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Abstract 

 
The aim of this research was to develop microporous poly(vinylidene fluoride) (PVDF) scaffolds with an 

intrinsic electrical property, via the combination of non-solvent induced phase separation (NIPS) and 

thermal induced phase separation (TIPS) process referred as N-TIPS method. For this purpose, the effects 

of non-solvent incorporation (distilled water) in the solvent composition (N,N-dimethylformamide 

(DMF)), immersion time at coagulation bath (1, 3, 6 and 24 h) as well as coagulation bath temperature (-

10, 0 and 20°C) and composition (DMF:water volume ratio= 2:6 and 6:4) on the properties of the 

produced scaffolds were investigated. Results confirmed that N-TIPS processing parameters had a 

profound effect on the morphological, mechanical, physical and thermal properties of the PVDF 

scaffolds. For instance, with increased bath temperature, the formation of three-dimensional bi-continuous 

scaffold with average pore size of 4.2±0.6 m was achieved, whereas increased in the immersion time in 

coagulation bath from 1 to 24 h induced cellular morphology with a larger pore size. The formation of a 

relatively small pore size and uniform foam-like structure at 3h soaking in coagulation bath showed to 

improved mechanical properties of the scaffolds. It was also found that toughness of the scaffolds 

significantly promoted from 27.5±16.4 MPa (after 1 h soaking) to 155.2±25.4 MPa (after 3 h soaking).  

Moreover, depending on the functional parameters of N-TIPS process, β phase fraction and crystallinity 

of the PVDF scaffolds were in the range of 61-87% and 30-47%, respectively. Remarkably, 3 h soaking 

of PVDF polymer solution in coagulation bath with composition of 6:4 (D-3h-64Wscaffold) significantly 
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enhanced the crystallinity (47.03%) and β phase fraction (87.9%) and reduced crystallite size of PVDF 

polymer. The PC12 cell attachment and proliferation on PVDF scaffolds prepared at various parameters 

were also investigated. Noticeably, D-3h-64 scaffold with enhanced crystallinity and β phase fraction and 

significantly higher toughness could promote cell spreading and proliferation. The results presented in 

this study show a great potential of PVDF scaffolds with desired properties for nerve tissue engineering 

application. 

 

Keywords: Phase separation, Poly(vinylidene fluoride), Peripheral nervous Peripheral nervous 

regeneration, Three-dimensional scaffold.  

 

 

1.Introduction 

When peripheral nerve injury results in a gap larger than 5 mm in length, the main challenge is to find an 

alternative solution to autograft transplantation due to the limitation of this procedure [1,2]. Although 

nerve autograft is the first strategy in nerve reconstructions, lack of functional recovery, the probability of 

neuroma formation and structural differences between damaged nerve and donor site leads to the 

development of an artificial nerve tube [1,3,4]. Through a structural and mechanical simulation of the 

native extracellular matrix (ECM) and inhibition of fibrous scar tissue formation, nerve guidance channels 

provide a desirable environment for directing regenerated axons [5]. In addition, for a  successful nerve 

repair, artificial nerve grafts must be electrically conductive to enhance nerve regeneration [3,6]. 

However, external power source is required to induce electrical signals to the cells for nerve regeneration. 

In this respect, piezoelectric materials have been suggested for nerve tissue engineering to apply electrical 

stimulatory cues, using mechanoelecterical transduction, without external power supply and therefore 

wires [3,7]. Piezoelectric materials create transient surface charges by mechanical deformations, without 

any additional energy sources and have been shown to increase the regenerated axons and neurite 

outgrowth [6].  
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In order to provide piezoelectric nerve conduits for peripheral nerve tissue engineering application, 

various types of polymers and ceramics have been evaluated [8]. Among them, polyvinylidene fluoride 

(PVDF) is a promising polymer due to its excellent properties such as thermal stability, good chemical 

resistance and piezoelectric behaviour [9,10]. PVDF is a semi-crystalline polymer that has at least four 

distinct crystalline phases due to the different chain conformations. The non-polar phase is  and polar 

phases are called   and  [11]. phase, the most piezoelectric responsive phase of PVDF, is usually 

obtained from crystallization of PVDF, when solvent is removed at temperatures below 70 °C [12], or 

from different strong solvents such as N,N-dimethyl formamide (DMF). Mechanical stretching of phase 

film at temperatures between 70-90 °C is the most common way to obtain oriented phase [11,13]. 

PVDF has, hence, been widely applied for tissue engineering applications [3,12,14,7]. Lee et al. [6] used 

PVDF–trifluoroethylene (PVDF–TrFE) to fabricate electrospun fibrous scaffolds. Their results 

demonstrated the attachment of dorsal root ganglion neurons and extension of neurites on all fibrous 

scaffolds. Similarly, Young et al. [15] designed microporous PVDF membranes by immersion-

precipitation method for nerve tissue engineering.  

Various techniques have been applied to develop two and three dimensional scaffolds including 

electrospinning [16], solvent casting-particulate leaching [17], immersion precipitation [18], melt molding 

[19] and template-assisted synthesis and rapid prototyping (RP) technologies [20]. Among them, 

thermally induced phase separation (TIPS) and non-solvent induced phase separation (NIPS) are fast, 

controllable, and scalable approach for the fabrication of scaffolds with interconnected porous network 

required for tissue engineering applications [21,22,23]. While TIPS approach is based on the removing 

the thermal energy from the dope solution, the main driving force of NIPS method is based on solvent and 

non-solvent interactions [24]. Based on the differences between the principles of the two techniques, the 

morphology of the obtained scaffolds is different and depended on the dimensional of the scaffolds [20]. 

For instance, NIPS technique often leads to the production of scaffolds with macro-voids or finger-like 

structures in their cross-section showing unsatisfactory mechanical strength, whereas TIPS approach 
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results in different structures, such as ‘‘cell-like’’ structure, ‘‘finger-like’’ structure and ‘‘sponge-like’’ 

structure [25,26]. Lee et al. [27] applied TIPS method to fabricate PLGA/poly(c-glutamic acid)/Pluronic 

17R4 porous nerve conduits with bimodal open pores to stimulate growth of Schwann cells for nerve 

regeneration. Based on their results, these nerve conduits with bimodal open pores were new generation 

of scaffolds which could be applied for nerve regeneration [27]. According to the fundamentals of TIPS 

and NIPS techniques, when both approach are utilized in scaffold fabrication it is referred to as N-TIPS. 

Previous studies have shown that the combination of these two techniques yields highly permeable 

membranes with strong mechanical properties [24].  

To date, N-TIPS has mainly been applied to develop PVDF membranes for filtration purposes, while 

the role of N-TIPS processing parameters on the crystallinity, mechanical properties and phase 

formation of PVDF has not been studied. Therefore, the main aim of the current study was to develop 

PVDF scaffold using N-TIPS approach by altering processing parameters (bath temperature, immersion 

time and coagulation bath composition) to produce optimized scaffolds with physical, mechanical and 

biological properties suitable for nerve tissue engineering applications.  

 

2. Materials and methods 

2.1. Materials 

PVDF (Mw = 275000 gr/ml) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich. 

DMF, ethanol (EtOH) and hexane were provided from Merck Co, respectively. Dulbecco's Modified 

Eagle Medium-high glucose (DMEM-HI), horse serum (HS), fetal bovine serum (FBS) and 

penicillin/streptomycin (pen/strep) were all obtained from Bioidea, Iran. 

2.2. Fabrication of PVDF scaffolds 

 PVDF porous scaffolds were fabricated via N-TIPS method, , as presented in Fig. 1. Briefly, 10 wt.% 

PVDF solution was prepared in different ratios of solvent (DMF): non-solvent (distilled water) 

composition (100:0 and 96:4) at 60 ᵒC for 2 h. The homogeneous solution was casted in a petri-dish pre-
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treated using Teflon and then soaked in coagulation bath. The immersing time (1, 3, 6 and 24 h) as well as 

the temperature (-10, 0 and 20 ᵒC) and composition (DMF: water volume ratio= 2:6 and 6:4) of the 

coagulation bath were varied to study their effects on the scaffold morphology. Consequently, the 

scaffolds were washed with EtOH for 24 h to extract any residual solvent and then washed with hexane 

three times to remove residual EtOH. Finally, the scaffolds were freeze-dried (Alpha 1-2LDplus, 

Germany) for 8 h. It needs to mention that, in order to provide uniform and morphology in the whole 

experiments, the thickness of scaffolds was fixed to about 50 m. According to the working parameters 

consisting of solvent composition, soaking time and coagulation bath compositions the samples were 

named as presented in Table 1.  

2.3. Characterization of PVDF scaffolds 

The surface morphology and cross section of the scaffolds was evaluated using scanning electron 

microscope (SEM, Philips, XL30). The pore size of the scaffolds was determined using Image J software. 

The chemical properties of the scaffolds consisting of chemical functional groups, β phase content and 

crystallinity were investigated using Fourier transform infrared spectroscopy (FTIR, Bruker tensor, 

performed over a range of 400-2000 cm
-1

 and resolution of 2 cm
-1

) and X-ray diffraction (XRD, X0 Pert 

Pro X-ray diffractometer, Phillips, Netherlands, CuKa radiation (λ= 0.154 nm)) techniques. β phase 

content fraction (F(β)) was estimated using FTIR spectra, according to the equation (1) [9]: 

     
  

     
 

  

 
  

  
      

                                                               (1) 

where Xα and Xβ are crystalline mass fractions of α and β, and Kα and Kβ are the absorption coefficient 

of each phase. Moreover, Aα and Aβ correspond to their absorbance at 760 and 840 cm
–1

, respectively. In 

this equation, it was assumed that only α and β phases are present. The absorption coefficient of α and β 

phases are 6.110
4 

cm
2.
mol

-1
 and 7.710

4 
cm

2.
mol

-1
, respectively [28]. Moreover, the crystallinity (Xc) of 

PVDF scaffolds was assessed using XRD patterns, according to the equation (2) [9]: 
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where Ic and Iα are the integrated intensities scattered by the crystalline and the amorphous phases, 

respectively  [9,11]. Additionally, crystallite size of polymers was estimated using the XRD patterns and 

according to Scherrer equation (equation (3)): 

cos
crist

k
B

L 


                                                                   (3) 

Differential scanning calorimetry (DSC, METTLER TOLEDO DSC 1) was carried out to estimate 

the heat of fusion (∆Hf), melting temperature (Tm) and crystallinity of PVDF scaffolds prepared at various 

conditions. DCS analysis was performed under nitrogen atmosphere at a heat-cool-heat temperature 

program with a heating rate and cooling rate of 10°C min
-1 

and 5°C min
-1

,
 
respectively, over the 

temperature range from 25 to 200°C. Moreover, crystallinity of the scaffolds was also estimated using 

DSC results and according to the equation (4) [26]: 
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where ∆Hf and    
  are the estimated fusion heat of sample at melting, and the fusion heat for 100% 

crystalline PVDF polymer.    
   value of PVDF was supposed to 104.5 J.g

-1
 [1].  

Mechanical properties of PVDF scaffolds were determined using a tensile tester (Hounsfield H25KS). 

Prior to mechanical testing, the rectangular specimens with dimension of 20×10 mm and average 

thickness of 50 m were immersed in water for 1 day. After plotting the stress-strain curves (n =3), the 

mechanical properties consisting of strain at break (elongation), tensile strength and modulus were 

calculated. The tensile modulus was calculated from the initial 0-3% of linear region of the stress-strain 

curves. 

2.4. Cell culture 

In order to evaluate the effect of scaffold morphology on their biological behavior, PC12 cells (a rat 

neuronal cell line, Pasteur Institute of Iran (NCBI code: C153)) were exposed to the scaffolds. Before cell 

seeding, the scaffolds were sterilized for 30 min in 70% (v/v) ethanol and, then, 2 h under ultraviolent 

(UV) light and subsequently, immersed in complete culture medium overnight. The PC12 cell-line was 

cultured in DMEM-HI supplemented with 10% (v/v) HS, 5 (v/v) % FBS, and 1 (v/v) % pen/strep at 37 °C 

in a humidified atmosphere containing 5% CO2. After 70-80% of confluency, the cells were counted and 

seeded on scaffolds (n=3) and also tissue culture plate as a control with a density of 10
4
 cells/well. Cells 
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were incubated for 1, 3 and 5 days at 37 °C under atmosphere consisting 5%CO2. In all experiments, 

medium was changed every three days.  

2.4.1. Cell spreading, viability and proliferation evaluation 

Attachment and spreading of PC12 cells cultured on the scaffolds for 7 days was evaluated using 

SEM technique. After 3 h fixation with 2.5 (v/v) % glutaraldehyde (Sigma), the samples were rinsed with 

PBS, and dehydrated in the gradient concentrations of ethanol (30, 70, 90, 96 and 100 (v/v) % for 10 min, 

respectively. Finally, they were air dried, gold-coated and evaluated using SEM imaging.  

The viability of PC12 cells seeded on various scaffolds were investigated using 3-(4,5- 

dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide (MTT) assay. At the specific incubation times (1, 

4 and 7 days), after discarding the culture medium, the samples and controls (n=3) were incubated with 

MTT solution with the concentration of 0.5 mg/ml for 4h. After formation of formazan, DMSO was 

added to each sample to dissolve stabilized crystals and kept for 1 h at 37°C. Finally, the optical density 

(OD) of the samples was measured with microplate reader (BioTek, Model ELX800 Instruments) against 

DMSO (blank) at a wavelength of 490 nm. The relative cell viability (% control) was calculated as below 

[5]: 

Where ASample, Ablank and Acontrol were absorbance of the sample, blank (DMSO) and control (TCP), 

respectively. Moreover, Metabolic activity of PC12 was determined by using the Resazurin assay at days 

1, 4 and 7 of culture on the scaffolds and tissue culture plate (TCP, control). The Resazurin Assay is 

based on the reduction of Resazurin, a normally non-fluorescent compound, to resorufin, a fluorescent 

metabolite, due to the highly reducing milieu of a living cell [29]. In this regard, after discarding the 

culture medium, Resazurin solution (concentration of 10 μg/ml in complete medium) was added to each 

sample and kept in incubator for 4 h, until the color of the Resazurin solution changed. Subsequently, 

Relative cell survival (%control) = *100
sample b

c b

A A

A A





                                          (5) 
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after transferring to a 96-well plate, the absorbance was read at 490 nm using microplate reader. Finally, 

the normalized metabolic activity with respect to day1 was calculated for each scaffold. 

2.5. Mathematical modeling process 

Nucleation and growth kinetics of crystallite is an important factor in determining the final structure 

and pore size and thereby, mechanical properties of the PVDF scaffolds. In order to investigate the 

growth (crystallization) kinetics of polymer-lean phase (or solvent crystallite) in phase separation process, 

mathematical modeling process were performed. In this way, effect of different coagulation bath (DMF: 

water volume ratio= 2:6 and 6:4) and solvent (DMF: water volume ratio= 96:4 and 100:0) on the 

nucleation and growth behavior were studied, similar to previous researches [30]. Considering the 

diffusional behavior of the crystallization (nucleation and growth) of the polymer-lean phase, the 

following equation was proposed for the prediction of the kinetics of this behavior: 

      D
α
=Kt                                                 (6)               

where K is the growth rate of the polymer-lean phase (µm/h), α is a constant relating to the nucleation 

mechanism of the polymer-lean phase, t is the immersing time (h) and D is average pore size of the 

scaffolds (µm). This kind of equation was already used for other diffusional growth phenomena 

[30,30,31]. 

2.6. Statistical analysis 

Statistical analyses were performed using one-way ANOVA (n≥ 3) and reported as mean ± standard 

deviation (SD). To determine a statistically significance difference between groups, Tukey’s post-hoc test 

using GraphPad Prism Software (V.6) with a p-value <0.05 considered to be significant.  

 

3. Results and Discussion  

3.1. Morphological characterization of PVDF scaffolds: Effect of coagulation bath temperature  

In order to provide acceptable microenvironment for nerve regeneration, the scaffolds should 

structurally and mechanically mimic natural ECM of nerve tissue. In this way, three dimensional 
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scaffolds with pores in the range of 50 nm to 50 μm are favorable to use as nerve guidance channels [32]. 

This range of pore size within a scaffold enables the scaffolds being permeable to the entry of nutrients 

and oxygen into the channel, while providing the necessary barrier to prevent the infiltration of unwanted 

tissues into the scaffold from outside and exiting of Schwann cells and growth factors from inside to 

outside of the channel [33]. 

Since N-TIPS process is driven by the solvent/non-solvent exchange, one of the effective ways to 

control the structure of the scaffold is to modulate the exchange rate of solvent/non-solvent (diffusion 

rate) by changing the composition and temperature of coagulation bath [24]. Primarily, the role of 

temperature coagulation bath as the driving force of polymer crystallization in TIPS process is studied. 

Fig. 2(A) presents the SEM images of PVDF scaffolds prepared in various temperatures using two 

different solvent compositions (DMF: water volume ratio) of 100:0 and 96:4 at constant polymer 

concentration, soaking time (24 h) and coagulation bath composition (DMF: water volume ratio=6:4). As 

water was involved in coagulation bath, due to high miscibility of DMF in water, the effect of NIPS 

process on the morphology of the scaffolds was unavoidable.  

However, a dense surface layer, which is a common morphology of scaffolds prepared using NIPS 

process, due to the fast solvent flow, was not detected and this could be due to the role of freeze drying 

step in the formation of a porous scaffold. Therefore, all scaffolds revealed porous structure with various 

pore sizes depending on the coagulation bath temperature and solvent type. Generally, at NIPS process, 

when a stable polymer solution is exposed to the coagulation bath, it becomes thermodynamically 

unstable leading to demixing (liquid-liquid ((L-L) phase separation) of solution and formation of a 

polymer-rich and polymer-poor components. These two components finally transformed to the membrane 

matrix and pores, respectively. Therefore, the demixing process and its rate significantly control the 

physical properties of the PVDF scaffolds. The effects of coagulation bath temperature and composition 

on the average pore size of the processed scaffolds are presented in Figs. 2(B-C).  
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With, increase in the bath temperature up to 20 °C, larger pores with bicontinuous structure at both 

solvent were obtained. At DMF: water volume ratio of 100:0 (Fig. 2B), the average pore size of the 

scaffolds increased significantly (P<0.05) from 0.7±0.1 m to 4.2±0.6 m with increased coagulation 

temperature from -10 °C to 20 °C, which was suggested to be due to improved mass exchange rate at a 

higher temperature (20 °C). When the solvent ratio was 96:4, while similar trend was detected, the pore 

size changes were not noticeable. In this condition, the average pore size increased from 0.7±0.1 m to 

2.4±0.7 m with increase in temperature (Fig. 2C). Moreover, according to the cross-sectional images of 

the scaffolds prepared at -10 °C, high rate of solvent:non-solvent diffusion resulted in a macro-void 

structure formation. A similar effect was previously reported for a PLLA/HA scaffold prepared at 

coagulation bath with temperature of -18°C, 8°C and liquid nitrogen. It was found that the scaffolds made 

at a quenching temperature of 8°C had a greater interconnectivity with larger pore sizes [34]. 

Furthermore, Lin et al. [34] fabricated polypropylene membranes with bicontinuous structure using TIPS 

method. Their results showed that with increased quenching temperature (bath temperature) from 0 to 90 

°C enhanced average pore size was detected. Jung et al. [24] also showed that increasing the temperature 

of coagulation bath from 5 to 60 °C led to gradual disappearance of macrovoids in PVDF scaffold. 

Nevertheless, based on the results of this study, low quenching temperatures of -10 and 0°C resulted in a 

faster cooling rate and enabled a shorter time for nucleation and growth of solvent crystals and phase 

separation, leading to the formation of smaller pores in scaffolds. Moreover, the presence of non-solvent 

in the solvent component increased the crystallinity of the polymer and significantly reduces the average 

pore size of the scaffolds from 4.2±0.6 μm to 2.4±0.7 μm). This might be due to the presence of water 

crystals in the system that leaves smaller space for solvent crystals to nucleate and grow, leading smaller 

pore formation [21].  According to our results, 20 °C was selected as the optimized coagulation 

temperature for further characterization of N-TIPS approach 

 3.2. Morphological characterization of PVDF scaffolds: Effect of immersing time and solvent 

composition  
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Fig. 3(A) shows SEM images of the surface and cross-section of PVDF scaffolds fabricated using 

different solvents (100:0 and 96:4) and soaking times (1, 3, 6 and 24 h) at constant coagulation bath 

temperature and composition. Moreover, Figs. 3(B-C) presents the effects of soaking time and solvent 

composition on the average pore size of PVDF scaffolds. Due to similar coagulation bath temperature, the 

driving force of TIPS approach remained unchangeable. Therefore, the modulation of the scaffold 

morphology was primarily due to the changing of the NIPS parameters at different soaking times.  

Results indicated that by increasing the soaking tome from 1 to 24 h, at solvent composition of 100:0, 

all scaffolds reveal a bicontinuous, and uniform cellular structure (Fig. 3, cross-section images). 

Moreover, the pore sizes of these scaffolds increased from 1.2±0.2 μm to 4.2±0.6 μm (Fig. 3(B)), with 

increasing soaking time from 1 to 24 h. Similar to Fig. 2, when the solvent was 96:4, pore size of the 

scaffolds reduced (0.9±0.2 μm-2.4±0.7 μm), depending on the soaking time, compared to scaffolds 

prepared using 100:0 solvent. In this solvent composition, while 1 h soaking time in coagulation bath did 

not result in a uniform cellular structure, increasing the soaking time induced the interconnected 

morphology with foam-like structure. At solvent composition of 96:4, the presence of water in solvent 

component, left smaller space for solvent crystals to nucleate and grow and so the average pore size of the 

scaffolds decreased. Wei et al. [35] used dioxane/water mixture for solvent system to fabricate nano-

hydroxyapatite/PLLA composite scaffolds via TIPS method. They showed that the addition of small 

amounts of water (5 wt.%) to solvent system (dioxane: H2O volume ratio=95:5) induced an 

interconnected and random morphology with smaller pores that actually caused a reduction in mechanical 

properties of the scaffolds. Moreover, it was found that the typical morphology of TIPS process 

(spherulites) was not detected in the cross-section of the scaffolds (Fig. 3, cross-section images) which 

could be helpful to control the mechanical properties of the scaffolds [25,24] . According to the previous 

researches [37,38], spherulite structures could form from solid-liquid phase separation according to the 

nucleation-growth mechanism of polymer crystals instead of passing across a bimodal line. Naturally, 

membranes with spherulitic structures (disconnected) are weaker than membranes with a bicontinuous 

(cellular) structure formed from a liquid-liquid phase separation [25]. 
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SEM images of PVDF scaffolds fabricated in various soaking times and solvent compositions at 

constant coagulation bath temperature (20°C) and composition (DMF: water volume ratio=2:6) is 

presented in Fig. 4(A). After 1 h soaking in coagulation bath, the scaffolds revealed a dense surface with 

macro-voids in their cross-sections. However, increasing immersing time up to 24 h induced much porous 

structure with larger pore sizes (0.1±0.1-2.9±0.1 µm) (Figs. 4(B-C)). Moreover, cross-section SEM 

images of scaffolds soaked for 3, 6 and 24 h showed a bicontinuous structure. According to our results, 1 

h soaking in coagulation bath was not enough for external water to diffuse into the depth of the scaffolds 

and provide a porous scaffold with a bicontinuous structure. After 3 and 6 h soaking in coagulation bath, 

external water diffused into the depth of the scaffolds and induced more pores compared to the sample 

prepared following 1 h soaking in coagulation bath. Finally, 24 h soaking in coagulation bath resulted in 

the largest pore size for both solvent composition (2.9±0.1µm at D-24h-26 and 4.9±0.3 µm at DW-24h-

26). Moreover, the presence of water in the solvent system induced larger pores in the scaffolds. It could 

be attributed to the higher volume of water in the coagulation bath, which extracted more internal solvent 

from the scaffold (in comparison to 96:4 composition) and as a result, smaller pores had formed. 

Deshmukh et al. [38] investigated the effect of ethanol: water ratio in coagulation bath on the morphology 

of PVDF hollow fiber membranes. They found that increasing the amount of ethanol in the bath (10%-

50%) large macrovoids were by a short finger-like or sponge-like structure [38].  

Based on SEM images of the samples prepared at two different coagulation bath compositions (Figs. 

2 and 3), it was evident that coagulation type is the most important factor responsible for the progression 

of liquid–liquid demixing or crystallization of the PVDF scaffold and, hence, their morphology. During 

immersion precipitation, water as a durable non-solvent in the coagulation medium resulted in rapid 

liquid–liquid demixing process and consequently, formation of finger-like voids which is not preferred for 

tissue engineering application. However, incorporation of water, along with solvent in the coagulation 

bath could postpone liquid–liquid demixing of polymers and ultimately led to the formation of sponge-

like scaffolds [39]. It could be clearly seen that by increasing solvent concentration in the coagulation 

bath (6:4 vs 2:6), the typical NIPS morphology (macro-voids) which is clearly observed in D-1h-26 and 
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DW-1h-26 samples was replaced by the sponge-like scaffolds. This changing in the morphology of the 

scaffolds might be due to the reduced concentration gradient of solvents leading to slower mass exchange 

rate at high solvent concentration coagulation bath and consequently delayed demixing process. In this 

condition, porous bicontinuous PVDF scaffold was developed.   

 

3.3. Modeling of growth behavior of polymer-lean phase   

Most studies related to TIPS and NIPS processes have focused on the application of phase diagram to 

determine the thermodynamic stability of polymer systems. However, these phase diagrams disregard the 

kinetic factors consisting of the rate of polymer crystallization and the solvent/non-solvent diffusion, 

which are evaluated as essential factors in the fabrication of scaffolds and their final properties such as 

their pore size [25].  The most important parameters affecting the pore size of the scaffolds prepared via 

N-TIPS method are temperature and composition of coagulation bath and solvent. In this research, bath 

temperature was supposed to be constant (20 °C). Therefore, the role of other parameters on the pore size 

was considered. In order to find the constant values of K and α, logarithm of both sides of equation 6 was 

estimated according to the following equation:  

Ln(D) = 
     

 
 + 

     

 
                                       (7) 

Finally, Ln(D) vs Ln(t) at different soaking times of 1, 3, 6 and 24 h were employed. Figs. 3(D) and 

4(D) shows the average pore size changes of the scaffolds (Ln(D)) as a function of immersing time 

(Ln(t)) in coagulation bath with two different solvents (100:0 and 96:4) and coagulation bath (DMF:water 

volume ratio=6:4 and 2:6), respectively. The slope and width from origin of the diagram were showed 
 

 
 

and 
     

 
, respectively. The calculations were performed for all conditions and their results, including α 

and K values, are presented in Table 2. Results illustrated that the experimental data fit well in kinetic 

model. Therefore, considering the statement of the last paragraph of section 2, we could attribute the 

calculated values of K to the growth rate and also the α values to the nucleation mechanisms. 
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Subsequently, these calculated values, for different production conditions, can be compared with each 

other. Interesting, it was found that incorporation of more solvent in coagulation bath (DMF:water 

volume ratio=6:4) resulted in significantly higher rate of liquid–liquid demixing and hence, the nucleation 

mechanism of polymer-lean phase.  

3.4. Mechanical properties of PVDF scaffolds: effect of immersing time and solvent composition  

Effects of soaking time at coagulation bath and solvent on the mechanical properties of the PVDF 

scaffolds prepared at constant coagulation bath temperature (20°C) and composition (DMF: water volume 

ratio=6:4) are presented in Fig. 5. At both solvent (100:0 and 96:4), mechanical properties (tensile 

strength, elastic modulus, elongation and toughness) were significantly enhanced with increasing soaking 

time up to 3 h. For example, at solvent composition of 96:4, tensile strength, elastic modulus and 

toughness of the scaffolds significantly increased from 0.3±0.1 MPa, 2.29±1.2 MPa and 27.5±16.4 KPa, 

respectively (after 1 h soaking) to 0.9±0.1 MPa, 9.5±1.9 MPa and 155.2±25.4 KPa, respectively (after 3 h 

soaking) (P<0.05).  This increase could be due to the uniformity in the morphology and pore size of the 

PVDF scaffolds prepared after 3 h soaking in coagulation bath (Fig. 2). Due to the formation of larger 

pores at longer soaking time, mechanical properties of the scaffolds were significantly reduced. For 

example, at 96:4 solvent, tensile strength, elastic modulus and toughness prominently decreased to 

0.5±0.1 MPa, 8.2±1.4 MPa and 35.3±8.9 KPa, respectively, following 24 h soaking in coagulation bath 

(P<0.05). At 100:0 solvent, similar behavior with different order was detected. In this condition, with 

increased soaking time to 3 h, tensile strength, elastic modulus and toughness of the scaffolds 

dramatically enhanced (about 4, 3 and 5 times, respectively). Moreover, the mechanical properties of the 

scaffolds prepared using two different solvents were not significantly different (P>0.05).  

PVDF porous scaffolds fabricated in this work, revealed comparable mechanical properties (tensile 

strength, elastic modulus and toughness) to those of previous studies. Ji et al. [26] fabricated a porous 

PVDF membrane via TIPS method, using dibutyl phthalate (DBP) and di(2-ethylhexyl) phthalate (DEHP)  

as a mixed solvent system. The uniform sponge-like structure of membranes revealed the tensile strength 

of 0.6-1.1 MPa and elongation at break of 11-25%, depending on the diluent mixtures. Su et al. [25] used 
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a mixture of -butyrolactone (-BA), cyclohexanone (CO) and DBP solvent system to develop PVDF 

membranes via TIPS process. They showed that the tensile strength of PVDF scaffold was in the range of 

0.22-2.08 MPa, depending on the solvent type. Young et al. [15] developed microporous PVDF 

membranes grafted with poly(acrylic acid) (PAA) using isothermal immersion precipitation method, for 

neural applications. They used dimethyl sulfoxide (DMSO) and water as solvent and non-solvent, 

respectively. Results showed that tensile strength of the scaffolds immersed in coagulation bath with 

various compositions (water: DMSO volume ratio=100:0, 60:40 and 70:30) was 1.77, 1.55 and 1.22 MPa, 

respectively. Based on our results, between the selected working conditions (at coagulation bath 

composition of 6:4), D-3h-64 and DW-3h-64 were nominated as optimized scaffolds in the terms of 

morphological and mechanical properties. 

Effect of soaking time and solvent composition at constant coagulation bath composition (2:6) on the 

mechanical properties of the scaffolds are presented in Fig. 6. Similar to previous coagulation bath 

condition (6:4), increasing the immersion time upon to 3 h resulted in enhanced mechanical behavior of 

the scaffolds. For example, at 96:4 solvent, tensile strength, elastic modulus and toughness increased from 

0.29±0.06 MPa, 1.6±0.3 MPa and 22.76±2.5 KPa (at 1 h soaking) to 0.92±0.3 MPa, 6.7±1.2 MPa and 

72.8±21.4 KPa (at 3 h soaking). Moreover, at solvent composition of 100:0, tensile strength, elastic 

modulus and toughness improved (about 1.5, 2.5 and 1.5 times, respectively) with increasing immersion 

time to 3 h. It might be due the presence of macro-voids which could weaken the mechanical properties of 

the scaffolds. Furthermore, mechanical properties of the scaffolds reduced with increasing soaking time 

upon 24 h, in both solvent. Therefore, D-3h-26 and DW-3h-26 scaffolds were selected as optimized 

samples in terms of morphological and mechanical properties under the mentioned condition (coagulation 

bath temperature= 20°C and composition of DMF: water volume ratio=2:6) for further characterization.  

Moreover, our results demonstrated that D-3h-26 and DW-3h-26 scaffolds revealed significantly different 

mechanical properties compared to the scaffolds fabricated using previous coagulation bath (6:4). It might 

be due to the more uniform porous structure of the scaffolds fabricated at using DMF: water volume 

ratio=6:4.  
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It is important for peripheral nerve conduits to have appropriate mechanical properties such as tensile 

strength and toughness in order to resist environmental pressures and mechanical forces without 

collapsing during in vitro and in vivo conditions. In addition, nerve channels need to be flexible enough as 

high rigidity could damage regenerated axons and surrounding tissues [32,42,43]. Previous studies have 

shown that tensile strength of normal nerve and acellular nerve is about 2.7 MPa and 1.4 MPa, 

respectively [42]. Our results confirmed that PVDF scaffolds fabricated by N-TIPS method in this work, 

presented sufficient mechanical properties for nerve tissue engineering in comparison to other researches 

[43].   

3.5. Physical, chemical and thermal properties of PVDF scaffolds  

The crystalline phases of PVDF scaffolds with optimized mechanical properties and morphology 

(DW-3h-64, D-3h-64, DW-3h-26 and D-3h-26) were identified via FTIR spectroscopy (Fig. 7(A)). 

Between various phases of PVDF, polar β phase is favored due to its largest piezoelectric, ferroelectric 

and pyroelectric coefficients, as well as high dielectric constant [44]. FTIR spectra confirmed the 

presence of both α and β phase of PVDF in the scaffolds. Absorbance at 612, 760, 795, 853 and 974 cm
–1 

were corresponded to α phase, while the absorbance bands at 470, 511, 840, 878 and 1279 cm
–1

 were 

related to the β phase [9,47,48]. β phase fraction of the optimized scaffolds estimated according to the 

equation (1), are recorded in Table 3. Our results showed that D-3h-64 scaffold revealed maximum 

amount of β phase (87.9%). Similarly, Gregorio [12] reported that β phase of PVDF is fevered when 

crystallization occur from DMF solution  at temperatures below 70°C. Moreover, the presence of water in 

solvent system reduced β phase fraction of scaffolds. As an example, β phase of D-3h-64 scaffold reduced 

to 72.2% when water was added in the solvent composition (DW-3h-64 scaffold). Previous researches 

revealed that processing parameters such as solvent type [47], solution crystallization temperature, 

external forces and mixing with other polymers [48] influenced the crystalline-phase formation during the 

fabrication of PVDF scaffolds. Between them, the solution crystallization temperature revealed 

significant role in the β-phase formation of PVDF. While the crystallization temperature less than 70 °C 

led to the predominant β -phase of PVDF, a mixture of α - and β -phase of PVDF was formed at 70-110 
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°C. Furthermore, the solution crystallization temperature above 110 °C resulted in the formation of a-

phase of PVDF as predominate phase [49]. In another study, results revealed that -phase of PVDF 

polymer could be predominate when butyrolactone solvent was applied [47]. It is well known that β 

phase of PVDF, with all trans planar zigzag conformation, has the most dense structure and thus, the 

forms with the most pyro- and piezoelectric properties [50]. It is believed that in the presence of water, 

polymer chains have more space and move freely, while no external force prevents them from closely 

packing into a dense structure. Therefore, the scaffolds at solvent composition of 96:4 revealed lower 

fraction of β phase compared to water-free composition. Similarly, Ma et al. [51] revealed that the 

addition of tetrahydrofuran (THF) with lower dipole moment in to DMF solvent resulted in less 

interactions between polymers and solvents hindering the β -crystal of PVDF.  

In addition to water content, immersion time in coagulation bath may have significant role in the 

phase composition of PVDF scaffold. Fig. 7(B) shows the effect of soaking time of scaffolds in the water-

free condition at constant coagulation bath composition (DMF: water volume ratio=6:4) and temperature 

(20°C) on the FTIR spectra of PVDF scaffolds. Intensity of the β phase absorption peaks was much 

higher at D-3h-64 sample than DW-3h-64 and reduced by increasing soaking time. According to these 

FTIR spectra and equation 1, β phase fraction of each scaffold was calculated. Our results showed that 

increasing soaking time from 3 to 6 and 24 h resulted in reduced β phase fraction from 87.9% at 3 h to 

and 64.5% and 61.9% at 6 and 24 h, respectively.  

In order to estimate the role of coagulation bath composition and soaking time on the crystallinity and 

crystallite size of PVDF polymer, XRD patterns of PVDF scaffolds at different optimized conditions 

(DW-3h-64, D-3h-64, DW-3h-26 and D-3h-26) were studied (Fig. 7(C)). The well-known diffraction 

peaks of α phase of PVDF were appeared at 2θ = 18.6, 27.8 and 39° assigned to the lattice planes of 

(020), (001) and (002), respectively. Moreover, β phase peaks of PVDF could be detected at 2θ= 20.7, 

20.8, 36.6 and 56.1° which were appointed to the lattice planes of (200), (110), (101) and (221), 

respectively [46,54,55]. XRD patterns were clearly showed that the intensity of α and β phase changed at 
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various coagulation bath composition and soaking time. Crystallinity and crystallite size of the scaffolds 

were estimated from XRD patterns according to equations 2 and 3, respectively and are presented in 

Table 3. The degree of crystallinity of the scaffolds were in the range of 30-47%, depending on the 

fabrication parameters. This result was in agreement with previous studies [41,28]. Moreover, crystallite 

size of the scaffolds reduced from 16.6 nm to 5.2 nm with increase in β fraction and crystallinity of the 

scaffolds. Ma et al. [54], fabricated PVDF membrane via NIPS method, using N,N-dimethylformamide/γ-

Butyrolactone (γ-BL) as solvent and water as non-solvent. They estimated the crystallinity of the 

membranes under different ratios of DMF/γ-BL and different polymer concentrations, in the range of 30-

38%. Results in this study showed that D-3h-64 scaffold, which had the highest amount of β phase from 

FTIR spectra, revealed the highest crystallinity (47.0%) and the lowest crystallite size (5.2 nm). Salimi 

and Yousefi [50] studied the crystallinity of two different grades of PVDF resin ( Kynar 720 and Hylar 

MP10) in the shape of films fabricated by molding method. Results in this study indicated that the degree 

of crystallinity of the films was in the range of 35.3-37.8% for Kynar 720 and 36-42.6% for Hylar MP10. 

In addition, Hylar MP10 which had the higher crystallinity, revealed the greater β phase fraction (74%). 

They believed that under high temperature of processing, polymer [50].   

Effects of immersing time, at the water-free condition and constant coagulation bath composition 

(DMF: water ratio of 6:4) and temperature (20°C) on crystallinity and crystallite size of the scaffolds 

were also investigated. XRD patterns of the scaffolds immersed for various times (3, 6 and 24 h) in 

coagulation bath are presented in Fig. 7(D). Increasing the immersion time resulted in reduction of the 

intensity of β phase peak of (200)/(110) and induced lower crystallinity and higher crystallite size of the 

scaffolds (Table 3). The crystallinity of the PVDF scaffold reduced from 47% to 32% and 29% with 

increasing soaking time form 3 h to 6 and 24 h, respectively. Furthermore, the crystallite size of the 

PVDF polymer enhanced from 5.2 nm to 14.3 nm with promoting soaking time in coagulation bath from 

3 h to 24 h.  

Effect of water content in coagulation bath of N-TIPS process on the thermal properties of the 

scaffolds (DW-3h-64 and D-3h-64) was also studied. DSC thermograms of the scaffolds as well as their 
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extracted data are presented in Fig. 8. By heating the scaffolds from 25 °C to 200 °C, melting point was 

found around 170°C at both scaffolds. When the scaffolds were cooled from 200 °C to 25 °C, the 

crystallization peaks were detected around 123 °C and 160-170 °C, at both scaffolds. The second 

crystallization peak of D-3h-64 scaffold at 160-170°C was divided into two peaks (or a shoulder appeared 

around 160-170 °C). The peak at lower temperature (detected in the figure) was attributed to α phase and 

the peak at higher temperature was related to  phase [50]. It could be clearly found that the β phase 

related peak disappeared at DW-3h-64 scaffold. Moreover, in agreement with previous XRD patterns and 

FTIR spectra, in the presence of water, crystallinity of the scaffolds decreased. This behavior could be 

due to the competitive correlation between the crystallization and L-L phase separation during N-TIPS 

approach. When water was added in the coagulation bath, PVDF crystallization is prior to the L-L phase 

separation. Therefore, rapid phase separation rate could suppress the chance of PVDF chain gathering in 

to the crystal lattice in the polymer-rich phase, leading to a lower crystallinity and less  phase formation. 

The role of solvent concentration in coagulation bath was similarly reported in previous researches. Ma et 

al. [54] revealed that at higher DMF concentration in coagulation bath composed of DMF and γ-BL, 

PVDF chains could easily gather in the polymer-rich phase leading to a higher crystallinity of the PVDF 

scaffold.  

3.6. Biological properties of PVDF scaffolds  

Cell attachment and spreading are important factors in determination of biocompatibility of the 

scaffolds. The SEM images of PC12 cells seeded on optimized scaffolds (DW-3h-64, D-3h-64, DW-3h-

26 and D-3h-26) are presented in Fig. 9. Cells attached to the porous scaffolds with spherical /rounded or 

spreading morphology, depending on the scaffold type (cells have been pointed by arrows). Results 

showed that cell attachment and spreading on the scaffolds enhanced with increasing β phase fraction of 

PVDF scaffolds. For instance, on the D-3h-64 scaffolds with the highest amount of β phase (Table 3), the 

cells oriented and clustered on the scaffold in a longitudinal fashion. In contrast, on the DW-3h-64 

scaffold, the cells distributed with rounded morphology.  
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In addition to cell morphology, role of various PVDF scaffolds on the proliferation of PC12 cells was 

examined via MTT and Resazurin assays. According to MTT assay (Fig. 10(A)), PC12 cell proliferation 

enhanced on all PVDF scaffolds from day 1 to day 7. Remarkably, proliferation of PC12 cells on the D-

3h-64 scaffold significantly enhanced from 77±5 (%control) at day 1 to 149±6 (% control) at day 7. 

Moreover, the proliferation of PC12 cells on water-free condition (D-3h-64 and D-6h-64) was 

significantly higher than other scaffolds (P<0.05). For example, after 7 days, the proliferation of PC12 

cells was 1.5-fold more on the D-3h-64 scaffolds (149±6 (%control)) than DW-3h-26 (102±8 (% control)) 

(P<0.05). Metabolic activity of PC12 was determined by using the Resazurin assay on the scaffolds and 

TCP as control (Figure 10(B)). This assay also confirmed that the proliferation of cells increased on 

various scaffolds with increasing culture time. Moreover, metabolic activity of PC12 cells on D-3h-26 

scaffolds was higher than others.  

When the cells attach to the surface of biomaterials, a sequence of chemical and physical interactions 

happens between them leading to modulation of extracellular matrix deposition as well as cell 

proliferation and differentiation [55]. In this regard, cell attachment is a crucial process which could be 

affected by various physiochemical properties of biomaterial substrate [58,59,60]. In the recent decades, 

aiming to control cellular responses, wide researches have focused on the modifying the physiochemical 

properties of the biomaterials-based scaffolds consisting of chemical composition, mechanical properties, 

hydrophilicity, surface topography and charge as well as porosity to induce suitable cell responses  

[58,61,62,63]. For instance, size and porosity degree of the scaffolds on the cell proliferation and 

demonstrated that cell-type depended role of these structural properties [58,64]. Nunes-Pereira et al. [14] 

studied proliferation of MC3T3-E1 and C2C12 cells on P(VDF-TrFE) scaffold. They showed that higher 

pore size and porosity of P(VDF-TrFE) scaffold induced cell elongation, referred just by the C2C12 

muscle cells. In another study, Kharaziha et al. [64] found that attachment, proliferation and 

differentiation of neonatal rat cardiac fibroblasts as well as protein expression of cardiomyocyte depended 

on mechanical properties of poly(glycerol sebacate) (PGS):gelatin nanofibrous scaffolds. Along with 

these properties, numerous tissues and cells are responsive to electrical and/or electromechanical stimuli, 
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such as cardiac muscle  [64], bone [65] and nerves [5]. It was found that electrical stimulation markedly 

improved viability, alignment, and contractile activities of cardiomyocytes seeded on carbon nanotube 

(CNT)-PGS: gelatin fibrous scaffolds [64]. Recently, Hoop et al. [66] demonstrated that piezoelectric 

PVDF could enable creation of electrical charges on its surface through acoustic stimulation which 

induced neuritogenesis of PC12 cells. They revealed that the piezoelectric stimulation effect on the 

neurite generation in PC12 cells was similar to the ones produced by neuronal growth factors. Moreover, 

Lee et al. [6] also investigated the role of piezoelectric scaffolds on neurite extension of primary neurons 

and demonstrated the potential use of piezoelectric fibrous scaffold for neural regeneration. In this study, 

the effects of mechanical properties and phase of PVDF scaffold on the cell responses were 

investigated. Taken altogether, our findings revealed that instantaneously enhanced mechanical properties 

and phase of PVDF scaffold with remarkable piezoelectric property along with their greater mechanical 

properties significantly promoted attachment, spreading and proliferation of PC12 cell cultured on PVDF 

scaffold.  

4. Conclusion 

In summary, the combination of non-solvent induced phase separation (NIPS) and thermal induced 

phase separation (TIPS) effects was applied to fabricate piezoelectric PVDF scaffolds for nerve tissue 

engineering. Moreover, the effects of different working parameters such as coagulation bath composition 

and temperature, soaking time and solvent composition on the physical, mechanical and biological 

properties of porous PVDF scaffolds were investigated. Results showed that the incorporation of water as 

non-solvent in dope solution decreased β phase fraction of PVDF scaffolds. In water-free condition, the 

scaffolds prepared after 3 h soaking in coagulation bath with composition of DMF: water volume ratio= 

6:4(D-3h-64), was selected as the optimized scaffold. Moreover, due to liquid-liquid phase separation 

happening prior to PVDF crystallization, D-3h-64 scaffold revealed the highest crystallinity degree (47%) 

and β phase fraction of PVDF (87.9%). Finally, PC12 cell attachment and proliferation significantly 
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enhanced on PVDF scaffolds with higher amount of β phase (D-3h-64 scaffold) making them suitable to 

use as nerve guidance channel.  
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Figure captions: 

 

 

Fig. 1. The schematic showing the N-TIPs approach followed by freeze drying method to 

develop porous PVDF scaffold. 

Fig. 2. Effect of coagulation bath temperature on the structural properties of PVDF scaffolds 

prepared at constant coagulation bath composition (DMF:water volume ratio= 6:4) and after 24h 

soaking: (A) SEM images as well as pore size of PVDF scaffolds at different bath compositions; 

DMF: water volume ratio= (B) 100:0 and (C) 96:4 (*:P<0.05).  

Fig. 3. Effects of soaking time on the microstructure of PVDF scaffolds prepared at constant 

coagulation bath composition (DMF:water volume ratio= 6:4) and 20 °C. (A) SEM images 

(surface and cross section images) and pore size of the scaffolds at different coagulation bath 

compositions of DMF: water volume ratio= (B) 100:0 and (C) 96:4. (D)The relationship between 

logarithmic pore size of the scaffolds and soaking time (t) at coagulation bath with two different 

compositions (DMF: water =100:0 and 96:4) (*:P<0.05). 

Fig. 4. Effects of soaking time on the microstructure of PVDF scaffolds prepared at constant 

coagulation bath composition (DMF:water volume ratio= 2:6) and 20 °C. (A) SEM images 

(surface and cross section images) (A) and pore size of the scaffolds at different coagulation bath 

compositions of DMF: water volume ratio= (B) 100:0 and (C) 96:4. (D)The relationship between 

logarithmic pore size of the scaffolds and soaking time (t) at coagulation bath with two different 

compositions (DMF: water =100:0 and 96:4) (*:P<0.05). 

Fig. 5. Mechanical properties of the PVDF scaffolds prepared at constant coagulation bath 

composition (DMF:water volume ratio= 6:4) and 20 °C: Representative stress-strain curves of 

the scaffolds prepared at (A) constant solvent composition (DMF:water=100:0) (A) and (B) 

constant solvent composition (DMF:water=96:4) for various soaking times. Average (C)tensile 

strength, (D) elastic modulus, (E) elongation and (F) toughness of the scaffolds prepared at 

various conditions (*:P<0.05).  

Fig. 6. Mechanical properties of the PVDF scaffolds prepared at constant coagulation bath 

composition (DMF:water volume ratio= 2:6) and 20 °C: Representative stress-strain curves of 

the scaffolds prepared at (A) constant solvent composition (DMF:water=100:0) and (B) constant 

solvent composition (DMF:water=96:4) for various soaking times. Average (C) tensile strength, 
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(D) elastic modulus, (E) elongation and (F) toughness of the scaffolds prepared at various 

conditions(*:P<0.05).  

Fig. 7. FTIR spectra of the PVDF scaffolds (A) prepared at various solvent and coagulation bath 

composition and (B) prepared at various soaking time in constant coagulation bath composition 

(DMF:water volume ratio= 6:4) and temperature (20°C). XRD patterns of the PVDF scaffolds 

(C) prepared at various solvent and coagulation bath composition and (D) prepared at various 

soaking time in constant coagulation bath composition (DMF:water volume ratio= 6:4) and 

temperature (20°C). 

Fig. 8. (A) DSC thermograms and (B) their extracted data of D-20T-3h-6D4W and DW-20T-3h-

6D4W scaffolds.  

Fig. 9. PC12 cell attachment on the different PVDF scaffolds; SEM images of PC12 cells after 7 

days of culture on (A) D-3h-6D4W, (B) D-3h-2D6W, (C)DW-3h-6D4W and (D)DW-3h-2D6W 

scaffolds. 

Fig. 10. Cell viability of PC12 on various PVDF scaffolds measured using (A)MTT assays after 

1, 4 and 7 days of culture and (B) Resazurin assay after 4 and 7 days of culture (data was 

normalized according to day 1) (*:P<0.05). 
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Table 1: The list of samples based on the working parameters.  

Sample 
Solvent composition 

(DMF: water volume ratio) 
Coagulation bath composition 

(DMF: water volume ratio) 
Soaking time (h) 

D-1h-64 100:0 6:4 1 

D-3h-64 100:0 6:4 3 

D-6h-64 100:0 6:4 6 

D-24h-64 100:0 6:4 24 

D-1h-26 100:0 2:6 1 

D-3h-26 100:0 2:6 3 

D-6h-26 100:0 2:6 6 

D-24h-26 100:0 2:6 24 

DW-1h-64 96:4 6:4 1 

DW-3h-64 96:4 6:4 3 

DW-6h-64 96:4 6:4 6 

DW-24h-64 96:4 6:4 24 

DW-1h-26 96:4 2:6 1 

Dw-3h-26 96:4 2:6 3 

Dw-6h-26 96:4 2:6 6 

DW-24h-26 96:4 2:6 24 
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Table 2: The extracted data from equation 7, including α and K values. 

Sample K α 

D-64 0.964 2.461 

DW-64 0.543 3.512 

D-26 0.311 1.858 

DW-26 0.326 1.422 
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Table 3: Crystalinity, crystallite size and β phase fraction of PVDF scaffolds. 

 

β phase(%) Crystallinity (%) 
Crystallite size 

(nm) 
sample 

87.9 47.0 5.2 D-3h-64 

64.5 31.6 7.8 D-6h-64 

61.9 29.4 14.3 D-24h-64 

78.8 42.3 9.4 D-3h-26 

61.1 30.4 16.6 DW-3h-26 

72.2 36.4 13.1 DW-3h-64 
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Highlights: 

 PVDF scaffold was developed via non-solvent and thermal induced phase separation (N-TIPS). 

 Toughness of scaffolds promoted (5 times) with increasing soaking time in coagulation bath.   

 β phase of PVDF scaffolds changed in the range of 44-87% depending on the immersing time  

 Crystallinity of PVDF changed in the range of 30.35-47.03% depending on the immersing time.  

 PC12 proliferation on PVDF scaffolds significantly promoted via enhanced β phase fraction.  
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