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ABSTRACT 
 

The application of nanofibrous scaffold in tissue engineering has great potential in solving 
the drawbacks of conventional tissue/organ transplant procedures. This present work aims 
to evaluate the effect of polyvinyl alcohol (PVA) inclusion on the physical properties of 
polyvinylidene fluoride (PVDF) nanofibrous membrane fabricated via the electrospinning 
method and its potential as an artificial tissue scaffold. The physical performance of 
electrospun PVDF/PVA samples was assessed by field emission scanning electron microscope 
(FESEM), tensile strength, water contact angle (WCA), degree of swelling, conductivity level, 
and Fourier transform infrared (FTIR) spectroscopy. Based on the physical 
characterisations, sample 90PVDF/10PVA with the PVDF-to-PVA ratio of 90:10 was the 
optimum composition, where the electrospun samples exhibit the most balanced properties 
that meet the requirement for artificial soft tissue replacement. In vitro studies using human 
dermal fibroblast (HDF) cells show that the PVDF/PVA nanofibrous scaffold successfully 
enhanced the adhesion and proliferation of cells compared to the neat PVDF scaffold as 
indicated by the MTT assay and Live/Dead kit. Overall results show the potential of 
PVDF/PVA nanofibrous membrane as a promising material suitable for soft tissue 
engineering applications. 

 
Keywords: Polyvinylidene Fluoride, Polyvinyl Alcohol, Electrospinning, Tissue 
Engineering, Nanofibre Scaffold.  
  
 

1.  INTRODUCTION  
  

In tissue engineering, nanofibre-based scaffold is favourable for nerve, skin, cartilage, and other 
soft tissue replacement applications. The tissue scaffold provides a provisional matrix to facilitate 
the regeneration of damaged tissues by remodelling tissue functions and supporting cell growth 
throughout the artificial microarchitecture [1-3]. For clinical applications, the mechanical 
properties of tissue scaffold should be sufficient to withstand internal and external forces 
depending on the types of tissue and organ. Besides, the tissue scaffold must be biocompatible 
with good hydrophilic characteristic and high surface area-to-volume ratio to expedite cell 
seeding and the diffusion of nutrients through the artificial tissue structure [3].  
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Electrospinning is a simple technique that has been widely used due to its ability to fabricate with 
controllable surface morphology, versatile porosity, and optimal mechanical performance, which 
is favourable for preparing nanofibre scaffold. Studies show that the alignment and diameter of 
fibres tailored using electrospinning can be tuned to meet the specific design of wide range of 
cells / tissues which highly influences the cell growth, degradation rates, physical  

  
condition, and mechanical properties of artificial scaffold [4-5]. Therefore, the selection of 
materials is crucial because the success of electrospinning process depends on the ability of 
polymer solution in forming a fine charged jet when a strong electric field is applied. 
 
Polyvinylidene fluoride (PVDF) is a semi-crystalline polymer structure and could exist in different 
possible polymorphism phases which are α, β, γ, and δ [6]. Previous study on the electrospinning 
of PVDF shows that the dominant orientation crystalline structure of polar β-phase crystal along 
the fibre axis, which gives high electric conductivity behaviour, makes it suitable for tissue 
engineering [7]. The major drawback of PVDF in tissue engineering is that it is not a hydrophilic 
polymer which can lead to low cell affinity and inflammatory effect towards host tissue or organ. 
For that reason, many researchers have incorporated PVDF with hydrophilic fillers such as 
polyurethane (PU), trifluoroethylenen (TrFE), chitosan, graphene oxide (GO), and polyhedral 
oligomeric silsesquioxane–epigallocatechin gallate (POSS–EGCG) conjugate to increase its water 
absorption ability and specific cell recognition sites without losing its mechanical integrity [8-11].   
 
Polyvinyl alcohol (PVA) is a semi-crystalline hydrophilic polymer, which is widely used in 
biomedical applications due to its biocompatibility to most types of tissue, ability to absorb 
protein molecules, ability to adopt a minimum cell adhesion, and highly stable at wide range of 
temperature [12-13]. Other than that, the crystalline structure consists of the hydroxyl group, 
which allows high degree of miscibility with other materials and will act as a cell-bind recognition 
site at the scaffold during the regeneration process [14]. Therefore, PVA can be blended with 
PVDF to obtain a scaffold with desired physical properties that are suitable for cell and tissue 
regeneration processes.  
 
In this study, the physical properties of electrospun PVDF/PVA was investigated using tensile 
strength, water contact angle (WCA), swelling test, morphological characterisation, electrical 
characterisation, Fourier transform infrared (FTIR) spectroscopy and in-vitro cytotoxicity 
testing. To date, no studies on the fabrication of single phase PVDF/PVA nanofibre scaffold using 
the electrospinning technique are reported. 
 
 
2. MATERIAL AND METHODS  
 
2.1 Preparation of Electrospun PVDF/PVA  

 
The PVDF (≈534,000 g/mol, Sigma) and PVA (≈89,000 g/mol, Sigma) were dissolved in 5 mL 
DMSO (≈84.17 g/mol, Merck) solution forming 0.15% (w/v) concentration with varied PVDF-to-
PVA ratio as prepared in Table 1. The electrospinning apparatus was set up horizontally as 
illustrated in Figure 1. The 5-mL polymer solution was placed in a 5-mL plastic syringe with 23G 
needle size and an injection rate of 1.0 mL/h. The needle tip of the syringe was connected to a 5-
kV voltage power with the tip-to-collector distance of 13 cm.  
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Table 1 PVDF-to-PVA ratio used in fabrication process 
 

PVDF-to-PVA ratio Type of sample 
100:0 100PVDF/0PVA or Neat PVDF 
95:5 95PVDF/5PVA 

90:10 90PVDF/10PVA 
85:15 85PVDF/15PVA 
80:20 80PVDF/20PVA 
75:25 75PVDF/25PVA 

 

 
 

Figure 1. Illustration of electrospinning process and its application. 

 
2.2  Characterization of PVDF/PVA Electrospun 
 
The tensile test was conducted to obtain the stress-strain graph by using a universal tester 
according to ASTM D-882 (Instron, 2018) at a strain rate of 10 mm/min and load strength of 5 kN 
at room temperature until failure. Then, the surface morphological properties of nanofibre were 
observed using Field emission scanning electron microscope (FESEM model JSM-7800F, JEOL) 
with 100×–10000× magnification. From the magnified image, the diameter of nanofibre was 
determined using ImageJ software to analyze at least 100 different fibres. The hydrophilicity was 
assessed using water contact angle (WCA) by recording sample surface image of 1μL of deionized 
water using the video contact angle system (VCA Optima, Ast Products Inc) and calculated the 
swelling percentage of sample in 10 mL of PBS for 5 days using Equation 1. The electrical property 
was evaluated by measuring conductivity level of PVDF/PVA nanofibre using a multimeter 
(SANWA, Japan), where the resistance value taken was used to calculate the conductivity using 
Equation 2. Lastly, the structural and interaction characteristic was determined using the Fourier 
transform infrared spectroscopy (FTIR, Perkin Elmer Frontie) at wavelength from 400 to 4000 
cm−1. 
 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) =  
𝑤𝑓−𝑤𝑖

𝑤𝑓
 𝑥 100        (1) 

 
Where, wf represents the weight of swollen nanofibre at a predetermined time and wi is the initial 
weight of the nanofibre. 
 

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
1

𝜌
=

𝑙

𝑅𝐴
         (2) 

 
Where, ρ represents the electrical resistivity through a specific area, R is the resistance given by 
the sample, l signifies the sample thickness used, and A is the surface area of sample.  
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2.2 Cytotoxicity Analysis using Human Dermal Fibroblast (HDF) Cell 
 

In this experiment, the 5th to 10th passages of HDF cells were used and cultured in T-flasks 
comprising DMEM medium supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) L-
glutamine, and 1% (v/v) penicillin/streptomycin. The cells were incubated at 37 °C with 5% CO2 
and the medium was refreshed every 3 days. The nanofibrous samples were seeded with HDF cell 
suspension at 1 × 104 cells/ml in 24-well culture plates. The cells were allowed to attach for at 
least 10 min and the medium was refreshed with a new culture medium before the samples were 
subjected to incubation periods depending on assay requirements [15]. MTT assay was 
performed to test cell proliferation and metabolic activity by quantifying absorbance of purple 
formazan crystals reflecting the volume of the survived cell after 24 and 48 hours of incubation.  
Nanofibrous samples were moved to new wells, applying the MTT reagent to each well. Then the 
samples were incubated for 4 hours before forming crystals.  Solution absorbance was measured 
at 570 nm using a microplate reader. The cells also were stained using Lide/Dead kit assay 
containing polyanionic dye calcein (green-live cell) and ethidium homodimer-1, EthD-1 (red-
dead cell). The photomicrograph of the live-dead cell was analysed under fluorescence 
microscope (Carl Zeis Axio Vert A1).  
 
 
3. RESULTS AND DISCUSSION 
 

3.1  Mechanical Characterisation 
 
Mechanical properties play a significant role as a crucial element in tissue engineering especially 
during surgeries. An ideal electrospun nanofibre should be durable, flexible, and able to sustain 
high pressure when tissue begins to infiltrate the scaffold, and increased growth [18]. The tensile 
properties of the tested samples are summarised in Table 2. The tensile strength and Young’s 
modulus of the neat electrospun PVDF was 1.33±0.7 and 9.61±0.2 MPa, respectively. The 
alteration of PVDF-to-PVA ratio from 5% to 10% increased the tensile strength and Young’s 
modulus significantly. However, the higher inclusion of PVA (15% to 25%) drastically reduced 
the mechanical integrity of the electrospun nanofibre. This reduction may be caused by the loss 
of PVDF phases in the formulation as shown in the SEM micrograph. The higher reduction of PVDF 
ratio produced unstable electrospinning process which leads to the high number of beads that 
affects the structural integrity of the electrospun fibres performance. Besides, study also reported 
that the mechanical strength will increase when the diameter of nanofiber decreases [8]. Sample 
90PVDF/10PVA showed smaller average diameter has an optimal tensile strength of 1.72±0.6 
MPa and Young’ modulus of 22.03±0.5 MPa. Previous study reported that the tensile strength for 
natural soft collagenous tissues include cartilage, cornea, nerve, and skin is around 1 to 10 MPa 
[3,16]. Therefore, based on these findings it can be said that the modified electrospun nanofibre 
meets the requirement as a potential tissue scaffold. 
 

Table 2 The tensile strength, Young’s modulus and average diameter nanofibre of neat PVDF and 
electrospun PVDF/PVA 

 
PVDF/PVA sample Tensile strength 

(MPa) 
Young Modulus 

(MPa) 
Average Diameter 

(nm) 
100PVDF/0PVA 1.33±0.7 9.61±0.2 210 
95PVDF/5PVA 1.76±0.1 10.86±0.3 185 

90PVDF/10PVA 1.72±0.6 22.03±0.5 161 
85PVDF/15PVA 0.96±0.2 7.09±0.1 194 
80PVDF/20PVA 0.76±0.3 6.14±0.3 281 
75PVDF/25PVA 0.58±0.3 4.78±0.1 353 
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3.2 Morphology Characterisation 
 
Figure 2 displays the pure PVDF and PVDF / PVA fibrous nanostructure fibres with their diameter 
distribution. Figure 2(a)–1(c) indicates the nanofibre diameter decreased from 210 to 161 nm as 
the PVA ratio approached 10% (w / v) of PVDF polymer solution. The limited volume of PVA 
incorporation has dramatically changed the viscosity of the PVDF polymer solution, resulting in 
improved dispersion due to adequate jet stretching time and solvent volatilisation. Significant 
morphological changes were observed as the PVA ratio increased from 15% in 85PVDF/15PVA 
to 25% in 75PVDF/25PVA. Further ratio modification can cause more bead-on-string formation 
resulting in greater pore size and lower porosity percentage. The probable explanation behind 
the non-homogenous surfaces is due to the reduction of dielectric potential due to the low 
viscosity of the conductive PVDF polymer solution that developed an unstable polymer projection 
during the electrospinning phase. In tissue engineering applications, electrospun 's diameter size 
can significantly affect the fibrous surface area and cell attachment volume, which smaller 
diameter will provide high density for cell cultivation [16-17]. This advantage would much 
support cells or tissues with minimal endogenous regeneration ability or replacement of 
damaged cells such as the brain and nervous system. 
 

 
 

Figure 2. FESEM micrograph of electrospun sample at PVDF to PVA ratio (a) 100:0, (b) 95:5, (c) 90:10, 
(d) 85:15, (e) 80:20, and (f) 75:25. 

 
3.3  Water Contact Angle (WCA) 
 
In the field of tissue engineering, the tissue scaffold surface is the first part to contact the 
biological structure that enables the desired effects of tissue growth to be biocompatible. WCA is 
one of the wettability methods used to study the surface efficiency of the sample [19-20]. Figure 
3 displays the WCA and the images of water on the samples of electrospun. The electrospun 
100PVDF/0PVA exhibited a superhydrophobic surface at WCA value of 130.50°, this may occur 
due to its low surface energy and hydrophobic properties. Nevertheless, adding PVA monomer in 
PVDF formulation have significantly reduced the WCA to lesser than 90°, which indicated the 
hydrophilic surface content. In the PVDF/PVA electrospun surface, the introduction of hydroxyl 
and carbonyl groups from PVA monomer leads to modification of the polarity of the surfaces by 
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increasing their specific hydrogen bond and the electrostatic forces with the water molecules. 
Figure 3(d)–(f) shows that the higher PVA addition increases the WCA value marginally as a result 
of a rise of bead string formation resulting in a rugged surface with 5%, 10% ratio compared to 
PVA, as demonstrated by the FESEM micrograph in Figure 2 (d)–(f). In general, increased surface 
roughness leads to a low water drop-material contact area that interrupts the interface of water 
and fibre, which further decreases the contact area between artificial and biological specimens. 
In consequence, low WCA would also be beneficial for the tissue engineering application as it will 
optimise performance when the scaffold is assigned to the wound site of the tissue [19,21]. 
 

 
 

Figure 3. (a) Surface contact angle of electrospun PVDF/PVA samples and WCA image of (b) 
100PVDF/0PVA and (c) 90PVDF/10PVA. 

 
3.4  Degree of Swelling 
 
The ability of the sample to absorb water molecules plays a major role during cell growth, 
especially during cell seeding. It will also influence the potential of the electrospun composite to 
maintain its shape during the application. Figure 4 presents the degree of swelling percentage of 
the neat PVDF and its modification containing electrospun PVA. The results reveal that the 
inclusion of PVA strongly influences the swelling capacity of the electrospun nanofibre and 
increased it from 4.76±1.3% (for 100PVDF/0PVA) to 69.84±1.5% (for 90PVDF/10PVA) after 24 
hr of immersion. The increased swelling percentage could be attributed to the fine inter- and 
intra-polymer reactions and the addition of hydrophilic groups in the electrospun PVDF/PVA. 
This observation is in corroborates with the WCA experiment, which the presence of PVA 
increased the specific interaction between the electrospun surfaces as a substrate to water 
molecule through the hydrogen bond. The increases can also be observed after 24 hr of 
immersion, which indicate a good signal in maintaining the swelling behaviour throughout the 
healing process because it will affect the diffusion process of signaling molecules and nutrients 
[22]. 
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Figure 4. Time-dependent degree of swelling for neat PVDF and electrospun PVDF/PVA. 
 

3.5  Conductivity Analysis 
 
The conductivity of each sample was calculated using Equation 2 and is presented in Table 3. The 
conductivity of the neat PVDF nanofibre was 4.023×10−4 S/cm. The conductivity of electrospun 
PVDF was contributed by the formation of β-phase that plays an important role in piezoelectric 
and pyrolectric performance [23-24]. The conductivity increased with increasing amount of PVA 
until 10% inclusion at 5.991×10−4 S/cm. This might be due to the electrospinning process causing 
the dielectric polarisation of the dielectric PVA monomer. It has led to the increase in 
intermolecular distance and the mobility of the chains, which accelerates the orientation of the 
modified polymer molecules into more crystalline structure. Besides, this improvement also 
contributed by the uniform dispersion and proper interaction of PVDF and PVA forming a 
uniform, porous, and well fibre structure, which will act as a charge carrier (hole) motion for the 
conducting electrical charges [25].  However, higher inclusion has reduced the conductivity due 
to the higher loss of PVDF monomer and increased bed-string fibre which causing low electrical 
motion carrier throughout the electrospun samples. 
 

Table 3 The conductivity level for different PVDF to PVA ratio 

 
PVDF/PVA Ratio Conductivity (S/cm) 

100/0 4.023 x 10-4 

95/5 4.834 x 10-4 

90/10 5.991 x 10-4 

85/15 4.917 x 10-4 

80/20 4.123 x 10-4 

75/25 3.533 x 10-4 

 
In general, the bioactive conductive scaffolds give huge advantages during cell attachment and 
proliferation where it will improve intracellular electrical signaling sensitive cells increase 
cytoplasmic content, especially for fibroblasts, neurons, myoblasts, and osteoblasts cell type [26]. 
Study reported that scaffolds with conductivity from 1.21 to 4.54 ×10−4 S/cm demonstrate 
excellent work in enhancing myoblasts proliferation, while scaffolds conductivity around 
3.5×10−3 S/cm show good growth activities on cardiomyocyte and neuron cells [27]. A previous 
study also reported that the scaffolds with conductivity from 6.5×10−4 to 1.4×10−3 S/cm show 
good adhesion and proliferation of cells using rabbit adipose-derived mesenchymal stem cells 
[28]. Accordingly, the electrospun PVDF/PVA prepared in this study might be suitable for 
electrical sensitive tissue applications. Among the formulations, 90PVDF/10PVA is considered as 
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a proper condition for further testing due to its good morphology, mechanical, and wettability 
properties.  
 
3.6  FTIR Analysis 
 
The chemical composition of PVDF, PVA, and PVDF-PVA blended ratio 90:10 nanofibre were 
characterised using FTIR spectrum. Figure 5 (a) shows a strong peak at 1400 cm−1 that 
corresponds to the C–H antisymmestric deformation represents a typical PVDF nanofibre 
characteristics. Meanwhile, strong peaks at 1072, 1174, and 1275 cm−1correspond to the 
vibrational of C–F bond that was found in the PVDF nanofibre [29]. Figure 5 (b) shows the 
spectrum for PVA film. The characteristics band at peaks 3398 and 3430 cm−1 indicate the 
interconnection between the hydrogen bond of hydroxyl functional group (O–H) [30-31]. The 
interaction between PVDF and PVA is depicted in Figure 5 (c), which shows the interconnection 
between the two materials that can be observed through the new peak at 3363 cm−1 that indicates 
the association of PVDF to the hydroxyl group of PVA [30]. New peak at 2850 cm−1 was found in 
PVDF/PVA transmission profile which donates from the C–H bond. Other strong peaks at 1071, 
1275, and 1400 cm−1 were found in PVDF/PVA spectrum indicate the possible stretching 
vibration of C–F from PVDF and C–O–C bond from PVDF/PVA [10,12,29]. Meanwhile, the 
vibration band occurring at 839 and 831 cm−1 indicate CF2 bending and CF2 rocking 
corresponding to the α and β phase [12,31]. 
 

 
 

Figure 5. FTIR spectra of electrospun (a)PVDF, (b)PVA and (c)PVDF/PVA nanofibre. 
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3.7  In-vitro Cytotoxicity 
 
MTT assay was conducted to investigate the cytotoxicity potential of neat PVDF and electrospun 
PVDF / PVA using HDF cells. The standard 2D culture was used as the negative control, while the 
positive control was assed by adding Trixton-X. Figure 6 (a) shows that the proliferation of cells 
on the electrospun PVDF/PVA was higher than that of the neat electrospun PVDF, indicating that 
the composite polymer might have enhanced the adhesion and differentiation of HDF cells. 
Besides, the PVA inclusion in electrospun PVDF/PVA show better attachment and proliferative 
behaviour of cells after 24 hr of seeding process compared to neat electrospun PVDF as presented 
in Figure 6 (b) and (c). The live HDF cells (green colour) displayed the complete stretching 
morphology for both scaffolds. However, the cells are well spreading and interaction onto 
electrospun PVDF/PVA surfaces compared to the neat electrospun PVDF as shown in 
fluorescence image. The addition of PVA have altered the wettability and introduced biochemical 
signals onto the electrospun surface which make it favourable for specific cells–substrate 
interaction [32]. Furthermore, the ability of the electrospun PVDF/PVA to absorb fluid acts as an 
important reason for the proliferative performance of HDF cells, because it aids in transferring 
metabolic products and nutrients efficiently during the cell culture.  
 

 
 

Figure 7. (a)Percentage viability of HDF cells using MTT assay; fluorescence micrograph of HDF cells 
after 24 hr onto electrospun (b) 100PVDF/PVA and (c) 90PVDF/10PVA. 
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4. CONCLUSION 
 

Herein, PVDF/PVA nanofibrous membrane scaffolds were produced by electrospinning at 
optimised condition with average fibre diameter ranged from 160 to 180 nm. Smooth surface of 
fibres morphology was found for the optimal electrospun nanofibre with excellent mechanical, 
wettability, and electrical properties at PVDF-to-PVA ratio of 90:10 (90PVDF/10PVA). The FTIR 
spectra confirmed the good interaction between the PVDF chain and PVA monomer as supported 
by other testings. The PVDF/PVA has good biocompatibility and nontoxic towards HDF cells, 
where the modified nanofibrous scaffold have successfully supported the cell differentiation and 
proliferation process. Considering the overall results, the 90PVDF/10PVA ratio composition has 
a good potential as potential artificial soft tissue scaffold materials and future works need to be 
conducted to reassure the effect of the nanofibrous membrane for specific targeted tissue 
engineering applications.  
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