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Abstract. Polyvinylidene fluoride (PVDF) is one of the most important piezoelectric polymers. Piezoelectricity in PVDF appears in polar b and ɣ  
phases. Piezoelectric fibers obtained by means of electrospinning may be used in tissue engineering (TE) as a smart analogue of the natural 
extracellular matrix (ECM). We present results showing the effect of rotational speed of the collecting drum on morphology, phase content 
and in vitro biological properties of PVDF nonwovens. Morphology and phase composition were analyzed using scanning electron microscopy 
(SEM) and Fourier-transform infrared spectroscopy (FTIR), respectively. It was shown that increasing rotational speed of the collector leads to 
an increase in fiber orientation, reduction in fiber diameter and considerable increase of polar phase content, both b and g. In vitro cell culture 
experiments, carried out with the use of ultrasounds in order to generate electrical potential via piezoelectricity, indicate a positive effect of 
polar phases on fibroblasts. Our preliminary results demonstrate that piezoelectric PVDF scaffolds are promising materials for tissue engineering 
applications, particularly for neural tissue regeneration, where the electric potential is crucial.
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Since the discovery of strong piezoelectric activity in poly-
vinylidene fluoride (PVDF), intensive research has been con-
ducted on this polymer. At least four different polymorphs, 
referred to as α, b, g, and δ phases, depending on the pro-
cessing conditions, have been reported [14, 15]. Among them, 
the b-phase, showing the highest piezoelectricity because of 
trans-trans molecular conformation in orthorhombic crystals, 
has been reported during the past 40 years in numerous works 
aiming at high level of b-phase (Fig. 1) [16].

1. Introduction

As regards the field of biomedical engineering, in recent 
decades, increasing scientific and technical interest has been 
observed in research related to development of composites [1] 
and hydrogels [2] as well as the design of polymers with nano-
fillers [3, 4] and smart materials [5]. Smart materials are gener-
ally designed to react in response to external stimuli (physical, 
chemical, mechanical) thus behaving similar to natural body 
tissues [6–8]. One type of such smart materials are piezoelectric 
scaffolds, which can generate electrical signals in response to 
the applied stress or vice versa, constituting sensitive mechano-
electrical transduction systems. It is anticipated that such mate-
rials can effectively stimulate signaling pathways and thereby 
enhance tissue regeneration at the impaired site. Piezoelectric 
phenomena are observed in animal bodies, for example in DNA, 
the tendons, bones, skin, cartilage, ligaments and the dentin.

It is known that electrical charges are important for the 
activity of cells, particularly neural cells. The major advantage 
of piezoelectric scaffolds is that electrical potential can be gen-
erated non-invasively under the influence of a mechanical field, 
without the need to use invasive electrodes. State-of-the-art 
in tissue engineering is directed towards minimally invasive 
and “smart” technologies [9–13]. In these approaches, smart 
materials are reported to help avoid complex and long surgeries.
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Fig. 1. Schematic representation of the chain conformation for the α, 
b and g phases of PVDF
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A variety of experimental techniques, such as mechan-
ical stretching [17], application of high pressure [18, 19], 
melt-quenching [20], poling under high electric field [21] and 
incorporating some additives (e.g. nanoparticles, nanowires, 
graphene) [22–26], have been investigated to induce forma-
tion of the b-phase. For piezoelectric applications, b-crystal 
samples must be subjected to a poling procedure to orient the 
CF2 dipoles; however, they are more prone to break down under 
a high-electric field [27]. The presence of polar phases is very 
important, in particular, due to its bioelectrical effect in stimu-
lation of the nervous system, holding promise of effective tissue 
regeneration [28–32]. The content of polar phases in nanofibers 
may also be affected by rotational speed of the collector used 
during electrospinning [33].

An interesting idea, reported only in few publications, is 
to design an innovative smart electrospun active piezoelectric 
scaffold for tissue engineering applications. Among polymeric 
materials, PVDF nanofibers have the strongest piezoelectric 
properties with practically no aging of piezoelectricity at the 
body temperature of mammals [34], rendering it biologically 
very attractive [35–38].

We recall the studies on the effect of rotational speed of 
the collecting drum on phase content, morphology and in vitro 
biological properties of PVDF nonwovens.

2. Materials and methods

2.1. Materials. Polyvinylidene fluoride (PVDF) nonwovens 
were formed using the electrospinning process from a mixture 
of acetone and an N,N′-dimethylformamide (DMF) solution. 
PVDF pellets (Kynar, MW = 400,000 g/mol) were purchased 
from Arkema while high purity acetone and DMF were obtained 
from Merck.

Solutions of PVDF at the concentrations of 17, 19 and 
22 (w/v%) were prepared by dissolving PVDF pellets in the 
DMF/ acetone mixture of solvents at a 4:1 ratio. First, PVDF 
pellets were dissolved in DMF for 4 hours at 70°C, then acetone 
was added and the solution was mixed for 2h at room tempera-
ture to receive a homogeneous solution.

2.2. Electrospinning process. The electrospinning setup (Fig. 2) 
consisted of a syringe ended with a 0.3 mm needle facing 
a grounded rotating drum collector (4 cm radius and 12 cm in 
length). A high voltage generator with a positive terminal was 
connected to the stainless steel needle. The distance between the 
needle and the collector was 180 mm, flow rate of the solution 
was 600 µl/h. The applied voltage was in the range of 16–18 kV, 
which was optimum for obtaining uniform fibers and for main-
taining a stable electrospinning process. Collecting of the fibers 
was performed at three rotational speeds of the collector: 100, 
900 and 1000 rpm. The electrospinning process was conducted 
horizontally. After electrospinning, nonwovens were placed 
under a fume hood for 48 hours to remove solvent residue.

Samples were labeled with collector rotational speed and, 
if necessary, additional information was provided in the text or 
in the descriptions of figures.

2.3. Solution viscosity measurements. Solution viscosity 
was measured using a Brookfield HADV-III Ultra rotational 
viscometer with cone-plate configuration. In addition to the 
viscosity measurements at various shear rates, viscosity mea-
surements at a constant shear rate ¼ 33 1/s were performed 
as a function of time during solution preparation in order to 
determine stability of the solution. The shear rate ¼ 33 1/s cor-
responds to the value estimated for the shear rate, inside the 
applied needle (1):

 g = 
4Q
πr3 (1)

where Q is the volumetric flow rate (600 µL/h) and r is the 
inner needle radius (0.17 mm).

2.4. Scanning electron microscopy. Scanning electron micros-
copy (SEM) imaging was performed using scanning electron 
microscopy (SEM, Jeol JSM-6010PLUS/LV InTouchScope™) 
in order to determine the distribution of fiber orientation and 
diameter as a function of collector rotational speed. Before 
imaging, the nonwovens were coated with gold. The acceler-
ation voltage was 10 kV. Data analysis was performed using 
ImageJ software. The fibers diameter distribution was deter-
mined by means of 100 measurements for each sample, using 
Gaussian function approximation. The fibers orientation distri-
bution was determined using ImageJ software with a Direction-
ality plugin. Half width was calculated using Pearson VII func-
tion for approximation of orientation distribution.

2.5. Fourier-transform infrared spectroscopy (FTIR). Fouri-
er-transform infrared (FTIR) analysis was performed using the 
Perkin Elmer FTIR-ATR 100 instrument, MA, USA, and the 
data presented are representative of three independent samples 
and runs. The samples were scanned from 400 to 4000 cm−1 
with a resolution of 2 cm−1 and a total of 32 scans.

The relative fraction of two polar phases, b and g, in addi-
tion to non-polar α was determined according to the procedure 

Fig. 2. Scheme of conventional electrospinning setup used with 
a rotating collector



629

Influence of  process-material conditions on the structure and biological properties of  electrospun polyvinylidene f luoride f ibers

Bull.  Pol.  Ac.:  Tech.  68(3)  2020

Vi
sc

os
ity

 [P
a*

s]

3.5

3.0

2.5

2.0

1.5

1.0

Time [days]
1 2 3 4 45 5

described in [38]. This method allows to determine relative 
amounts of the electroactive b and g phases, FEA, in terms of 
crystalline components in any samples such as a sample con-
taining two phases (α + b, α + g, or b + g) or three phases 
(α + b + g):

 FEA =  
I840*

Ã
K840*
K763

!

I763 + I840*

 £ 100% (2)

where, characteristic absorption I840* and I763 are bands at 
837–841 cm−1, which can be assigned to both b and g phases, 
and at 763 cm−1 attributed to an α phase, respectively, assum-
ing these absorption bands follow the Beer-Lambert law with 
absorption coefficients of  K763 = 6.1£104 and K840* = 7.7£ 
104 cm2 mol−1.

Quantification of individual b and g phases content, F(b) 
and F(g), was performed by using the absorbance (peak area or 
peak height) of the two bands at 1275 and 1234 cm−1. However, 
a much more preferable method is proposed by calculating the 
peak-to-valley height ratio between the peaks around at 1275 
and 1234 cm−1 and their nearest valleys:

 F(b) = FEA £ 
µ

ΔHb ′
ΔHb ′ + ΔHg ′

¶
 £ 100% (3)

 F(g ) = FEA £ 
µ

ΔHg ′
ΔHb ′ + ΔHg ′

¶
 £ 100% (4)

where, ΔHb′ and ΔHg′ are the height differences (absorbance 
differences) between the peak present at 1275 cm−1 and the 
nearest valley present at 1260 cm−1, and the peak present at 
1234 cm−1 and the nearest valley present at 1225 cm−1, respec-
tively.

2.6. Cellular studies. Polyvinylidene fluoride (PVDF) nano-
fibers were subjected to in vitro cellular studies. In the stim-
ulation experiments, L929 fibroblast cells cultured on piezo-
electric PVDF scaffolds, collected at various rotational speeds 
of the collector, were exposed to ultrasounds for 30 minutes, 
once a day, for 7 days. Ultrasound stimulus with the power of 
20 mW/cm2 and 80 mW/cm2 at the frequency of 1.7 MHz was 
applied (Fig. 3). In order to confirm the piezoelectric effect of 
the PVDF scaffolds on fibroblasts activity, piezoelectric PVDF 
scaffolds without ultrasonic stimulation were used as a control 

(0 mW/ cm2) and a fibroblasts mitochondrial activity (MTT) 
test was conducted.

Observations of cell morphology on fibers were conducted 
using SEM.

3. Results

3.1. Solution viscosity measurements. One of the most im-
portant material parameters of electrospinning is viscosity. It 
defines the resistance of the fluid to flow, thus stabilizing the 
jet. Viscosity is directly proportional to the concentration of the 
solution and to the molecular weight of the polymer.

From shear rate dependence in Fig. 4, it is evident that 
the shear thinning effect is seen only for the highest solution 
concentration, while for the lower concentrations the solutions 
behave like Newtonian fluids. The shear thinning effect is most 
probably related to an effective molecular orientation at higher 
shear rates. From the viscosity over time dependence (Fig. 5), 

Fig. 3. Schematic illustration of the influence of ultrasound stimulation 
on the shape of L929 fibroblast cell
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Fig. 4. Viscosity as a function of shear rate for various PVDF 
concentrations

Fig. 5. Viscosity as a function of time (at shear rate = 33 1/s) for 
various PVDF concentrations
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measured from the moment of solution preparation, it is seen 
that irrespective of the polymer concentration used, the solution 
is stable over time.

3.2. Electrospinning and morphology of fibers. All PVDF 
concentrations provided a stable electrospinning process, how-
ever, beadless fibers were obtained only for PVDF concentra-
tion of 22%. This solution was subjected to further studies.

In Figs. 6–8, SEM images and fiber diameter and orien-
tation distribution for various collector rotational speeds are 

Fig. 6. SEM micrograph for nonwovens electrospun from 22% PVDF 
solution for different rotational speeds of the collector: a) 100 rpm, 

b) 900 rpm and c) 1000 rpm

presented. The fiber diameter was in the range from 200 nm 
to 1.4 µm with the average value of 900 nm. It is seen that 
the average fiber diameter decreases with collector rotational 
speed, which is consistent with the previous results [39–44]. 

a)

b)

c)

Fig. 7. Diameter distributions for nonwovens electrospun from 
22% PVDF solution for different rotational speeds of the collector: 

a) 100 rpm, b) 900 rpm and c) 1000 rpm
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This reduction is due to increasing tangential force caused by 
the rotating collector providing stronger mechanical stretch-
ing. From Fig. 8, it is evident that with increasing rotational 
speed, the fiber orientation distribution becomes narrower. The 

Fig. 8. Fiber orientation distribution (experimental data with numerical 
approximation) for nonwovens electrospun from 22% PVDF solution 
for different rotational speeds of the collector a) 100 rpm, b) 900 rpm 

and c) 1000 rpm
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half width of the orientation distribution changes from 14.3° 
at 1000 rpm through 19.0° at 900 rpm to 86.1° at 100 rpm. 
Alignment around 90° in samples PVDF900 and PVDF1000 
corresponds to the collector rotation direction.

3.3. Fourier-transform infrared spectroscopy (FTIR). FTIR 
spectrum of PVDF nanofiber mats is shown in Fig. 9. Based on 
Equations (2–4), the relative fraction of the electroactive b and 
g phases for all samples was calculated (Table 2). The randomly 
oriented electrospun PVDF fibers contain only 0.6% of polar 
phases, thus the piezoelectric effect should be negligible. At 
rotational speed of the collector of 900 and 1000 rpm, polar 
phases content is found at 76.65% and 94.48%, respectively. 
Thus, increasing collector rotation speed results not only in 
increased fiber orientation and smaller fiber diameter but also 
in a dramatic increase of the polar phase content.

Fig 9. FTIR-ATR spectra for nonwovens spun from 22% PVDF 
solution. Most significant peaks corresponding to α-, b- and g-phases 

are indicated
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Table 2. 
Relative content of polar phases in e-spun PVDF

Sample (F(β) + F(γ)) F(β) F(γ)

[%] [%] [%]

PVDF100 00.60 ± 0.01 00.57 ± 0.01 00.03 ± 0.01

PVDF900 76.65 ± 0.20 72.03 ± 0.20 04.61 ± 0.20

PVDF1000 94.48 ± 0.20 55.17 ± 0.20 39.31 ± 0.20

3.4. Cellular studies. Results of MTT tests presented in Fig. 10 
indicate a positive effect of polar phases on the cells via the 
piezoelectric effect achieved under ultrasounds stimulation. 
Cell viability results were in agreement with other studies that 
conclude that PVDF is not cytotoxic and that it allows cell 



632

A. Zaszczyńska, P.Ł. Sajkiewicz, A. Gradys, R. Tymkiewicz, O. Urbanek, and D. Kołbuk

Bull.  Pol.  Ac.:  Tech.  68(3)  2020

proliferation [24, 25]. Piezoelectric effect was mostly evident 
for samples formed at the highest collector rotational speed, 
allowing formation of the highest content of polar phases. The 
observations using SEM confirm good attachment and prolifer-
ation of the cells on the ultrasound-stimulated fiber scaffolds: 
on day 1, the cells had more rounded morphology, while by 
day 7, their morphology was more elongated and spread-out 
(Fig. 10).

4. Conclusions

We showed that the application of relatively high rotational speed 
of the collector allows for electrospinning of thin PVDF fibers 
with preferred spatial arrangement and high polar phases con-
tent. Our preliminary cellular studies under in vitro conditions 
show that such nonwovens constitute promising smart scaffolds 
for tissue engineering applications, especially when stimulated 
by ultrasounds in order to activate their piezoelectric properties.
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