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Abstract

Cell supports based on electroactive materials, that generate electrical signal variations as a
response to mechanical deformations and vice-versa, are gaining increasing attention for tissue
engineering applications. In particular, poly(vinylidene fluoride), PVDF, has been proven to be
suitable for these applications in the form of films and two-dimensional membranes. In this
work, several strategies have been implemented in order to develop PVDF three-dimensional
scaffolds. Three processing methods, including solvent casting with particulate leaching and
three-dimensional nylon, and freeze extraction with poly(vinyl alcohol) templates are presented
in order to obtain three-dimensional scaffolds with different architectures and interconnected
porosity. Further, it is shown that the scaffolds are in the electroactive B-phase and show a
crystallinity degree of ~ 45 %. Finally, quasi-static mechanical measurements showed that an
increase of the porous size within the scaffold leads to a tensile strengths and the Young’s

modulus decrease, allowing tuning scaffold properties for specific tissues.

Introduction

Different processing techniques are being applied to tailor the shape of the scaffolds for
temporary or permanent cell supports in tissue engineering (TE) applications [1-2]. The
versatility of these scaffolds is associated with variables such as composition, size and shape,
degree of porosity and pore size, that can be modeled to obtain an optimized system for specific
cells and/or tissues [3]. These natural or synthetic functional scaffolds are used for culturing cells

in order to generate tissues that can be later implanted in the human body [2].



Strong efforts are being performed in the development of three dimensional (3D) scaffolds as
support for tissue engineering applications. They offer important advantages comparatively to
two dimensional (2D) structures such as, films and fiber mats, as they allow a biomimetic
environment for cell-cell interaction, cell migration and morphogenesis, promoting a better
interconnection between cells and tissues [4]. In this sense, the scaffolds should present a pore
size enabling the accommodation of cells, promoting/allowing cellular adhesion, growth and
migration. Furthermore, a suitable pore interconnectivity is essential for the transport of nutrients
and metabolites [4], as well as, an appropriate microenvironment, allowing the transmission of
biochemical and/or mechanical and/or electrical clues.

Several methods have been proposed for 3D scaffolds production, conventional methods
including etching, template-assisted synthesis, solvent casting, particulate leaching, gas foaming,
contact printing, wet-chemical approach and electrospinning [4-5]. More recently, rapid
prototyping (RP) technologies including fused deposition modeling (FDM), precision extrusion
deposition (PED), selective laser sintering (SLS), stereolithography (STL) and 3D printing have
been used to overcome the drawbacks of conventional methods, including inaccurate control
over the micro- and macro-scale features, allowing the fabrication of scaffolds with a controlled
microstructure and porosity [6].

Three-dimensional structures based on smart and functional biomaterials are increasingly playing
an important role in TE applications once they do not work just as passive supports, but can also
play a relevant role in the development of tissues and cells [7] by triggering/stimulating specific
cues on both cells and tissues [8]. Also, in order to promote a better compatibility between cells
and the biomaterial, different strategies have been used, including surface tailoring with bio-

mimetic molecules such as peptides and adhesive proteins, tuning chemical and physical



properties to produce similarity to native extra-cellular matrix (ECM), to modulate the surface
and bulk properties or providing external therapeutic molecules in order to stimulate the
surrounding cells and tissues [8]. The internal modulation mainly involves biomimetic
modification of chemical, physical and/or biological properties in order to mimic the native
tissue and provide a more friendly environment and enhance target functions such as adhesion,
proliferation, migration and differentiation [8]. Among the most interesting clues to be provided
to specific cells, such as mechanical [9] and (bio)chemical [10], electrical clues have already
proven to be important in TE applications [11, 12]. In that sense, piezoelectric polymers,
materials that generate a voltage under mechanical loading without the need of electrodes or
external power source, offer a unique opportunity to deliver electrical cues directly to cells [13].
The relevance of this effect for biomedical applications is that several tissues such as bone,
cannot only take advantage of this effect, as they are subjected to electromechanical functions,
but they are piezoelectric themselves [14], suggesting the biomimetic need of this effect in the
scaffold. Previous studies have shown that electroactive polymers, in particular piezoelectric
poly(vinylidene fluoride) (PVDF), are suitable for the development of electro-mechanically
bioactive supports [15-16].

PVDF is a semi-crystalline polymer that can crystallize in at least four crystalline polymorphs,
namely a, B, 6 and vy, being the B-phase the one with the highest piezoelectric response [17-19].
Further, it is biocompatible, allowing its use in biomedical applications [7, 18, 20].

Different techniques have been used to process PVDF and its polymer/composites based in
different strategies (Table 1) to obtain various morphologies including micropillars [21],

particles [20, 22], films [23-25] and fibers [15, 26-31] in order to better suit specific tissue



engineering strategies. Further, it has been shown that substrates based on PVDF have different
influence on cell adhesion, proliferation and differentiation [7] depending on their morphology.
Table 1 summarizes the different PVDF structures used as supports for cell viability studies. To
the best of our knowledge no studies regarding 3D structures based on piezoelectric materials
and, in particular, in PVDF have been reported in the literature.

Thus, in order to extend the applicability of the material for effective tissue engineering
applications, this work reports on three different strategies for the preparation of electroactive 3D
PVDF scaffolds with tailored porosity and pore size. Further, the influence of the processing
technique on polymer porosity, electroactive phase, crystallinity and mechanical properties, were

systematically studied.

Experimental section

Materials

Poly(vinylidene fluoride) (PVDF) (Solef 1010/1001) was acquired from Solvay. Analytical
grade N,N-Dimethylformamide (DMF) was purchased from Merck and formic acid and ethanol
were purchased from Sigma Aldrich. Poly (vinyl alcohol) (PVA) filaments with 1.75 mm were
supplied by Plastic2Print (Netherlands). Sodium chloride, 99% was purchased from Fisher

Scientific.

Scaffolds production methods

Solvent-casting particulate leaching



PVDF scaffolds were prepared via solvent casting method. The polymer was dissolved in a DMF
solution (10 % w/v) under mechanical stirring. After complete dissolution of PVDF, 5, 10 and
20 g of NaCl was added to the solution. After solvent evaporation at room temperature, the
membranes were placed under vacuum and allow drying at room temperature. After solvent
evaporation, the membranes were washed thoroughly with distilled water until complete salt
removal. The resultant microporous membranes were again vacuum dried, until a constant

weight was obtained.

Solvent casting with a 3D nylon template

For this procedure, nylon plates (Saatilon) with a pore diameter of 60 and 150 um (NT-60 and
NT-150) were cut into 2 X 2 cm” samples and piled up on top of each other (5 layers) inside a
Teflon Petri dish. The PVDF solution (prepared as indicated above) was carefully added to the
nylon plate assembly. After solvent evaporation at room temperature, the scaffolds were rinsed
with formic acid to remove the nylon plates in order to obtain the porous scaffold. Finally, the
scaffolds were rinsed with water and dried in the same conditions as the solvent casting samples

reported above.

Freeze extraction with a 3D PVA template

PVA templates were fabricated in the 3D printer Bits from Bytes 3D Touch. The printer
parameters were optimized to obtain different porous structures. Four PVA templates with
different filament distances were fabricated. The designation of each template is presented in

table 2.



PVDF scaffolds were produced by two different approaches. The PVDF solution (prepared as
indicated above) was casted into a PVA template to completely fill the porous structure.
Afterwards, DMF solvent evaporation was performed at 60 °C in a Homo Vacuo-Temp. After
complete solvent evaporation, the PVA template was extracted with deionized water in order to
obtain the porous structure in the form of interconnected channels. The PVA washing step was
performed 3 times daily during 3 days. Furthermore, a freeze extraction method was used to
prepare highly porous scaffolds. After introducing the PVDF solution into the free space of the
PVA template, it was quickly frozen by immersion in liquid nitrogen and then stored at -80 °C to
induce crystallization and phase separation between PVDF and DMF. Then, ethanol precooled at
-80 °C was poured on top of the template containing the frozen polymer solution in order to
extract DMF while the whole system is kept at -80 °C. The ethanol was changed twice a day
during 3 days to fully remove the DMF solvent. After solvent removal, the PVA template was

extracted by washing repeatedly with deionized water at room temperature, as described above.

Figure 1 schematizes the procedures used for the PVDF three dimensional scaffolds production.

A neat porous PVDF membrane (10 % w/v in DMF) prepared via solvent casting [37] method

was used to compare with the tridimensional structures.

Sample characterization

PVDF scaffolds morphology and porosity distribution were analyzed by scanning electron
microscopy with a Scanning Electron Microscope (SEM), Quanta 650, from FEI with an

accelerating voltage of 5 kV and by a Binocular LEICA MZ APO. The analyzed samples were



previously coated with a thin gold layer using a sputter coating (Polaron, model SC502). Pore

size distribution was examined by ImageJ software.

The crystalline phase or phases present in the scaffolds were confirmed by Fourier transform
infrared spectroscopy performed at room temperature in a JASCO 4100 apparatus in ATR mode
from 4000 to 400 cm™ using 64 scans at a resolution of 4 cm™. Differential scanning calorimetry
measurements (DSC) were performed in a Mettler Toledo 823e apparatus using a heating rate of

10 °C.min"" under a nitrogen purge.

Mechanical experiments were performed on cylindrical samples with approximately 6 mm
diameter and 3 mm height in a Shimadzu AG-IS universal testing machine in compression mode
at a test velocity of | mm.min™'. The samples were submitted to a compressive-strain cycle load
up to 10 cycles at a strain of 15% with a 500 N load cell. Strain deformation was measured by
machine cross-head displacement. The Young’s modulus was calculated from the slope at the
initial linear stage of the stress—strain curves and the tensile strength was determined from the

maximum load.

The porosity of the PVDF scaffolds was measured by liquid displacement method using a
pycnometer. The weight of the pycnometer filled with ethanol (Merck), as a non-solvent of
PVDF, was measured and labeled as W;; the PVDF scaffolds, whose weight was W, were
immersed in ethanol. After the sample was saturated by ethanol, additional ethanol was added to
complete the volume of the pycnometer. Then, the pycnometer was weighted and labeled as W5;

the sample filled with ethanol was then taken out of the pycnometer [38]. The residual weight of



the ethanol and the pycnometer was labeled W3. The porosity of the membranes was calculated

according to equation 1:

_Wo - W3 = Ws (1)
Wy — W3

The mean porosity of each membrane was obtained as the average of the values determined in

three samples [39].

Results and discussion

Morphology

In order to produce piezoelectric PVDF scaffolds, the polymer was dissolved in DMF solvent
and different strategies were applied to tailor the final porosity and pore interconnectivity of the
polymer structures. The PVDF scaffold obtained through solvent casting with NaCl as a
sacrificial material (figure 2a) shows a porous structure with the bigger porous with
approximately 300 - 400 um (figure 3a), which are of the same size range as pristine NaCl
crystals (262 to 370 um). The porous formation occurs after polymer crystallization in places
previously occupied by the porogen, and the pore size is controlled by the size of the sacrificial
particle size. However, the salt leaching method does not allow the design of structures with

completely interconnected pores with a regular and reproducible morphology.

Tridimensional PVDF structures with high porosity and interconnected pores can be achieved by
solvent casting with a 3D nylon template and freeze extraction with a PVA template (figure 2b

and 2c). As shown in figure 2b and 2c, scaffolds fabricated using a 3D nylon template present a



good interconnected porous structure (figure 2c) with well distributed pores. When nylon
templates were used porous structures with approximately 60 pm and 130 pm can be obtained
(figure 2b and 3b). The size of the pores was governed by the sacrificial filament geometry and
the space between the filaments was fully filled with the polymer solution. Then, crystallization
leads to small interconnected porous (below 5 pum) within the major ones (figure 2c),
corresponding to the former filament places. The samples prepared by freeze drying extraction
show the pores left by the sacrificial PVA filaments, with an inner diameter between 300 —

400 pum (figure 2c).

The same procedure was not feasible when a PVA template obtained by 3D printing was used,
due to the larger diameter of the PVA filaments. Further, even increasing the solvent temperature
during solvent evaporation to 60 °C, followed by the dissolution of PVA in water, it was not
possible to achieve a tridimensional porous structure (results not shown). To overcome this issue,
the solution was immersed in liquid nitrogen to immediately freeze the solution and stored at -
80 °C with ethanol, to improve the DMF solvent dissolution by the ethanol, while the polymer
chains remained frozen (figure 2d). After the samples were washed with water to PVA removal
and dried at room temperature, the space initially occupied by the non-solvent became
micropores and the pore architecture finally obtained consists in an orthotropic structure of
interconnected channels whose walls are in turn connected by micropores. Figure 3¢ shows that
the channels in the scaffolds are well interconnected and their average diameter ranging between
316 and 413 pum corresponds to the diameter of the sacrificial PVA filament obtained by 3D

printing (Table 1).
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The influence of the adopted processing technique and the porogen used on the overall porosity
was assessed by gravimetric method and applying equation 1, while the pore size and its
distribution was measured through the SEM images (figure 2). In general, all samples show
pores in the same range of the sacrificial material used (figure 3). The highest overall porosity
was achieved for the samples with NaCl as porogen, being the sample with the highest porosity

the ones with the highest amount of sacrificial material (figure 3).

Polymer phase content

FTIR-ATR spectroscopy was performed in order to study possible chemical modifications
induced by the processing technique in the PVDF scaffolds. Moreover, this method provides
valuable information to distinguish between the different PVDF polymorphs [17] and, in

particular, to quantify the piezoelectric -phase content present in the scaffolds.

Figure 4a shows the main absorption band at 840 cm™ characteristic of the p-phase of PVDF
[17]. Also absorption bands at 765, 795 and 855 cm™, relative to a-PVDF are also observed,
independently of the processing technique. Further, no absorption bands corresponding to the
different porogen materials or solvents were detected, which suggests that the removal of the

sacrificial materials was complete.

PVDF electroactive B-phase is dominant when the solvent evaporation occurs bellow 70 °C [17].
Assuming that only a- and B-phase are present, the fraction of B-phase was calculated using

equation 2 [17].
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where F(p) represents the B-phase content, K, and Kz the absorption coefficient for each phase
and A, and Ay the absorbance at 766 and 840 cm’, respectively. The absorption coefficient value

is 7.7 x 10* cm®.mol™ and 6.1 x 10* cm”.mol™ for Kp and K, respectively [17].

Figure 4b shows that the scaffolds production methods does not influence significantly the
amount of B-phase content. Comparatively to PVDF membranes which present a B-phase content
of 91%, scaffolds produced by salt leaching, solvent casting and freeze extraction show B-phase
contents of 86, 90 and 94%, respectively. In this sense, as low crystallization temperature (e.g.
room temperature) favors the PVDF crystallization in the B-phase, also freeze extraction method

induces the formation of the polymer electroactive phase.

1
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Thermal characterization

Differential scanning calorimetry (DSC) was performed to assess the influence of the processing
technique and porogen in the polymer degree of crystallinity. It was observed that the
incorporation of different fillers leads to a shift towards lower temperatures of the melting
transition, when compared to the neat PVDF sample obtained from solvent casting, particularly
noticed when NaCl is used (figure 5). In this way, the strong ionic character of the salt, lead to
strong interaction with the highly polar polymer chain, reducing the stability region of the
crystalline structure [41]. Moreover, the meting transition appears as a broad endothermic peak

for all samples, suggesting a distribution of crystal sizes among the polymer matrix.

The degree of crystallinity (Xc) of the PVDF samples was determined from DSC curves and

evaluated by equation 3 [42].



¥ = AH (3)
= ——————————
xAH, + yAHg

where AH is the melting enthalpy of the sample; AH, (93.07 Jg'') and AHj (103.4 Jg™') are the
melting enthalpies of a 100% crystalline sample in the a- and B-phase, respectively, and the x
and y the amount of the a- and B-phase present in the sample, calculate through the FTIR results

(figure 4) [42].

Different porogen materials show different effects on polymer degree of crystallinity. Pristine
PVDF polymer shows a degree of crystallinity ~ 45%, but for the sample prepared with NaCl,
the sample shows an X, around 33%. Low et al. [43] showed that when small amounts of NaCl
are added to the PVDF solution, the salt, combined with free radicals near the crystalline surface
promotes an increase of sample crystallinity [43]. However, beyond a critical concentration, the
excess of salt will interact with the PVDF on the crystallite surface and promotes atoms
dislocation, resulting in a decrease of the crystallinity degree of the PVDF sample (figure 5b).
Most relevant, the large amounts of filler used in the present investigation act as defective
structures, leading to hindered spherulite growth during polymer crystallization [17]. On the
other hand, when a nylon mesh was used as a template, an increase of the degree of crystallinity
of the sample was observed up to 55%, while for the PVDF prepared with PVA porogen, the
degree of crystallinity present in the sample is similar to the observed for the pristine PVDF

(figure 5b).

Mechanical characterization
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Various cellular activities are influenced by mechanical properties of surrounding tissues and
scaffolds [44]. Cyclic stress vs strain measurements obtained under compressive mode and for a
strain of 15%, for the different PVDF structures are shown in figure 6. The final mechanical
strain of 15% was defined to match the characteristic deformation of the natural cartilage and it
is also used as the target strain in experiments with bioreactors for chondrogenic differentiation

[45].

The mechanical performance of the scaffolds obtained for different NaCl concentrations show a
similar behavior, attributed to the similar porosity (figure 2) present in the sample (data not
shown). For all tested samples, the difference between the first and the second cycle is related to
the processing history and to the surface of the mechanical pin accommodation among the
sample surface. Further, some permanent deformation during the first compression cycle was
observed (figure 6). In successive load-unload compression cycles, it was observed an increase
of the irreversible processes, leading to permanent deformation, reflected by the slight decrease
of the maximum stress reached in the stress-strain loop (figure 6). The samples prepared by
nylon template meshes collapse after three consecutive mechanical loading-unloading cycles
(data not show), but the maximum stress for the first cycles was quite higher when compared to
the rest of the porous samples obtained by different methods. This behavior is probably related to
the microstructure and distribution of the pores among the sample, which is characterized by
perpendicular channels with an overall porosity of ~ 66 + 3.3% (figure 3). When the mechanical
cycle is applied to the sample, the stress is not uniformly distributed among the polymer bulk due
to the dual porosity e.g. small pores of 2 um diameter and pores with 60 and 150 pm, which
leads to a collapse of the channels formed by the nylon mesh, due to the small polymer thickness

when compared to the bulk PVDF polymer structure.
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For the rest of the samples it was observed that the maximum stress decreases with increasing
mechanical loading-unloading cycle, showing the samples obtained from salt leaching and the
freeze dried M1 (distance between filaments of 0.6 mm) similar mechanical hysteresis patterns
(figure 6). The sample M4 (filaments placed at 1.2 mm between each other) is the one with the
lowest maximum stress at the end of each cycle. This behavior is related to the big size of the
channels when compared to sample M1 that locally induces a poor mechanical load distribution

due to the decrease of the thickness in the region between the channels.

The apparent elastic modulus (E) was calculated from the stress-strain data at 1 % deformation
and the results are shown in table 3. The scaffolds prepared by NaCl leaching show a higher E
when compared to the rest of the samples. This result is interesting due to the high porosity
present in these samples, being explained by the fact that the pore walls in such samples are
homogeneously distributed among the polymer bulk, which promotes an evenly distribution of
the mechanical load between the polymer walls. The samples prepared by PVA template and
freeze drying, as well as the ones obtained by nylon mesh show a similar morphology,
characterized by the big channels from the template. This leads to a dual distribution of the
mechanical stress, one part being supported by the bulk polymer with pore size of <2 pm and
the other by the channels with small wall thickness, which ultimately leads to a decrease of the

mechanical properties, as observed in figure 6, and to a decrease of E (table 3).

Thus, figure 7 shows the PVDF structures with different morphologies and geometries that can
be obtained using different processing methods, the PVDF scaffolds with different pore sizes

being the ones presented in this work and obtained by three different methods.
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Conclusions

PVDF three dimensional scaffolds can be obtained by NaCl salt leaching, solvent casting and
freeze extraction with nylon and PVA templates, respectively. The different preparation methods
allow tuning pore size, interconnectivity and porosity. Thus, varying the ratio of NaCl / porogen
and the distance between the filaments of the templates allows to control the porosity of the
scaffold. The structure of the 3D templates allows obtaining scaffolds with well interconnected
pores. Infrared spectroscopy showed that all processing methods result in scaffolds mainly in the
piezoelectric B-phase of PVDF (between 86 and 94%) and with a degree of crystallinity between
33 and 47%. The characterization of the scaffolds by mechanical compression tests and the
relation between scaffold porosity and mechanical properties showed that higher porosities
promotes a significant decrease in the tensile strengths and the Young’s Modulus, the overall

results indicating the suitability of the PVDF scaffolds for tissue engineering applications.
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Figures and Figure Captions
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Figure 1. Schematic representation of the different procedures for PVDF three-dimensional

scaffolds production.



Figure 2. SEM images of the morphology of the PVDF scaffolds obtained by a) salt leaching

method, b) using nylon templates and c¢) using PVA templates and freeze extraction.
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Figure 3. Pore size distribution of the PVDF scaffolds obtained by a) solvent casting with NaCl
leaching, b) solvent casting with a 3D nylon template and c) freeze extraction with a 3D PVA

template d) Degree of porosity of the PVDF scaffolds.
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Figure 4. a) FTIR spectra of neat PVDF and the scaffolds processed by different methods and b)

variation of B-phase content for the same samples.
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Figure 5. a) DSC thermographs of neat PVDF and PVDF scaffolds obtained from solvent-

casting particle leaching and with nylon and PVA templates; b) variation of the degree of

crystallinity for the different scaffolds.
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Figure 6. Characteristics stress—strain curves of PVDF scaffolds for compression assays at 15 %.
PVDF scaffolds obtained by a) solvent-casting NaCl leaching, b) freeze extraction with a M1
template c) freeze extraction with a M4 template. d) Evolution of the maximum stress obtained

up to 10 cycles.
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Figure 7. Different structures and morphologies of PVDF for tissue engineering applications



Tables and Table Captions

Table 1: PVDF structures, processing method and tissue engineering applications reported in the

literature.
Polymeric
Composition Method Application Ref.
structure
Particles PVDF Electrospray  Tissue engineering [22]
Fibronectin adsorption [32]
. Enhanced proliferation of pre-
Stretching of a- P P [32]
osteoblastic cells
phase
Skeletal muscle tissue
Films PVDF [23]
engineering
Homogeneous cell distribution [33]
Solution cast  and more significant deposition
of fibronectin
o Skeletal muscle tissue
PVDF Electrospinning o [23]
engineering
Promoting the neuronal
differentiation  and  neurite [34]
extension.
Promising base material for
PVDF-TrFe Electrospinning manipulating cell behavior and
Fibers . . . [16]
proliferation in a  three
dimensional matrix
Neurite extension of primar
neurons
PVDF/Poly(uretha o Wound healing
Electrospinning [15]
ne) (PU)
PVDF Electrospinning Bone [36]




Table 2. PVA template designation with corresponding distance between filaments.

Templates Filaments distance (mm)
M1 0.6
M2 0.8
M3 1

M4 1.2



Table 3. Tangent modulus (MPa) of scaffolds at 15 % of strain presented as average + standard

deviation.
Sample Young’s Modulus (MPa)
NaCl leaching 22+03
Nylon template 04+0.1
M1 0.79£0.08
M2 0.94 +£0.03
M3 1.02+0.01
M4 1.5+0.3



Nylon, PVA
removal




Highlights

-Three dimensional scaffolds based on electroactive PVDF have been fabricated.

-Three processing methods, including solvent casting and freeze extraction have been used.
-Different architectures and interconnected porosity have been achieved.

-The scaffolds are in the electroactive B-phase and show a crystallinity degree of ~ 45 %.

-The scaffolds show properties suitable for novel tissue engineering applications.



