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Abstract: Poly(vinylidene fluoride) nanocomposites processed with different morphologies, such 21 
as porous and non-porous films and fibres, have been prepared with silica nanoparticles (SiNPs) of 22 
varying diameter (17, 100, 160 and 300 nm) which in turn have encapsulated perylenediimide 23 
(PDI), a fluorescent molecule. Structural, morphological, optical, thermal, and mechanical 24 
properties of the nanocomposites, with SiNP filler concentration up to 16 wt% were evaluated. 25 
Further, cytotoxicity and cell proliferation studies were performed. All SiNPs are negatively 26 
charged independently of the pH and more stable from pH 5 upwards. The SiNPs introduction 27 
within the polymer matrix increases the contact angle independently of the nanoparticle diameters 28 
and the smallest ones (17 nm) improve the PVDF Young modulus from 0.94 ± 0.04 GPa for the 29 
pristine polymer film to 1.05 ± 0.06 GPa. Varying filler diameter, physico-chemical, thermal and 30 
mechanical properties of the polymer matrix were not significantly affected. Finally, the SiNPs 31 
inclusion does not induce cytotoxicity in murine myoblasts (C2C12) after 72 h of contact and 32 
proliferation studies reveal that the prepared composites represent a suitable platform for tissue 33 
engineering applications, as they allow to combine the biocompatibility and piezoelectricity of the 34 
polymer with the possible functionalization and drug encapsulation and release of the SiNP. 35 

Keywords: Nano-structures; Polymer-matrix composites (PMCs); Mechanical properties; Thermal 36 
properties 37 

 38 

1. Introduction 39 
The development of advanced multifunctional materials is essential for the development of 40 

society [1]. Nanocomposites are among the most important materials for an increasing number of 41 
applications due to the possibility of designing materials with tailored properties meeting specific 42 
application demands in areas ranging from automotive [2-3] to food packaging [4-5] and tissue 43 
engineering [6-7], among others. The introduction of inorganic nanomaterials into polymers allows  44 
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the combination of the rigidity and high thermal stability of the inorganic material with the 45 
ductibility, flexibility and processability of the organic polymers [8], as well as the 46 
introduction/tuning of further functionalities such as magnetic [9] or electrical properties [10]. 47 
Typical nanomaterials include nanoparticles, nanotubes, nanofibres, fullerenes and nanowires [11]. 48 
Among nanomaterials, silica is widely present in the environment and has several key features [12].  49 

Properties of silica nanoparticles, such as high mechanical strength, permeability, thermal and 50 
chemical stability, relatively low refractive index and high surface area, make these nanoparticles 51 
highly interesting for applications [13]. Further, their biocompatibility and the different possibilities 52 
to functionalize them are at basis of their large potential for biomedicine and tissue engineering 53 
applications [14]. Silica nanostructures have been extensively used as supports or carriers in drug 54 
delivery [15-16], nanomedicine [17-18] or bioanalysis [19]. Their characteristics can be tuned during 55 
synthesis to obtain a wide range of particle diameters ranging from 20 to 500 nm, different pore sizes 56 
and the incorporation of molecules such as drugs or fluorophores [19], as well as magnetic 57 
nanostructures [20]. Mesoporous silica nanoparticles (MSNPs) [15, 21] have attracted particular 58 
attention for their functionalization versatility. Silica-based mesoporous nanoparticles, due to the 59 
strong Si-O bond compared to niosomes, liposomes and dendrimers, are more resistant to 60 
degradation and mechanical stress, inhibiting the need of any external stabilization of the MSNPs 61 
[22-23]. 62 

With respect to tissue engineering, different tissues require different microenvironments for 63 
suitable regeneration [24]. Thus, muscle tissue has electromechanical response and needs electrical 64 
stimulation to support ionic exchange, mainly sodium by calcium ion [25]. In this context, 65 
electroactive polymers such as magnetoelectric [26-27], piezoelectric and conductive polymers [28], 66 
among others [29], show strong potential for tissue engineering applications. Among the different 67 
electroactive polymers, piezoelectric polymers have already shown their suitability for tissue 68 
engineering [6, 24] due to their capacity to vary surface charge when a mechanical load is applied or 69 
vice versa. These materials can play a significant role because the electric stimulation can be found in 70 
many living tissues of human body, namely neural [30] and bone [31-32], and it can provide the 71 
electromechanical solicitations for muscle [33]. Poly(vinylidene fluoride) (PVDF) is the 72 
biocompatible piezoelectric polymer with the highest piezoelectric response and can be processed in 73 
different morphologies, including fibres, spheres, membranes, and 3D scaffolds [24, 34] providing a 74 
suitable platform for tissue engineering.   75 

In order to further exploit the applicability of PVDF in regenerative medicine, polymer 76 
nanocomposites based on PVDF using silica nanoparticles with different diameters were prepared, 77 
improving the electroactive characteristics of PVDF with the aforementioned characteristics of 78 
MSNPs for biomedical applications. Together with the physico-chemical characteristics of the 79 
developed composites, their biocompatibility was evaluated in murine myoblast cells. 80 

2. Materials and Methods  81 

2.1. Materials 82 

PVDF (Solef 1010) was purchased from Solvay, N,N-dimethylformamide (DMF) from Merck. 83 
Absolute ethanol (EtOH, Panreac, 99.5%), ammonium hydroxide solution (NH4OH, 28% in water, 84 
Fluka) and tetraethyl orthosilicate (TEOS, Aldrich, 99%) were used as received. Deionized water 85 
from a Millipore system Milli-Q ≥ 18 MΩ cm was used in the synthesis of the silica nanoparticles. 86 
Perylenediimide derivative (PDI) was synthesized according to the literature [35].  87 

2.2. Silica nanoparticles 88 

2.2.1. Preparation of the silica nanoparticles 89 
Fluorescent silica nanoparticles, doped with PDI were prepared by a modified Stöber method 90 

[36-37]. Water, absolute ethanol, and PDI (previously dispersed in ethanol, 1×10-6 M) were mixed 91 
and after 30 min the ammonia solution was added to the mixture, followed by TEOS. The reaction 92 
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was kept under stirring at constant temperature for 24 h. After that time, the nanoparticles were 93 
recovered and washed with ethanol (3 cycles of centrifugation). The nanoparticles were redispersed 94 
in ethanol and dried at 50 ºC in a ventilated oven. The experimental details are provided in Table 1. 95 

Table 1 - Experimental details used for the preparation of the SiNPs. 96 

Particle 
diameter (nm) 

EtOH 
(g) 

H2O 
(g) 

PDI solution 
(mL) 

NH3 
(mL) 

TEOS 
(mL) 

Reaction 
temperature (ºC) 

17 84.13 7.99 3 1.51 4.46 50 
100 105.73 4.65 4 6.68 9.00 30 
160 53.18 11.03 4 2.67 4.46 50 
300 53.18 11.03 4 2.67 4.46 30 

 97 

2.2.2. Characterization of the SiNPs 98 
Transmission electron microscopy: Transmission electron microscopy (TEM) images were 99 

obtained on a Hitachi transmission electron microscope (model H-8100 with a LaB6 filament) with 100 
an acceleration voltage of 200 kV. One drop of the dispersion of particles in ethanol was placed on a 101 
carbon grid and dried in air before observation. The images were processed with the Fiji software. 102 

Zeta potential: The surface charge of the nanoparticles was estimated with the use of zeta 103 
potential (Zetasizer NANO ZS-ZEN3600, Malvern). The zeta potential of the fluorescent SiNPs with 104 
different diameters were evaluated at different pH (3, 5, 7, 11, 13). To adjust the pH, it was used a 105 
solutions of HCl (1M) and NaOH (1M). The average value and standard deviation for each sample 106 
were obtained from 6 measurements. 107 
 108 

2.3. Nanocomposite samples 109 

2.3.1. Preparation of the SiNPs/PVDF nanocomposites 110 
SiNPs/PVDF nanocomposites with 16 wt % of SiNPs were prepared by dispersing the 111 

respective mass of SiNPs in the DMF solvent within an ultrasound bath for 4 h at room temperature. 112 
The filler concentration was selected based in [38], as it shows a suitable filler content without 113 
compromising the mechanical characteristics of the polymer matrix and allowing a suitable 114 
dispersion of the filler. After obtain a good dispersion of the nanoparticles, PVDF was added with a 115 
concentration of 15% (w/w) and the solution was magnetically stirred at room temperature until the 116 
complete dissolution of the polymer. The materials were then prepared by different production 117 
methods [34]. 118 

First, SiNPs/PVDF samples (porous and non-porous films) were prepared by solution casting 119 
on a clean glass substrate and, in some cases, melted at different temperatures for different times 120 
(table 2). The different preparation conditions allow to tailor both porosity and to study the 121 
possibility of the nucleation of the electroactive β-phase of the polymer by the fillers [39]. The 122 
thickness of the films ranges from 30 to 50 µm. 123 

 124 

 125 

 126 

 127 
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Table 2 - Denomination, relevant preparation conditions and morphology of the PVDF and 128 
nanocomposite samples prepared in this work. 129 

Morphology Temperature 
(ºC) 

Time to 
melt/dry 

Diameter 
of the 

nanoparticles 

Samples 
morphology (P: 

porous; NP: 
non-porous) 

Denomination 

Films (F) 

90 30 

--- NP F90-NP 
17 NP F90-17NP 
100 NP F90-100NP 
160 NP F90-160NP 
300 NP F90-300NP 

210 10 

17 

NP F210-17NP 
Room 
temperature 
(Tamb) 

---- P FTamb-17P 

Oriented 
fibres (O) ---- ---- P O-17P 

Random 
fibres (R) ---- ---- P R-17P 

 130 
For SiNPs/PVDF electrospun fiber mats, the solution was placed in a plastic syringe (10 mL) 131 

fitted with a steel needle with inner diameter of 0.5 mm. After an optimization procedure, 132 
electrospinning was conducted with a high voltage power supply from Glasman (model 133 
PS/FC30P04) at 14 kV with a feed rate of 0.5 mL.h-1 (with a syringe pump from Syringepump). The 134 
electrospun fibres were collected in an aluminum plate (placed at 20 cm from the needle) and in a 135 
rotating drum (1500 rpm) to obtain random and oriented nanofibres, respectively.  136 

Table 2 summarizes the main characteristics of the samples and the corresponding 137 
denomination that refers the type of sample and processing temperature, the nanoparticle diameter 138 
and the composite morphology. For example, F90-17NP is a film (F) obtained at 90 ºC (90) with 139 
nanoparticles with a diameter of 17 nm (17), which is non-porous (NP). 140 
 141 
2.3.2. Characterization of the nanocomposite samples 142 

Scanning electron microscopy: A desktop scanning electron microscope (SEM) (Phenom ProX, 143 
Netherlands) was used to observe the morphology and microstructure of the PVDF and 144 
SiNPs/PVDF nanocomposites. This technique was also used to observe the cell morphology seeded 145 
on the different fibrous samples. All the samples were added to the aluminium pin stubs with 146 
electrically conductive carbon adhesive tape (PELCO TabsTM). The aluminium pin stub was then 147 
placed on a phenom Charge Reduction sample Holder. All results were acquired using the ProSuite 148 
Software. The images were obtained with an acceleration voltage of 10 kV. All results were acquired 149 
using the ProSuite software. 150 

Laser scanning confocal fluorescence microscopy: Laser scanning confocal fluorescence 151 
microscopy (LSCFM) images were obtained with a Leica TCS SP5 laser scanning microscope (Leica 152 
Mycrosystems CMS GmbH, Mannheim, Germany) using an inverted microscope (DMI6000), a HCX 153 
PL APO CS 10x dry immersion objective (10x magnification and 0.4 numerical aperture) and a HC 154 
PL FLUOTAR 50x dry immersion objective (50x magnification and 0.8 numerical aperture). Imaging 155 
used the 488 nm line of an argon ion laser. 156 

Contact angle measurements: Water contact angle (CA) measurements (sessile drop in dynamic 157 
mode) were performed at room temperature in a Data Physics OCA20 set up using ultrapure water 158 
as the test liquid. The samples wettability was determined by using water drops (3 µL) placed onto 159 
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the surface of the samples. Each sample was measured at six different locations and the mean contact 160 
angle and standard deviation were calculated. 161 

Fourier transform infrared spectroscopy: Fourier transform infrared spectroscopy (FTIR) 162 
measurements in attenuated total reflectance (ATR) were performed at room temperature, using a 163 
Nicolet Nexus 670 FTIR-spectrophotometer with Smart Orbit Accessory equipment. The analysis 164 
was performed from 4000 to 600 cm-1, after 64 scans with a resolution of 4 cm-1. The spectra of each 165 
sample was used to determine the relative content of the electroactive β-phase in the composite 166 
samples, by using the method presented in [39]. In short, the β-phase content (Fβ) was calculated by 167 
equation 1. 168 𝐹ఉ = 𝐴ఉቀ௄ഁ௄ഀቁ × 𝐴ఈ + 𝐴ఉ                                                                               (1) 169 

where 𝑨𝜷 are the absorbance at 840 cm-1 and Kβ = 7.7. x 104 cm2.mol-1 is the absorption coefficients 170 
and correspond to the β phase. Aα is the absorbance at 760 cm-1 and Kα =6.1 x 104 cm2.mol-1 is the 171 
absorption coefficient, and correspond to the α phase. 172 

Thermal properties: Differential scanning calorimetry (DSC) was carried out with a DSC 6000 173 
Perkin Elmer instrument. The samples were heated from 30 to 200 ºC at a rate of 10 ºC.min-1 under a 174 
flowing nitrogen atmosphere. Samples were cut from the middle region of the samples and placed in 175 
aluminum pans. 176 

From the melting in the DSC thermograms, the degree crystallinity (Xc) of the samples was 177 
calculated by the following equation 2 [39]. 178 𝑋௖ = 𝛥𝐻௙𝑥𝛥𝐻ఈ + 𝑦𝛥𝐻ఉ                                                                        (2) 179 

where 𝜟𝑯𝒇 is the melting enthalpy of the sample, x and y represent the α and β phase contents 180 
present in the sample, respectively, and 𝜟𝑯𝜶  and 𝜟𝑯𝜷  are the melting enthalpies for a 100% 181 
α-PVDF (93.04 J.g-1) and β-PVDF (104.4 J.g-1) crystalline samples respectively.  182 

Mechanical characterization: Mechanical measurements were performed with a universal 183 
testing machine (Shimadzu model AG-IS) at room temperature, in tensile mode at a test velocity of 1 184 
mm.min 1, with a load cell of 50 N. The tests were performed on rectangular samples (30 x 10 mm) 185 
with a thickness between 30 and 50 µm (Fischer Dualscope 603-478, digital micrometer). The 186 
mechanical parameters were calculated from the average of triplicate measurements. The Hook’s 187 
law was used to obtain the effective Young’s modulus (E) of PVDF and SiNPs/PVDF nanocomposite 188 
samples in the linear zone of elasticity between 0 and 1% strain. 189 

 190 

2.4. Cell culture experiments 191 

2.4.1. Sample sterilization 192 

The samples were sterilized by multiple immersions into 70% ethanol for 30 min each and to 193 
remove any residual solvent, they were washed 5 times in a phosphate buffered saline (PBS) 1x 194 
solution for 5 min each. Each side of the samples was then exposed to ultraviolet (UV) light for 1 h. 195 
 196 
2.4.2. Cell culture 197 

Murine myoblasts (C2C12 cell line) were cultivated in Dulbecco’s Modified Eagle’s Medium 198 
(DMEM, Gibco) with 4.5 g.L-1 containing 10% of Fetal Bovine Serum (FBS, Biochrom) and 1% of 199 
Penicillin/Streptomycin (P/S, Biochrom). The cells were grown in 75 cm2 cell-culture flask at 37 ºC in 200 
a humidified air containing 5% CO2 atmosphere. Every two days, the culture medium was changed. 201 
The cells were trypsinized with 0.05% trypsin-EDTA when reached 60-70% confluence. For the 202 
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cytotoxicity assays, SiNPs/PVDF nanocomposites with different morphologies were cut according 203 
the ISO_10993-12. The extraction ratio (surface area or mass/volume) was 6 cm2.mL-1. To analyze cell 204 
morphology and viability, the materials were cut into 6 mm of diameter. PVDF films without 205 
nanoparticles were used as control. 206 
 207 
2.4.3. Cytotoxicity assay by the indirect contact 208 

C2C12 cells were seeded at the density of 2×104 cells.mL-1 in 96-well tissue culture polystyrene 209 
plates. Cells were allowed to attach for 24 h, after which the culture medium was removed and the 210 
conditioned medium (the medium that was in contact with the samples) was added to the wells 211 
(100 µL). Afterwards, the cells were incubated for 24 or 72 h, and the number of viable cells was 212 
quantified by (3 (4,5 Dimethylthiazol 2 yl) 2,5 diphenyltetrazolium bromide) (MTT) assay. The cells 213 
received MTT solution (5 mg.mL-1 in PBS dissolved in DMEM in proportion of 10%) and were 214 
incubated in the dark at 37 ºC for 2 h. The medium was then removed and 100 µL of DMSO/well was 215 
added to dissolve the precipitated formazan. The quantification was determined by measuring the 216 
absorbance at 570 nm using a microplate reader. All quantitative results were obtained from four 217 
replicate samples and controls and were analyzed as the average of viability ± standard deviation 218 
(SD). 219 
 220 
2.4.4. Direct contact and Proliferation 221 

Since MTT interferes with the materials, it had chosen the MTS that having the same theoretical 222 
base but with soluble reaction product. C2C12 cells (4000) were seeded on each samples. After 24 h 223 
and 72 h, the viable cell number was determined using the 224 
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) 225 
assay. At the desired time points, the MTS reagent was added into each well in proportion of 1 part 226 
to 5 of DMEM medium, and incubated at 37 ºC for 2 h. The absorbance was detected at 490 nm with 227 
a microplate reader. Experimental data were obtained from four replicates.  228 
 229 
2.4.5. Immunofluorescence staining 230 

Using the same time-points as in the proliferation assays, the nanocomposite samples were 231 
subjected to immunofluorescence staining to analyse the cytoskeleton morphology of the cells, 232 
verifying also the cell viability and adhesion. At each time point, the medium of each well was 233 
removed, the samples were washed with PBS and the cells fixed with 4% formaldehyde for 10 min at 234 
37 ºC in a 5% CO2 incubator. After fixation, the samples were washed with PBS 1x (three times) and 235 
incubated for 45 min at room temperature in 0.1 µg mL-1 of green phalloidin (Sigma). Then, the 236 
samples were incubated for 5 min with 1 µg mL-1 of 4,6-diamidino-2-phenylindole (DAPI, Sigma). 237 
Afterwards, the samples were washed again with PBS 1x (three times) and one time with distillate 238 
water. Finally, the samples were visualized in a fluorescence microscopy (Olympus BX51 239 
Microscope). 240 

 241 

3. Results and Discussion 242 

3.1. Silica nanoparticles 243 

3.1.1. Morphology and size of the nanoparticles 244 

The morphology and the size of the SiNPs were analyzed from TEM images (figure 1). The 245 
spherical nanoparticles prepared by the Stober method [40] were prepared in four different 246 
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diameters: 17 ± 2, 100 ± 18, 160 ± 17 and 300 ± 37 nm. The corresponding histograms are presented as 247 
insets in figure 1.  248 

 249 
Figure 1 - TEM images of SiNPs-PDI with different particle size: a) 17±2 nm, b) 100±18nm, c) 250 
160±17nm and d) 300±37nm. 251 
 252 
3.1.2. Surface charge of the nanoparticles 253 

Figure 2 shows the zeta potential of aqueous dispersions of the different SiNPs at different pH 254 
to analyze the periphery charge of the particles.  255 
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Figure 2 - Zeta potential of the different SiNPs nanoparticles at different pH. 257 

 258 
The particles are considered more stable with a zeta potential above +30 mV or below -30 mV. 259 

This fact is due to the electrostatic repulsions between the nanoparticles that prevent their 260 
aggregation. Figure 2 shows that all nanoparticles are more stable at pH ≥ 5, independently of their 261 
average diameter. On the other hand, nanoparticles with higher average diameters are more stable. 262 
The isoelectric point of SiNPs is close to pH 2 so, from this pH upwards, the silica nanoparticles are 263 
negatively charged in acidic, neutral and basic environments, which can be taken to advantage, as it 264 
has been demonstrated that the interactions between negatively charged nanoparticle surfaces and 265 
the positive charge density of the CH2 groups of the PVDF polymer, can promote the nucleation of 266 
the electroactive β-phase of the polymer [41]. 267 
 268 
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3.2. SiNPs/PVDF nanocomposite samples 269 

3.2.1. Morphology of the nanocomposites 270 
The morphology of the nanocomposites was assessed by SEM. Figure 3 shows the different 271 

morphologies obtained after the different processing methods as well as the variations due to the 272 
introduction of fillers with different diameters. Figure 3 shows the cross section (figure 3a-3c) of the 273 
nanocomposites and electrospun fibres samples (figure 3d) with 16 wt% of SiNPs. Figures 3a and 3b 274 
present the differences between the samples obtained at 90 ºC with SiNPs of different diameters, 275 
showing that the higher diameter particles are well-dispersed in the PVDF polymer matrix, contrary 276 
to the SiNPs with lower diameter that present particles agglomerates. Furthermore, a small porosity 277 
is observed (figure 3a), which is in agreement with the literature [42]. 278 

It is to notice that the nanoparticles act as nucleation agents for crystallization in PVDF 279 
composites [43], which can be verified with the results obtained, indicating a good interfacial 280 
interaction between the PVDF chains and silica nanoparticles. 281 

Figure 3a and 3c show the differences in composite morphology due to the crystallization 282 
process. The samples obtained at 90 ºC (figure 3a and 3b) present a slightly more porous 283 
morphology than the ones obtained at 210 0C (figure 3c). 284 

 285 
Figure 3 - Cross section SEM micrographs of SiNPs/PVDF nanocomposite samples with 286 
nanoparticles of different diameters and different processing conditions: a) F90-17NP, b) F90-300NP, 287 
c) F210-17NP, d) R-17P. 288 
 289 

Once the SiNPs with 17 nm do not show a suitable dispersion in the films, electrospinning has 290 
been used in order to produce fibres with well dispersed particles. Relatively to the fibres (figure 3d), 291 
smooth randomly oriented fibres with encapsulated particles are observed, with no particles at the 292 
surface. 293 

This result is confirmed by the confocal images represented in figure 4. It was observed that the 294 
introduction of the particles increase the fibre diameter (243 ± 89 nm to 339 ± 92 nm). Oriented fibres 295 
with SiNPs were also produced (data not shown), verifying also the particles encapsulation within 296 
the fibres and fibre diameter of 683 ± 140 nm. The increase of fibre diameter with the incorporation of 297 
the SiNPs is attributed to the higher viscosity of the solution, with also hinders fibre stretching by the 298 
applied field. The higher diameter of the oriented fibres comparatively to the randomly oriented 299 
fibres is attributed to the merging of aligned fibrils that crystallize simultaneously [44]. 300 
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 301 
Figure 4 - Representative confocal images of SiNPs/PVDF nanocomposites with different 302 
morphologies: a) F210-17NP, b) F90-17NP, c) Ftamb-17P, d) O-17P and e) R-17P. 303 
 304 
3.2.2. Confocal fluorescence microscopy of the nanocomposites  305 

The incorporation of PDI in the silica nanoparticles can increase their application range, in 306 
particular, for biomedical applications, as it allows their tracking and localization [37, 45]. In figure 4, 307 
the green colour identifies the fluorescence of the nanoparticles, higher colour intensity indicates a 308 
higher number of nanoparticles present. Figures 4a, 4b and 4c show that as the processing 309 
temperature decreases, a larger aggregation of nanoparticles is observed. In figure 4a, where the 310 
temperature is higher, more homogeneous samples were obtained. 311 

Relatively to the oriented and random fibres, figure 4d and 4e, respectively, it is observed that 312 
the nanoparticles are present and included within the fibres. 313 
 314 
3.2.3. Wettability of the nanocomposites 315 

Material surface characteristics are essential in demining cell response in tissue engineering 316 
applications. In this sense, the static CA was measured on the different SiNPs/PVDF nanocomposites 317 
and the values are presented in figure 5. 318 
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Figure 5 - Contact angle of the SiNPs/PVDF nanocomposites: a) PVDF with the SiNPs with 321 

different diameters processed at 90 0C and b) SiNPs/PVDF samples with silica nanoparticles (17 nm) 322 
with different morphologies. 323 

 324 
The introduction of the Si nanoparticles increases the CA values, independently of the diameter 325 

of the silica nanoparticles [13], to around 100º excepting for the samples with silica nanoparticles 326 

a) b) 
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with the highest diameter (F90-300NP). This increase is attributed to the hydrophobic properties of 327 
the silica nanoparticles [13]. The CA of the samples with the nanoparticles with the highest diameter 328 
show a higher range of CA values, which is explained by the variation in the diameter of the 329 
nanoparticles, as observed in figure 1. Regarding figure 5b, the CA for the composite samples with 330 
the smallest silica nanoparticles show that the CA of PVDF fibres increases significantly when 331 
compared to the one of PVDF films, and the CA of the oriented PVDF fibres is slightly higher than 332 
the one for randomly oriented PVDF fibres, showing a contact angle of 146.0 ± 7.2º. These results 333 
support the idea that the increase of the hydrophobicity of electrospun samples is mainly related to 334 
the membrane morphology [8], the fibres being significantly more hydrophobic than films. In the 335 
case of PVDF films, the CA is also higher for the films with higher porosity as already reported for 336 
pristine films [38].  337 

 338 
3.2.4. Structural properties and electroactive phase content of the nanocomposites 339 

FTIR-ATR spectra allow to identify and quantify (equation 2) the polymer phase present in the 340 
samples and, therefore, to evaluate possible modifications induced by the introduction of silica 341 
nanoparticles (Figure 6). 342 

600 800 1000 1200 1400 1600

F90-300NP

F90-160NP

F90-17NP

F90-100NP

β

Tr
an

sm
itt

an
ce

 (a
.u

.)

Wavenumber (cm-1)

F90-NP

d)

c)

700 800 900 1000 1100 1200 1300 1400 1500

βα β

NO-17P

O-17P

F90-17P

FTamb-17P

 

Wavenumber (cm-1)

Tr
an

sm
itt

an
ce

 (a
.u

.)

 

 

F210-17NP

b)

a)a)

0

10

20

30

40

50

60

70

80

90

100

Samples
  F90-NP  F90-17NP F90-100NP F90-160NP F90-300NP

β 
ph

as
e 

co
nt

en
t (

%
)

 

 

0

10

20

30

40

50

60

70

80

90

100

Samples
F210-17NP  F90-17NP FTamb-17P  O-17P    R-17P

β 
ph

as
e 

co
nt

en
t (

%
)

 343 
Figure 6 - FTIR spectra of a) neat PVDF and SiNPs/PVDF nanocomposites with silica 344 

nanoparticles of different diameters processed at 90 ºC and b) different morphologies of SiNPs 345 
nanocomposites prepared with the smallest nanoparticles. The β-phase content for the different 346 
sample is represented in c) and d). 347 

 348 
Figure 6a shows the FTIR spectra of the different samples prepared at 90 °C as well as the 349 

corresponding quantification of the β-phase content (figure 6c, calculated after equation 1). The 350 
characteristic bands of β PVDF (840 cm-1) is present in all samples, with low traces of α-PVDF (bands 351 
at 766, 855 cm-1), with the exception of F210-17NP. This is mainly attributed to the processing 352 
temperature [42], which mainly governs the solvent evaporation kinetics and the polymer 353 
crystallization in the β phase for processing at temperatures below 90 °C [39]. The introduction of 354 
SiNPs in PVDF does not significantly change the β-phase content, independently of the SiNPs 355 
content and average diameter. The β-phase value of pristine PVDF is 83 ± 3.3% and for the 356 
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nanocomposites F90-17NP, F90-100NP, F90-160NP and F90-300NP, is 62 ± 2.5, 91 ± 3.6, 79 ± 3.1 and 357 
74 ± 3, respectively (figure 6c). On the other hand, figure 6d shows that depending on the 358 
nanocomposites morphology, the polymer crystallizes in different phase, mainly due to the different 359 
processing conditions. Thus, electrospinning involves room temperature solvent evaporation and 360 
polymer stretching during jet formation, both favorable conditions for the crystallization of the 361 
polymer fibres in the β phase [44]. With respect to the films, the F210-17NP nanocomposite, which is 362 
processed by a melting and recrystallization process, crystallizes in the α-phase and shows that the 363 
addition of SiNPs does not induce the nucleation of the electroactive β-phase of the polymer, as 364 
observed in previous study with Fe3O4 spherical nanoparticles [46]. On the other hand, the porous 365 
samples, as well as the fibres, are prepared after solvent evaporation at room temperature, 366 
conditions leading to the crystallization in the β-phase. This fact is not affected by the introduction of 367 
the nanoparticles. Thus, it is concluded that the presence of the nanoparticles does not induce strong 368 
interactions with the polymer chain, leading to the nucleation of a specific phase, as observed with 369 
other fillers such as CoFe2O4 [47] and NaY zeolite [48]. Thus, processing temperature and 370 
solvent/polymer ratio remains the main factor determining polymer phase content in those 371 
composites [34, 39]. 372 

 373 
3.2.5. Thermal behaviour of the nanocomposites 374 

The DSC scans allow to determine the melting temperature and the degree of polymer 375 
crystallinity (figure 7). 376 
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Figure 7 - a) DSC thermographs and b) degree of crystallinity of the SiNPs/PVDF 378 
nanocomposites with different morphologies and with the fillers of lowest average diameter. 379 

 380 
All the samples show an endothermic peak around 168 ºC corresponding to the polymer 381 

melting of the crystalline phase [39], thus, both processing conditions and incorporation of the filler 382 
does not affect the melting temperature. The degree of crystallinity was calculated (equation 2) from 383 
the enthalpy of the melting peak of the DSC thermograms. It is not notice that the samples prepared 384 
by solvent evaporation at 90 ºC and after melting and recrystallization show a lower degree of 385 
crystallinity than the samples prepared by solvent evaporation at room temperature, which also 386 
includes the electrospun samples (figure 7b). The pristine PVDF film processed at 90 ºC shows a 387 
degree of crystallinity of ≈40 %, which slightly increases with the introduction of the SiNPs and with 388 
the size of the SiNPs, being 43% for F90-17NP and 55% for F90-160NP (data not shown). Relatively to 389 
the different morphologies (figure 7a), the endothermic peak value is lower for the sample processed 390 
at 210 ºC, indicating a lower degree of crystallinity if the sample, attributed to the fillers acting as 391 
defects during the crystallization from the melt [49]. Inclusion of the nanoparticles in the fibres does 392 
not significantly alters the crystallinity degree of the O-17P (52%) and R 17P (49%) with respect to the 393 
pristine polymer oriented fibres (50% [8]). 394 

a) b) 
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The latter is ascribed to the combined effect of solvent evaporation at room temperature and 395 
stretching during the crystallization process that overcome the effect of the presence of NP. 396 

 397 
3.2.6. Mechanical properties of the nanocomposites 398 

The mechanical properties of the materials are essential parameters to design a scaffold suitable 399 
for tissues with different mechanical characteristics. The characteristic mechanical strain-stress 400 
curves of samples with different morphology, filler type and content are presented in figure 8. 401 

Figure 8a shows the stress-strain curves for the nanocomposites prepared with fillers with 402 
different average diameter after a melting process and figure 8b refers to the nanocomposites with 403 
the same SiNPs (17 nm) after different processing conditions. Independently of the filler average 404 
diameter or processing conditions all samples show the typical mechanical behaviour of PVDF [50] 405 
characterized by the elastic region, yielding and plastic region, i.e. the typical behaviour of a 406 
thermoplastic elastomer. 407 
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Figure 8 - Stress-Strain curves for a) SiNPs/PVDF nanocomposites with different SiNPs average 408 

diameters within the PVDF matrix and b) for nanocomposites obtained after different processing 409 
conditions. 410 

 411 
The Young modulus of the samples was calculated from the linear zone of elasticity between 0 412 

and 1% strain, as presented in table 3. 413 
 414 

Table 3 - Young modulus of the SiNPs/PVDF nanocomposites varying the average diameters of the 415 
SiNPs and the processing method. The values shown as mean ± SD. 416 

 417 

 418 

 419 
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 421 

 422 
 423 
The characteristic features of the strain-stress curves are similar for all the materials, 424 

demonstrating that the mechanical characteristics are not strongly dependent on nanoparticle 425 
diameter. Further, the introduction of particles with different diameters does not significantly affect 426 
the Young modulus of the pristine PVDF (F210-NP) - 0.94 ± 0,04 GPa. However, a slight 427 
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F210-17NP 1.05 ± 0.06 

F90-17NP 0.95 ± 0.04 

FTamb-17P 0.74 ± 0.07 
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R-17P 0.032 ± 0.002 
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improvement of the Young modulus is observed for the samples prepared with smaller silica 428 
nanoparticles (F210-17NP): 1.05 ± 0.06 GPa, this is in line with reports showing that the modulus 429 
increases as the particle size decreases [51]. Relatively to the different production methods for the 430 
polymer films, F210-NP, F90-17NP and Ftamb-17P, it is observed that the more porous is the 431 
structure, the lower is the Young modulus, 0.83 ± 0.16 GPa for FTamb-17P. On the other hand, 432 
oriented fibres (O-17P) show higher Young modulus (0.082 ± 0.012 GPa) than the random fiber 433 
samples (R-17P) (0.032 ± 0.002 GPa) due to the larger number of fibres along the stretch direction [8]. 434 

Relatively to the other samples, the production method has a relevant influence on their 435 
mechanical response, as the samples prepared at room temperature by solvent evaporation showing 436 
lower Young modulus than those obtained at 210 ºC, due to the porous nature of the former and the 437 
compact structure of the later, as was also visible in the SEM images (figure 3). 438 

 439 
3.3. Cell culture studies 440 

In order to explore the potential use of the developed materials in tissue engineering 441 
applications, it is necessary to evaluate the putative cytotoxicity of the samples. The study of 442 
metabolic activity of C2C12 myoblasts, evaluated with the MTS assay, was applied to all samples 443 
and the results for 24 and 72 h are presented in figure 9. Thus, the effects associated with introducing 444 
fluorescent SiNP with different sizes is analyzed as well as the effect of the different 445 
microstructures/morphologies. 446 
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Figure 9 - Cytotoxicity indirect test of a) samples prepared with nanoparticles of different 448 

diameters and prepared by solvent evaporation at 90 ºC and b) samples prepared with SiNPs of 449 
17 nm diameter after different processing methods and therefore with different morphologies. 450 

 451 
It has been already reported that PVDF is biocompatible and shows no cytotoxicity to C2C12 452 

cells for 24 or 72 h [24, 33]. The SiNPs are also biocompatible for many cells including C2C12 453 
myoblasts [52-54]. 454 

Thus, figure 9 shows that none of the samples are cytotoxic, independently of the nanoparticle 455 
diameter and of the material morphology. It is to notice that despite both materials being 456 
biocompatible, the result is not evident, as polymer-filler interface effects or solvent retained in the 457 
nanoparticles or in the interface areas, can lead to cytotoxic effects. According to the ISO standard 458 
10993-5, samples are considered cytotoxic when cells suffer a viability reduction larger than 30%. 459 
The measured cell viability values are all higher than 70%, confirming the cytocompatibility of the 460 
SiNPs/PVDF nanocomposites. 461 

C2C12 myoblasts were used in previous studies to analyze cell proliferation of cultures grown 462 
on porous [55] and non-porous [33] PVDF films as well as fibres [33], with the verification that 463 
C2C12 cells proliferate better on piezoelectric β-PVDF “poled” samples. The samples obtained in 464 
this work were studied to determine the suitability for tissue engineering applications, namely 465 
muscle tissue. 466 
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The MTS (figure 10), immunofluorescence (figure 11) and SEM (figure 12) assays were used to 467 
assess cell viability and morphology in the different samples. Relatively to the proliferation results 468 
(Figure 10), the cell viability has been obtained in relation to the sample of F90-NP at 24 h. 469 

 470 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = ൬𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑎𝑡 72ℎ𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐹90-𝑁𝑃 𝑎𝑡 24ℎ  × 100൰ − 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝐹90-𝑁𝑃 𝑎𝑡 24ℎ     (3)   471 

 472 
Figure 10 shows that cell viability of the samples increases after 72 h of cell culture, 473 

independently of the SiNPs diameters (figure 10a) and the morphology of the materials (figure 10b), 474 
when compared with the sample without particles (F90-NP). No significant differences are observed 475 
between the samples and the negative control (F90-NP), revealing that C2C12 myoblast proliferation 476 
is not affected by the presence of SiNPs in the PVDF matrix. In fact, it has been reported that SiNPs 477 
included in different polymers improves cell attachment and proliferation, and enhances cellular 478 
processes [56-57], which is in agreement with the obtained results. 479 
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Figure 10 - Cell proliferation of C2C12 cells seeded on a) SiNPs/PVDF samples prepared at 481 
90 0C with different sized nanoparticles and b) SiNPs/PVDF samples with different morphologies. 482 

 483 
Cell cytoskeleton morphology, viability and adhesion were analyzed by fluorescence 484 

microscopy for porous and non porous films and SEM for fibre samples.  485 
Independently of the nanoparticles diameters and the sample morphology, it is observed that 486 

the cell behavior is similar. Bigger cell agglomerates are observed with increasing nanoparticles 487 
diameter (which also show larger nanoparticle agglomerates) on the samples (figure 11 a-d). This 488 
fact is associated with the interaction between serum proteins and nanoparticles present on the 489 
PVDF matrix, as it has been reported that negative surface charge enhance the adsorption of proteins 490 
with isoelectric point more than 5.5 such as immunoglobulin G (IgG) that can be important for 491 
C2C12 myoblasts [58-59]. Cell cultures on PVDF fibres prepared with the smaller silica nanoparticles 492 
were analyzed by SEM and figure 12 shows the cell morphology of C2C12 cells after 72 h of cell 493 
culture on oriented and random PVDF fiber nanocomposites. 494 

 495 
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 496 
Figure 11- Representative images of C2C12 myoblast culture after 72 h on a) F90-17NP, b) 497 

F90-100NP, c) F90-160NP, d) F90-300NP, e) F210-17NP and f) FTamb-17P samples (nucleus stained 498 
with DAPI-blue and cytoskeleton stained with FITC-green). Scale bar = 100 µm for all the samples. 499 

 500 
These representative images demonstrate that in the presence of fibrillar microstructure the 501 

muscle cells orientate their cytoskeleton along the fibres, which is in agreement with the literature 502 
[33]. In this way, in the presence of oriented fibres, the cells share a similar architecture to the natural 503 
muscle cells in living systems.  504 

 505 

 506 
Figure 12 - Cell morphology obtained by SEM of C2C12 myoblasts seeded on PVDF fibres: a) 507 

O-17P and b) R-17P, after 3 days of culture. The scale bar is 200 µm for all samples. 508 
 509 

a) b) 

a) b) 

c) d) 

e) f) 

a) b) 
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Thus, the overall results prove the potential of the use of SiNPs/PVDF piezoelectric 510 
nanocomposites for muscle tissue engineering. Physical and chemical stimuli are important factors 511 
to obtain tissues with characteristics similar to those of natural living tissues in the human body, 512 
developing therefore specific biomimetic microenvironments for different tissues, attending their 513 
specific biophysico-chemical needs. The developed platform presents nanocomposites with different 514 
morphologies (membranes and fibres), piezoelectric β phase and SiNPs diameter (from 17 to 515 
300 nm), which makes it an interesting and complete platform for tissue engineering. 516 

Furthermore, this platform will allow further studies applying mechanical stimuli on the 517 
nanocomposites obtained in this work with specific bioreactors [31] applying mechanical and/or 518 
mechanoelectrical stimuli. It may also take advantage of the SiNPs capacity to include specific 519 
biomolecules or to develop drug delivery systems, or more specifically, differentiation factors to 520 
promote directed myogenic differentiation.  This will allow not only a deeper knowledge of the 521 
necessary stimuli for muscle tissue regeneration, but also more effective therapies. 522 

 523 

5. Conclusions 524 
Different parameters are important for tissue engineering, such as materials morphology, 525 

porosity and the PVDF electroactive phase, are modified in the obtained membranes.  526 
Different diameters of silica nanoparticles have been introduced within PVDF polymer matrix 527 

to obtain multifunctional samples for tissue engineering applications. 528 
It is observed that the introduction of the SiNPs fillers in the PVDF matrix decreases its 529 

wettability. Further, it is shown that the filler diameter does not significantly affects the properties of 530 
the polymer matrix, such as physico-chemical, thermal and mechanical properties.  531 

Cytotoxicity assays with C2C12 cells show no cytotoxic associated with neat PVDF and 532 
composites with different SiNPs diameters and sample morphologies.  533 

Thus, it is demonstrated that the developed platform of PVDF materials with silica 534 
nanoparticles demonstrates a large potential for tissue engineering applications allowing to develop 535 
electromechanically active microenvironments with different morphologies with SiNPs allowing 536 
protein functionalization and/or controlled release of specific drugs and/or growth or differentiation 537 
factors according the targeted application.  538 
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