonwoven materials strength and relative elongation studies are shown in Table 3. It was found that the strength
of the nonwoven materials formed by ES is more than 7.5 times
higher than the strength of the nonwoven materials formed by SBS.
An elongation at break is more than 1.3 times higher. Probably,
these results may be caused by both the morphological and
structural features of the obtained nonwoven material. The average
volume fraction of the materials produced by ES was 21.3 ± 2.2%,
which is approximately two times higher that the average volume
fraction of the nonwoven materials produced by SBS e 12.3 ± 3.4%.
Thus, the nonwoven materials produced by ES have lower porosity
and, as a result, higher ﬁber packing density.
The high packing density of ﬁbers in the nonwoven material
produced by ES provides lower values of the speciﬁc load to each
ﬁber, thus, increases strength. Additionally, the effect of the electric
ﬁeld promotes the formation of the b phase as it was shown by DSC
and XRD. It is known that the production of nonwoven materials by
ES stimulates an orientation of the ferroelectric b phase along the
ﬁber axis. Thus, the b phase is well-ordered. The a phase has a much
lower degree of orientation [63]. Since the amount of b phase in the
nonwoven materials formed by ES is signiﬁcantly higher in comparison with the nonwoven materials formed by the SBS, much
more energy is required for the destruction of ﬁbers. Therefore, the
nonwoven materials formed by ES have signiﬁcantly higher
strength. The SEM images show that nonwoven materials produced
by ES have a regular cylindrical shape. Nonwoven materials produced by SBS are characterized by an advanced microrelief. In
addition, there are macrodefects in the form of droplets, and, at the
same time, the density of defects is signiﬁcantly higher. It is known
that the defects occur in a crystalline solid reduce the mechanical
strength of the latter. Thus, lower strength and elongation observed
for nonwoven materials produced SBS are caused by structural
defects.
The images of the ﬂuorescently labelled cells are shown in Fig. 4.
The largest number of MMSC was observed in the control. The
number of cells on the surface of the nonwoven materials produced
by ES and SBS were reduced by 43% and 12% respectively in comparison with the control (Fig. 4). It could be explained by the high
hydrophobicity of the PVDF and its copolymers, which prevents
protein adsorption, and hence, cell adhesion. MMSC proliferated
slowly and was not able to form a conﬂuent monolayer within the
culture period. Alternatively, the amount of EA-hy 926 cells was
higher: 56% and 23% more for the nonwoven materials produced by
ES and SBS respectively (Table 4) compared to the control. EA-hy
926 cell line has faster proliferation rate. In addition, treedimensional structure of the nonwoven materials allows cells to
avoid the contact inhibition, thus, the amount of cells increased.
The differences in the amount of adhered cells between ES and
SBS group may be caused by morphological and structural features

Table 3
Strength and relative elongation of the developed nonwoven materials.

Fig. 3. The XRD patterns of the investigated materials.

Nonwoven material

Uniaxial tensile strength, kPa

Relative elongation, %

SBS
ES

1920 ± 140
15300 ± 2600

86 ± 14
122 ± 12
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Fig. 4. The images of ﬂuorescently labelled cells: a, c, and e e MMSC; b, d and f e EA-hy 926, (a, b) e control cell culture; (c, d) e cells on the surface of the nonwoven materials
produced ES, (e, f) e cells on the surface of the nonwoven materials produced SBS. Cell membranes stained with PHK26 are visualized in red; cell nucleus stained with Hoechst
33342 are visualized in blue. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 4
The amount of MMSC and EA-hy 926 cells cultured on different nonwoven materials.
Sample type
MMSC
Amount of cells per 1 mm2, Мe (25%; 75%).
EA-hy 926
Amount of cells per 1 mm2, Мe (25%; 75%)
a
b

Control

SBS

ES

446 (440; 506)

395a,b (358; 483)

195a (143; 340)

2269 (1722; 2650)

3561a,b (3200; 3580)

2923a (2095; 3490)

р < 0,05 (in comparison with control).
р < 0,05 (in comparison with nonwoven materials produced by ES).

of the produced nonwoven materials.
It is known that cells adhere well to rough surfaces [64], thus an
advanced surface of the ﬁber produced by SBS stimulates cell
attachment. In addition, the large number of cells adhered on the
surface of nonwoven materials produced by SBS was caused by the
higher porosity and larger pore sizes observed in this type of material. These features also facilitate the migration of cells into a bulk
of the nonwoven material and create the favourable conditions for
the receipt of nutrients and removal of cells by-products [65]. A

smaller number of cells that were found on the nonwoven materials
obtained by ES is due to the high content of well-ordered ferroelectric b phase. In response to mechanical action it causes a signiﬁcant change in surface potential values substantially exceeding
the value needed to promote cell adhesion. The reduction of the
number of adhered cells with an increase of ferroelectric b phase
content was described previously [66]. Thus, the existence of an
optimal quantity and quality of the ferroelectric b phase which will
provide high levels of cell adhesion values can be assumed.
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4. Conclusions
The results of comparative studies of the structure and properties of the VDF-TeFE-based ferroelectric nonwoven materials obtained by ES and SBS were presented. It was shown that the
nonwoven materials produced by ES have higher strength and
relative elongation in comparison with the nonwoven materials
produced by SBS. This is was caused by the differences in ﬁbers
morphology and crystalline structure. The nonwoven materials
obtained by ES have high ferroelectric b e phase content and may
be a good candidate for the following applications: sensors, energy
generators, micro robots, etc. Moreover, such properties of
nonwoven materials produced by SBS as the larger pore size, and
rough ﬁber surface facilitates the penetration and adhesion of cells,
which could potentially be used for tissue engineering.
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