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ABSTRACT  

Bone’s inherent piezoelectricity is a key factor in regulating bone growth and mesenchymal stem 

cells (MSCs) fate towards the osteogenic lineage. The piezoelectric polymer poly(vinylidene) 

fluoride (PVDF) was thus used to manufacture electroactive membranes by means of non-solvent 

induced phase separation (NIPS), producing porous membranes with approximately 90 % of -

phase for MSCs culture. The combination of the porous surface and PVDF hydrophobicity hinders 

cell adhesion and requires a coating to improve cell culture conditions. A layer-by-layer (LbL) 

method was used to deposit elastin-like recombinamers (ELRs) containing RGD sequences 
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applying click cross-linking chemistry. ELRs potential was confirmed by comparing traditional 

fibronectin adsorption with ELRs LbL on PVDF electroactive membranes. Porcine bone marrow 

MSCs preferred ELRs-coated surfaces, which enhanced initial cell adhesion and improved 

proliferation after 7 days. These findings lead to new possibilities for regenerative therapies in the 

area of bone tissue engineering, offering the advantages of MSC commitment towards the 

osteogenic lineage by applying electro-mechanical stimulation on electroactive substrates.  

KEYWORDS: Poly(vinylidene) fluoride; piezoelectricity; elastin-like recombinamers; RGD; 

layer-by-layer; mesenchymal stem cells 

 

1. INTRODUCTION 

 

Poly(vinylidene) fluoride (PVDF) is a piezoelectric semi-crystalline polymer which can crystallize 

into five polymorphs,     and . Chain conformations, all trans (TTT) planar zigzag and 

T3GT3G for  and  phases respectively [1], and the electronegativity difference between fluorine 

and hydrogen atoms create a net dipole moment in these polymorphs and confer them electroactive 

properties [2].  

PVDF has been proposed as a candidate for bone tissue engineering (TE) applications due to its 

capacity to produce a surface charge variation when a mechanical input is applied [3], reproducing 

bone’s inherent piezoelectricity, as discovered by Fukada and Yasuda [4]. This mechanism is 

hypothesized to be involved in bone’s capacity to adapt to mechanical stress and tissue 

regeneration [5]. Electro-mechanical stimulation has been shown to enhance cell viability, 

proliferation and differentiation on osteogenic progenitors [6–8].  
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Specific bioreactors, compatible with cell culture conditions, have been designed to fulfil the need 

of transmitting stimulus or cues to different cell types cultured on a wide variety of supports [9,10]. 

As a matter of fact, bioreactor systems based on a vertical vibration module have been used to 

electro-mechanically stimulate human adipose stem cells, mechanically deforming the PVDF 

matrix and transmitting the electrical stimulus to the cells [11,12].  

The interest in using PVDF in bone TE lies in the presence of the electroactive phases, which can 

be obtained during the manufacturing process. The PVDF -phase is usually obtained as 

crystallization from the melt results in this polymorph [13]. The -phase can be produced by 

uniaxial stretching of the  polymorph [14], which is a two-step process. Crystallization below 70 

ºC using polar solvents such as dimethylformamide can obtain both  and  electroactive phases 

 reducing the manufacturing process to a single step [17] and allowing the support to be 

manufactured in complex shapes.   

Non-solvent induced phase separation (NIPS), which consists of the precipitation of the polymer 

cast on a surface by immersing it in a coagulation bath containing a non-solvent, is compatible 

with the above-mentioned parameters [18,19]. Different topographies and diverse electroactive 

contents can be obtained from different applied manufacturing conditions [20] in a reliable, cost-

effective and simple method of producing electroactive PVDF supports for cell culture [21]. 

When considering PVDF for biological applications the surface properties must be modified to 

control cell behaviour due to its high hydrophobicity [22]. When culturing cells with osteogenic 

characteristics fibronectin adsorption is usually applied to enhance their initial adhesion and 

proliferation [8,11,23], however fibronectin has proven to be ineffective in highly porous PVDF 

supports regarding mesenchymal stem cell (MSCs) adhesion [24]. 
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Elastin-like recombinamers (ELRs) have arisen as suitable biomolecules for biomimetic polymer 

coatings that include specific biofunctional sequences. ELRs are synthetic elastin-inspired 

polypeptides, produced by DNA recombinant technologies, formed by repetitive sequences 

comprising the most widely used pentapeptide domain Val-Pro-Gly-X-Gly (VPGXG), X being 

any natural or modified amino acid, with the exception of L-proline [25]. ELRs can be engineered 

to incorporate bioactive sequences with specific properties for cell attachment, proliferation and 

differentiation [26]. In this regard, the  Arg-Gly-Asp (RGD) sequence, found in a number of 

extracellular matrix proteins, is known to mediate cell attachment and spreading [27,28]. This 

domain was one of the first bioactive motifs introduced to the ELR main chain [29] and was 

applied as a substrate coating, showing improved cell affinity [30]. Besides mediating cell 

adhesion, the RGD sequence has been shown to be involved in MSCs differentiation towards the 

osteogenic lineage [31–34]. 

Biocompatible ELRs click hydrogels can be obtained by interchain crosslinking via catalyst-free 

Hüisgen 1,3-dipolar cycloaddition under physiological conditions in a mild and cell-friendly 

process with atom economy[35]. These click hydrogels are outstanding candidates for tissue 

engineering [36] in general and as layer-by-layer (LbL) stable and biomimetic coatings, with 

increased adhesion and proliferation when RGD is incorporated, establishing the basis of future 

biomedical applications [37].  

In this study we combined electroactive PVDF membranes produced by NIPS with ELRs 

containing RGD sequences deposited on their surface by the LbL technique, applying the click 

crosslinking approach, as cell culture supports for in vitro mesenchymal stem cell culture. The 

effectiveness of ELRs LbL coating on PVDF electroactive supports was compared with traditional 

fibronectin adsorption using porcine bone marrow MSCs. The results on cell proliferation on the 
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ELRs-coated materials obtained show that they are promising candidates for electro-mechanical 

stimulation approaches.  

 

2. MATERIALS AND METHODS 

2.1 Electroactive membrane preparation 

Poly(vinylidene) fluoride membranes were produced by the non-solvent induced phase separation 

technique, for which a 20 % w/v PVDF solution (Solef® 6010 PVDF Homopolymer, Solvay) was 

prepared in dimethylformamide (DMF) (Scharlab, synthesis grade). The solution was magnetically 

stirred at 60 ºC until complete dissolution of the polymer. Prior to membrane preparation, the 

solution was kept non-stirred for 30 min to remove air bubbles and then spread on a glass plate 

with a 750 m casting knife. The plate was immersed in a coagulation bath containing absolute 

ethanol (Scharlab) at 25 ºC for 1 h. After complete precipitation, the membranes were washed 

under agitation for 24 h in deionized water to remove excess ethanol and remaining traces of DMF, 

with a water change every two hours. Once washed, the membranes were frozen at -80 ºC and 

lyophilized for 24 h.  

2.2 Membrane characterization 

2.2.1 Morphological analysis 

Membrane surface and cross-section morphology were analysed by means of Field Emission 

Scanning Electron Microscopy (FESEM). Samples were coated with platinum following a 

standard sputtering protocol for 90 s (JFC 1100, JEOL, Japan) and visualized in an Ultra 55 

microscope (Zeiss). Accelerating voltage was 2 kV. Surface spherulite diameter was measured 

using ImageJ software (National Institutes of Health, Bethesda, Maryland, USA). Three different 

membranes from three different batches were analysed with 100 spherulites per sample. 
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ELRs deposition by the layer-by-layer technique was also confirmed by acquiring images of the 

coated surface and the cross-section by FESEM applying an accelerating voltage of 1 kV.  

Porosity of the developed membranes was measured filling the pores with ethanol and applying 

Eqs. (1) and (2):  

𝑉𝑝𝑜𝑟𝑒𝑠 =
𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦  

𝜌𝑒𝑡ℎ𝑎𝑛𝑜𝑙
 

 

∅ =
𝑉𝑝𝑜𝑟𝑒𝑠

𝑉𝑝𝑜𝑟𝑒𝑠 + 𝑉𝑃𝑉𝐷𝐹
 

where mwet and mdry are the weight of the membranes before and after immersion in ethanol, 

respectively. ethanol is ethanol density (0.789 g/cm3). PVDF volume (VPVDF) was calculated from 

the dry weight of the membrane and assuming a density of 1.775 g/cm3. 

Three replicates per sample were measured from three different samples produced in different 

preparations.   

2.2.2 Analysis of the electroactive phases 

The electroactive phase content present in the membranes was assessed by Fourier-transform 

Infrared Spectroscopy (FTIR-ATR). Benz and Euler [38] defined a simple method to quantify 

PVDF crystalline phases present in a sample, especially in the remarkable presence of -phase. 

Different phases were identified by their representative absorption bands (762 cm-1 for , 1279 

cm-1 for  and 835 cm-1 for ). Since the absorption band at 835 cm-1 has contributions from ,  

(1) 

(2) 
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and the amorphous phase, the  -phase fraction (F()) present in the sample can be calculated 

applying the following equations [38,39]:  

 

𝐹(𝛾) =
𝑋𝛾

𝑋𝛾 + 𝑋𝛼
 

 

𝐴835 = (𝐾𝛾
835 𝑋𝛾 + 𝐾𝛽

835𝑋𝛽 +  𝐾𝑎𝑚
835(1 − 𝑋𝑡𝑜𝑡𝑎𝑙))𝑡  

 

𝐴762 = 𝐾𝛼
762 𝑋𝛼 𝑡 

 

𝐴1279 = 𝐾𝛽
1279𝑋𝛽 𝑡 

 

Where X and X are the fraction of  and  phases and A and A are their absorptions at 762 and 

835 cm-1, respectively. K is the characteristic absorption coefficient at the characteristic 

wavenumber of each of the phases (𝐾𝛼
762 = 0.365 m-1, 𝐾𝛾

835 = 0.15 m-1, 𝐾𝑎𝑚
835 = 0.0259 m-1 

[38]), Xtotal is total sample crystallinity and t is its thickness. The -phase contribution to Eq. (4) is 

negligible since there is no peak presence at 1279 cm-1. Also, the high crystallinity of the 

membranes makes 𝐾𝛾
835 𝑋𝛾 much larger than 𝐾𝑎𝑚

835(1 − 𝑋𝑡𝑜𝑡𝑎𝑙) and  𝐾𝛾
835 is five times larger than 

𝐾𝑎𝑚
835. In this case, Eq. (3) can be reduced to: 

 

(3) 

(4) 

(5) 

(6) 
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𝐹(𝛾) =  
𝐴835

(
𝐾𝛾

835

𝐾𝛼
762) 𝐴762 +  𝐴835

 

 

Measurements were taken on an ALPHA FTIR spectrometer (Bruker) in ATR mode from 4000 to 

400 cm-1 at a wavelength resolution of 4 cm-1. Three different membranes from three different 

batches were analysed. 

2.2.3 Membrane’s crystalline content 

Differential Scanning Calorimetry was used to determine the degree of crystallinity (Xc) of the 

PVDF membranes produced and their melting temperature. The samples were scanned in a DSC 

Pyris 1 (PerkinElmer) calorimeter, previously encapsulated in aluminium pans, from 0 C to 200 

C at a heating range of 20 C/min in a dry nitrogen atmosphere.  

Xc was determined by means of the following equation [38–40]: 

𝑋𝑐 =
𝛥𝐻𝑚

𝛥𝐻100 
 × 100 

Where ∆Hm is the melting enthalpy of the PVDF membranes measured in DSC and 𝛥𝐻100 is the 

melting enthalpy for a 100 % crystalline sample of pure PVDF, whose value is 104.7 J/g [41]. 

Three different membranes from three different batches were analysed.  

2.2.4 Poling method and piezoelectric coefficient evaluation  

(8) 

(7) 
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The porous membranes were poled by the contact method, with the polymer membranes placed 

inside a silicone oil bath to prevent electrical breakdown. Adhesive aluminium tape was used as 

electrode materials on both membrane surfaces. Polarization conditions were optimized to a final 

electric field of ~10 kV at a constant current of 10 A for 1 h at a temperature of 120 ºC. 

After the poling time, the membranes were cooled down to room temperature under the application 

of the electric field.  

The piezoelectric d33 response was analysed on a Wide Range d33-meter (Model 8000, APC Int 

Ltd). 

2.3 ELRs deposition on PVDF membranes  

2.3.1 Biosynthesis and purification of ELRs 

ELRs were bioproduced by genetic engineering technology and purified by Inverse Transition 

Cycling (ITC) [42,43], exploiting their thermosensitive behaviour. The ELR thus obtained was 

named as HRGD and its amino acid sequence was: 

HRGD: MGSSHHHHHHSSGLVPRGSH-MESLLP-{[(VPGIG)2(VPGKG)(VPGIG)2]2-

AVTGRGDSPASS- [(VPGIG)2(VPGKG)(VPGIG)2]2]}6-V   

The polymer contained VPGKG pentapeptide located uniformly along the main chain to enable 

further chemical modification through the ε-amine group of lysines. The HRGD biopolymer also 

contained the peptide loop found in human fibronectin, the carrier of the specific RGD sequence 

for cell adhesion. ELR purity and chemical characterization were verified by sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS–PAGE), matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-ToF) mass spectrometry, amino acid composition 
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analysis, differential scanning calorimetry (DSC) and nuclear magnetic resonance (NMR) [44]. 

1H-NMR spectroscopy and MALDI-ToF-mass spectrometry were carried out in the Instrumental 

Techniques Laboratory (LTI) of the Research Facilities of the University of Valladolid. 

2.3.2 ELRs chemical modification 

ELRs were chemically modified to carry cyclooctyne or azide groups in the lateral chain, obtaining 

the corresponding modified biopolymers (the one bearing cyclooctyne derivatization was labelled 

RGD-CO and the one with azide groups RGD-N3). The biopolymer chemical functionalization 

was carried out by modifying the ε-amine groups, as previously described [35]. 

To modify HRGD with a cyclooctyne group, the ELR was dissolved in DMF (Sigma) at a final 

concentration of 0.05 g/mL at room temperature in an inert atmosphere. Bicyclo [6.1.0] non-4-yn-

9-yl-methyl N-succinimidyl carbonate (0.6 eq, Mw 291.30 mg/mmol, GalChimia, A Coruña, 

Spain) dissolved in DMF was then added to the ELR solution at a final concentration of 3.3 

mg/mL. The resulting mixture was stirred for 48 h at room temperature in an argon atmosphere. 

The modified RGD-CO was purified by precipitation with diethyl ether. The resulting white solid 

was washed 3 times with acetone and dried under reduced pressure. The solid was re-dissolved in 

cold ultrapure MQ water at 4 °C, dialyzed against MQ water, filtered through 0.22 μm filters 

(Nalgene) and the sterile solution was freeze-dried prior to storage. 

Following the same procedure, HRGD was modified to bear an azide group. This time 2-Azido 

ethyl (2,5-dioxopyrrolidin-1-yl) carbonate (0.6 eq, Mw 228.17 mg/mmol, GalChimia, A Coruña, 

Spain) was dissolved in DMF and then added to the ELR solution at a final concentration of 1.3 

mg/mL. RGD-N3 was purified as previously described. 
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The modified RGD-CO and RGD-N3 biopolymers were characterized by NMR, MALDI-ToF and 

Fourier-transform infrared spectroscopy (FTIR-ATR) (supplementary material). MALDI-ToF and 

1H-NMR (in DMSO-d6) enabled us to quantify the degree of lysine modification.  

2.3.3 Layer-by-Layer procedure for ELRs-covered PVDF membranes 

PVDF membranes cut into 1 cm2 squares were used as the substrate for the ELRs coating. The 

square surfaces were indicated by a sign on the opposite face to the cell culture. These substrates 

were first cleaned and activated by argon plasma treatment. This treatment is a cleaning and 

activation step aimed at promoting a better coating improving adsorption of the first layer onto the 

surface.  The membranes were placed in the chamber and vacuum was generated (P=600 mTorr), 

a high-frequency (29.6 W) 20 mL/min argon plasma flow passed through the samples for the 

appropriate time (1, 5, 20 and 30 minutes) to optimize the plasma treatment activation time.  

Secondly, different ELRs solution concentrations and immersion orders were studied to achieve 

the best coating for cellular assays. The ELRs modified with either cyclooctyne or azide groups 

were dissolved at 10 or 25 mg/mL, according to the assay, in water at 4 ºC overnight and stored at 

this temperature in separate containers. pH value of the different solutions was 7.5. pH control is 

less critical than in other conventional layer-by-layer protocols since the link between layers is 

produced by click reaction between azide and cyclooctine groups, non-acid species. Selecting the 

optimized plasma treatment protocol, the activated PVDF membranes were sequentially immersed 

in the ELRs solutions with either RGD-N3 or RGD-CO as the first layer for two seconds and left 

to dry for five minutes between dippings to generate the first bilayer. A drying step, instead of 

washing, was chosen in order to assure that the click reaction between the layers was produced. 

Washings would probably remove the coating without letting the covalent crosslink to end. The 
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process was then repeated and after being left to dry for 45 minutes the membranes were freeze-

dried. Two bilayers were selected as the optimal number of layers as it was enough to completely 

cover the surface obtaining the thinnest membrane coating.  

 The optimized protocol is described in Scheme 1. 

 

Scheme 1. Illustration of the optimized layer-by-layer process with RGD-N3 (as first layer) and 

RGD-CO ELRs onto plasma treated PVDF membranes. 

2.3.4 Characterization of ELRs-covered PVDF membranes 

As process control, the non-activated, activated and the final biofunctionalized membranes were 

evaluated by contact angle measurements determined by a sessile drop method using a Data 

Physics OCA20 instrument equipped with an adapted CCD video camera. The coating 

performance was analysed by Fourier-transform infrared spectroscopy (FTIR-ATR) on a Bruker 

TENSOR 27 acquiring 64 scans between 500-4000 cm-1 to compare the spectra of the 

biofunctionalized, plasma treated and non-coated membranes. The membrane surfaces and cross-

section morphology were analysed by FESEM as described in Section 2.2.1. 
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2.4 Cell culture assays  

Porcine bone marrow mesenchymal stem cells (pMSCs) were used to study the cell proliferation 

response. pMSCs were expanded in basal medium containing Dulbecco’s modified Eagles 

medium (DMEM) high glucose (4.5 g/L) with GlutaMAXTM (Gibco), 10 % (v/v) Foetal Bovine 

Serum, FBS (Gibco), 100 U/mL penicillin-100 g/mL streptomycin, P/S (Life technologies), and 

5 ng/mL of Fibroblast Growth Factor 2, FGF-2 (Eurobio), at 37 ºC in a humidified atmosphere 

with 5 % CO2. All the experiments were performed in passage 5.  

After choosing the best layer-by-layer protocol for ELRs deposition, coated (PVDF + ELRs) and 

non-coated membranes (PVDF) were cut into 8 mm disks to fit on the bottom of a 48 well plate. 

Samples were sterilized by UV for 20 minutes on each side, after which the membranes were 

washed in ethanol 70 % (v/v) for 15 minutes under shacking and washed 6 times in Dulbecco’s 

Phosphate Buffered Saline, DPBS (Sigma-Aldrich) to eliminate possible traces of ethanol.  

Glass slides, used as controls, were sterilized by sonication in ethanol for 10 minutes and then 

were exposed to UV for 20 minutes each side.  

After sterilization, the non-coated membranes and glass slides were incubated in a solution of 

human plasma fibronectin (Sigma-Aldrich; 20 g/mL) for 1 hour at room temperature. Fibronectin 

coating was used to compare the effectiveness of ELRs layer-by-layer deposition and the 

traditional protein adsorption. After fibronectin coating, the samples were washed twice with 

DPBS to remove non-adsorbed fibronectin.  
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The samples were placed in a 48 well plate, 3 replicates per group, and silicon rings were used to 

prevent the membranes from floating inside the wells, glass slides included. Basal medium without 

FBS or FGF-2 was added to the wells to condition the membranes before cell seeding.  

12 h before cell seeding, the cells were starved in basal medium containing 1 % (v/v) FBS to 

synchronize the cell cycle. To study cell proliferation the cells were seeded at a density of 8 x 103 

cells/cm2 in basal medium without FBS to promote cell adhesion either to fibronectin or ELRs 

containing RGD sequences. 100 L containing the required number of cells was deposited on top 

of each sample inside the silicon rings. 3 h later, after cell attachment, the required volume of basal 

medium and FBS for a final concentration of 10 % (v/v) was added to each well.  

The medium was changed every 2 or 3 days. After 24 h, 3 and 7 days the samples were fixed in a 

4 % (v/v) paraformaldehyde solution (Panreac) for 20 minutes. 

Initial adhesion and proliferation studies were carried out by means of staining cell cytoskeleton 

and nucleus. After fixation, the samples were permeabilized and blocked in 1 % (w/v) bovine 

serum albumin (BSA; Sigma-Aldrich) solution in DPBS/0.1 % (v/v) Tween-20 (Sigma-Aldrich) 

for 1 h at room temperature and then incubated with Alexa Fluor Phalloidin 488 (1:100 Fisher 

Scientific) for 2 hours in a humidified chamber. After washing the samples 3 times with DPBS/0.1 

% (v/v) Tween-20 (Sigma-Aldrich), the PVDF membranes were treated with Sudan Black B 

solution following the protocol described in Morales-Román et al. [24]. As PVDF 

autofluorescence hinders image acquisition and cell counting, Sudan Black B treatment is 

necessary to obtain quality images of the cells. The samples were then washed 3 times with DPBS 

and incubated for 20 minutes with DAPI (1:200; Sigma-Aldrich) in mounting medium. 
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Four representative areas of each sample were studied, acquiring images with a fluorescence 

microscope (Nikon Eclipse 80i). The images were analysed on ImageJ software (National 

Institutes of Health, Bethesda, Maryland, USA). Two independent assays were carried out with 

three replicates per group. Results were normalized by initial cell seeding density (8 x 103 

cells/cm2) and calculated as relative cell proliferation, expressed as Log2 of the ratio obtained. 

Each unit represents a doubling in the cell population. This representation method highlights MSCs 

initial adhesion and proliferation rate on the different conditions tested. Negative values indicate 

that the number of retained cells is lower than the initial number of seeded cells onto the 

biomaterial.  

2.5 Statistical analysis 

All results were expressed as mean ± standard deviation. Statistical analysis was performed on 

SPSS Software. Two-way ANOVA analysis was applied to the homogeneous groups after 

checking homoscedasticity by the Levene test. A 95 % confidence interval was set to accept 

significant inter-group differences (p-value < 0.05). 

 

3. RESULTS AND DISCUSSION 

3.1 Membrane characterization 

PVDF membranes were produced by non-solvent induced phase separation (NIPS) in an ethanol 

bath at 25 ºC. Of the wide variety of parameters, the selection of the proper non-solvent in the 

coagulation bath is instrumental in membrane morphology formation. As PVDF is a semi-

crystalline polymer, its precipitation during this process is determined by two events associated 

with crystallization: liquid-liquid demixing and solid-liquid demixing [20]. The presence of 
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ethanol in the coagulation bath, a soft non-solvent, reduces the solvent-nonsolvent exchange, 

allowing crystallization, a slower process, before liquid-liquid demixing takes place. Membrane 

structure and morphology were characterized by FESEM, as shown in Figure 1. Figure 1 (b) shows 

the symmetrical PVDF membranes with both porous surfaces on the top (Figure 1 (a)) and bottom 

(images of the bottom surface are not displayed). The use of soft solvents in the coagulation bath 

gives rise to symmetric membranes without the characteristic presence of finger-like structures or 

macrovoids present in water-bath produced membranes [45]. Crystallization occurs before 

crossing the binodal line, allowing crystalline globules to grow and coalesce [15].  

 

Figure 1. Surface and cross-section FESEM images of PVDF membranes produced by non-solvent 

induced phase separation before ELRs deposition by layer-by-layer (a and b) and after (c and d).  

Surface topography is formed by a particulate-like morphology composed of PVDF globules or 

microbeads. These structures measure 1.1 ± 0.2 μm, in agreement with previous results reported 

by Lin et al [46]. Pagliero et al. [15] manufactured PVDF membranes in ethanol baths varying the 

PVDF concentration in the initial solution. Highly concentrated PVDF solutions (above 14 % w/v) 

gave rise to smaller spherulites than the ones obtained from diluted solutions. A polymer 
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concentration rise in the initial solution increases solution viscosity, favouring PVDF 

entanglements, restraining chain mobility and reducing spherulite growth, generating a more 

compact interconnected network, as in the case of the present membranes using 20 % w/v PVDF 

solution as shown in Figure 1 (a). These globules are connected to each other by fibrils, probably 

with the thickness of one or more folded lamellae, as previously reported by Lin et al.[47].  

Porosity was determined by filling the membrane pores with ethanol and applying Eqs. (1) and 

(2). Ethanol was chosen since PVDF is hydrophobic and its pores cannot be filled with water and 

this would underestimate the pore volume [24]. The PVDF membranes produced by NIPS in an 

ethanol coagulation bath had a porosity of 81.7 ± 0.5 %.   

Fourier-transform infrared spectroscopy (FTIR) has proven to be a valid method of identifying and 

quantifying the PVDF polymorphs present in different samples, applying the equations cited in 

Section 2.2.3. Martins et al. [2]reviewed the characteristic absorption bands of the most common 

crystalline phases   and  The non-electroactive -phase is defined by the wavenumbers at 

532, 614, 762, 795, 855, 976 cm-1, the most representative and thus used to calculate its fraction 

being at 762 cm-1. The bands at 445, 510, 840 and 1279 cm-1 are used to identify the -phase, while 

431, 512, 812, 835 and 1234 cm-1 are used for the -phase.  

The representative FTIR-ATR spectrum of PVDF membranes is displayed in Figure 2 (a). -phase 

characteristic bands at 614, 762 and 976 cm-1 can be seen, as highlighted in the graph. Surprisingly, 

no -phase peaks are present, especially the absence of one at 1279 cm-1. However, most of the -

phase characteristic bands can be found in the sample, including 431, 835 and 1234 cm-1. Since 

1234 cm-1 tends to appear as a shoulder, 835 cm-1 is used to quantify the percentage of -phase 

present in the membranes [38–40,48]. The absence of -phase peaks makes its contribution to this 
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835 cm-1 negligible, allowing Eq. (7) to be applied to obtain the -phase fraction. The -phase is 

93.3 ± 1.4 %, with just a small contribution from the -phase (6.7 ± 1.4 %).  

Using FTIR to identify electroactive  and  phases is still a subject of debate, since their similar 

structure provides characteristic absorption bands which are a superposition of both phases. 

Traditionally, the band at 840 cm-1 has been used to identify the β-phase. Nonetheless, the presence 

of this band is sometimes shown as a shoulder at 833 cm-1 in the 840 cm-1 band, or as it is the case 

in the spectrum presented, the peak appears displaced towards 835 cm-1 indicating the presence of 

the γ-phase. This subtle displacement alone is not enough to assure the presence of this polymorph, 

however bands at 1279 and 1234 cm-1 can be used to clearly identify them, since the  and  

contributions, respectively, are unique at these wavenumbers.   

Obtaining the -phase is more difficult than  and traditionally has only been achieved by 

isothermal crystallization at extremely high temperatures and slow cooling rates [49]. Adding 

fillers [40] and crystallization under vacuum [50] have also produced PVDF supports in this 

electroactive phase. Some authors have reported obtaining it by means of NIPS [16,39]. Highly 

polar solvents, such as dimethylformamide or dimethylacetamide, favour crystallization in trans 

phases due to their interaction with the polymer, rotating the C-F bond around the C-C bonds of 

the chain backbone [51]. In other words, the membranes’ -phase is produced by the dipole rotation 

( to ) induced by solvent polarity. The presence of alcohols in the coagulation bath has been 

found to favour the interaction between its -OH groups and the DMF solvent [39]. This 

phenomenon partially allows the rotation back to  conformation, leading to the low contribution 

to the sample content.  
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Figure 2. Representative (a) FTIR-ATR spectrum and (b) DSC curve of PVDF membranes 

produced by non-solvent induced phase separation.  

Membrane electroactive potential was confirmed by measuring the piezoelectric d33 response after 

poling the samples. Corona discharge poling could not be used due to the high membrane porosity 

(up to 80 %), which produced an electrical breakdown, so the direct contact poling method filling 

the pores with silicone oil was used. Immediately after polarization, the |d33| response (typical 

negative values for PVDF were obtained) varied between 3 and 6 pC/N, depending on the position 

of the measurement site.  

The obtained d33 coefficient is in agreement with the values expected for -phase PVDF, - 7 pC/N 

as reported by Lopes et al. [40] for PVDF samples containing 91 % of γ-phase, confirming the 

majority presence of this polymorph in the produced membranes.   

These piezoelectric membranes were coupled to a readout electronic circuit [52] to determine the 

voltage generated under cycling pressure solicitation by gentle finger pressing and releasing. The 

output of the amplifying circuit in unloaded conditions, as shown by Gonçalves et al. in [52],  

averaged to 2.5 V, leading to non-zero voltage values when the membrane was not pressed. When 

loading was applied by finger pressing, a negative voltage peak was generated while a positive 
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peak appeared when released. Figure 3 shows the voltage generated when the membrane was under 

cycling pressure solicitation, the height of the peaks was not constant since the compression load 

was not controlled.  Under mechanical deformation due to gentle finger pressure a stable voltage 

was generated, compatible with the measured piezoelectric response. 

 

Figure 3. Voltage generation throughout the piezoelectric PVDF membrane under pressure 

cycles. 

Despite the many efforts to elucidate the bone piezoelectric coefficients, the published data varies 

widely. Those attributed either to bone or tendons containing oriented collagen fibers usually differ 

by more than one order of magnitude [3,53–56]. Halperin et al. [57] studied the piezoelectric 

coefficients in dry and wet human bone and concluded that they vary in the range of 7 to 8 pC/N, 

in agreement with the results published by other authors [53,55]. Even though -PVDF 

electroactive response is lower than that of -PVDF, the piezoelectric coefficient obtained is in the 

same order of magnitude as those reported by the aforementioned authors, indicating that -PVDF 

membranes are suitable candidates for future mesenchymal stem cell differentiation approaches.   
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PVDF thermal properties and degree of crystallinity were assessed by differential scanning 

calorimetry. The melting endotherm obtained at a heating range of 20 ºC/min is shown in Figure 

2 (b). The melting peak indicating the melting temperature (Tm) of the PVDF membranes appears 

at 169.4 ± 1.2 ºC. Even though the  polymorph shows a Tm around 8 ºC higher than  and  as 

described by Gregorio [13], this polymorph is obtained from the isothermal crystallization at 166 

ºC. Higher crystallization temperatures lead to higher crystallite sizes and raise the melting 

temperature. The PVDF membranes described here were obtained at 25 ºC, which resulted in a 

lower melting temperature, in agreement with the findings of Chang et al. [39,48], who 

manufactured PVDF membranes by the NIPS technique using different solvents and alcohols in 

the coagulation bath and obtained mostly -phase membranes with melting temperatures around 

165-170 ºC.  

The membrane’s degree of crystallinity was obtained by applying Eq. (8). Xc is 65 ± 1 % for PVDF 

membranes, which confirms that liquid-liquid demixing is delayed by the non-solvents due to the 

reduced solvent-nonsolvent exchange rate. This delay allows crystallization to take place including 

nucleation and spherulite growth, producing membranes with a high percentage of crystalline 

phase within their structures.  

 

 

3.2 ELRs deposition by the layer-by-layer technique 

Surface fibronectin adsorption is a common technique when using PVDF as the cell culture support 

since its hydrophobicity hinders initial cell adhesion. However, the surface can be coated 

completely with other approaches, such as layer-by-layer ELRs deposition. Strong covalent bonds 
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are formed between the layers ensuring a permanent coating suitable for the tissue engineering 

field. This coating is considered cell-friendly because of ELRs’ biocompatibility, as has been 

shown in previous works [58],  and the copper-free click cross-linking between the layers. The 

click method involves the 1,3-dipolar cycloaddition of an azide and an especially active alkyne 

group, such as cyclooctyne (based on annular tension), allowing the reaction to take place without 

a catalyst [35] and applying atom economy. 

An initial study was performed comprising the optimization and characterization of diverse coating 

conditions. The membrane activation time using the plasma treatment was first optimized and the 

RGD-N3 and RGD-CO solution concentration and the deposition order of the first layer was then 

studied. Once the optimal conditions were obtained the PVDF membranes were coated for cell 

culture tests by depositing two ELRs bilayers.  

The PVDF membranes were activated by a simple, clean and effective plasma treatment method. 

The argon plasma flow (20 mL/min) was passed through a vacuum chamber (600 mTorr) and 

several time periods (1, 5, 20 and 30 minutes) were applied to the samples deposited inside. This 

step was controlled by measuring the contact angle of a drop of water on the PVDF membrane 

surface, as well as by FTIR-ATR. The activation step provides some oxidation of covalent bonds 

introducing a small number of hydroxyl groups at the surface that promote a small variation in the 

contact angle value observed before and after performing the activation. The small difference in 

the contact angle between non-activated (133 ± 1°) and activated membranes at different times 

(non-significant differences in contact angle values around 120°) slightly reduced hydrophobicity 

despite the plasma treatment.  
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FTIR-ATR of both pristine PVDF membrane and plasma activated one were performed after 

plasma treatment (see supplementary material, figure S1). The amount of hydroxyl groups 

introduced by argon plasma is not high enough to show substantial changes in the FTIR spectrum. 

However, in all the time periods tested, the activation was enough to immerse the samples in 

aqueous solutions for ELRs coating. The minimum activation time of 1 minute was chosen for the 

LbL process to avoid damaging the membranes. 

Before membrane coating, the ELRs were chemically modified to carry azide and cyclooctyne 

functional groups, giving rise to RGD-N3 and RGD-CO, respectively. Both biopolymers were 

functionalized by modifying the ε-amine groups present in the lysines side chain, as described in 

Section 2.3.2. RGD-N3 and RGD-CO were characterized by 1H-NMR spectroscopy, MALDI-ToF 

mass spectrometry and FTIR-ATR (see supplementary material).  

The presence of twenty-four lysine residues distributed along the aminoacidic chain of the HRGD 

biopolymer allowed the amidation reaction of their amine groups with an N-succinimidyl 

carbonate derivative as a cyclooctyne carrier, giving rise to the RGD-CO biopolymer bearing 

cyclooctyne groups distributed along the ELR chain. A total of thirteen lysines were modified by 

0.6 reagent equivalents, which yielded 90 % conversion. This conversion was determined by the 

MALDI-ToF and 1H-NMR (in DMSO-d6) analysis, which enabled the quantification of the degree 

of lysine modification (supplementary material). The RGD-CO structure (Figure S2) was 

identified from the NMR signals and, above all, the integral value of H-N hydrogen from the newly 

formed carbamate allowed to quantify the number of amine groups modified. This lysine 

conversion value was consistent with the molecular weight increase recorded by the RGD-CO 

MALDI-ToF spectrometry (Figure S3). 
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Using 0.6 equivalents of an N-succinimidyl carbonate carrying azide group, HRGD was 

chemically modified in a similar amidation reaction to achieve RGD-N3. In this process, fourteen 

lysines were modified, giving a 97 % conversion rate. The number of lysines modified was 

calculated as explained above for RGD-CO (Figure S4 and S5 for 1H-NMR and MALDI-ToF, 

respectively) but, in this case, the appearance of a new band at 2100 cm-1 in the FTIR-ATR 

spectrum confirmed the presence of azide groups in the RGD-N3 biopolymer chain (Figure S6). 

After optimizing the time of PVDF membrane activation with plasma treatment and adequately 

modifying the biopolymers to achieve RGD-N3 and RGD-CO, the PVDF membrane coating 

process was optimized following the coating method described in Section 2.3.4. Layer-by-layer 

assays were performed at different RGD-CO and RGD-N3 solution concentrations (10 and 25 

mg/mL) to study the influence of the ELRs solution concentration on the coating (Table 1). As the 

membranes were sequentially immersed in the ELRs solutions, the influence of the order of 

deposition of the first layer was also evaluated, obtaining four different types of coated membranes 

(a-d) (Table 1). The best coating was verified by the weight difference between uncoated and 

coated membranes per square cm as well as by water contact angle measurement (Table 1). As can 

be seen in Table 1, the largest weight increases were produced in membrane types a and b, which 

were first coated with RGD-N3, finishing the second bilayer with RGD-CO. The best of both 

coatings was obtained by the highest solution concentration of 25 mg/mL in membrane b. Coating 

verification by contact angle values showed lower hydrophobicity for membranes a and b than c 

and d, which is also consistent with the better coating of membranes a and b, and was optimal for 

membrane b, with the lowest contact angle value. These results are in agreement with the FTIR-

ATR recorded for membranes a-d (Figure S7).  
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Table 1. Parameters measured for different coatings on PVDF membranes to optimize coating 

protocol. 

Sample First layer 
Concentration 

(mg/mL) 

∆W/S 

(mg/cm2) 

Contact 

Angle (°) 

a RGD-N3 10 0.51 77 ± 3 

b RGD-N3 25 1.10 71 ± 1 

c RGD-CO 10 0.06 92 ± 6 

d RGD-CO 25 0.28 90 ± 6 

 

Figure S7 gives the coated membrane spectrum showing the signals of the ELRs primarily 

characterized by absorption bands at 3300 and 1700 cm-1 of the N-H and C=O amidic bonds 

present in the main chain of ELRs, together with the characteristic absorption bands of the PVDF 

membranes in Figure 2, with bands ranging from 1300 to 500 cm-1. Of the four types of FTIR-

ATR membrane spectra, the largest absorption bands at 1700 cm-1 were those of membrane types 

a and b.  

The PVDF membrane coating combination structure and morphology were also characterized by 

FESEM (Figure S8) and confirmed the results previously obtained by FTIR-ATR on the difference 

in weight and water contact angle. Sample b, coated with 25 mg/mL solutions of ELRs and RGD-

N3 as the first layer deposited, was chosen to perform cell culture assays. Scheme 1 contains a 

description of the optimized chosen layer-by-layer protocol.  

The characterization of the optimized layer-by-layer protocol is shown in Figure 4. Figure 4 (a) 

shows the FTIR-ATR spectra of the coated and non-coated membranes, where the ELRs peaks can 

be seen at about 1700 cm-1 and 3300 cm-1, reconfirming the best LbL coating method. Images of 
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water contact angles before and after coating are shown in Figure 4 (b), confirming the reduced 

hydrophobicity accompanied by a smoother surface, as shown in Figure 1. Both the surface and 

cross-section FESEM images show the porous structure of the type b membranes. The cross-

section image verifies correct membrane coating with a thin film evenly covering the surface. 

 

Figure 4. (a) Comparison of FTIR-ATR spectra from type b coated membrane (blue line), and 

non-coated membrane (black line). (b) Images of the contact angles before (PVDF) and after 

(PVDF + ELRs) deposition of ELRs by the optimized protocol.  

3.3 pMSCs response to ELRs layer-by-layer coating 

Porcine mesenchymal stem cells were used to test the initial cell adhesion and proliferation in 

PVDF membranes coated by LbL with ELRs or traditionally coated with adsorbed fibronectin. A 

glass slide coated with fibronectin was also used as the standard control. Nucleus-cytoskeleton 

staining at 24 h, 3 and 7 days was evaluated, as reported in Figure 5.  

Figure 5 (a) shows that after 24 h cells had adhered in all the surfaces, showing an extended 

cytoskeleton in every condition. Despite this well-developed cytoskeleton, the differences in cell 
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number between conditions are significant. The PVDF membranes coated with fibronectin showed 

a negative fold change in cell proliferation, meaning that a lower number of cells than the initial 

cell seeding density attached on the surface. In the PVDF + ELRs condition, the cells had adhered 

and some had even proliferated after 24 h, as can be seen in Figure 5 (b), showing no significant 

differences with the glass slide control. However, the initial adhesion to PVDF was really poor 

and was not even able to retain the initial number of seeded cells.  

The different proliferation rate can be seen after 7 days, when PVDF + ELRs and the glass slide 

have reached confluence, the fibronectin-coated PVDF has few cells and the proliferation rate is 

lower than in the other conditions.  

 

Figure 5. (a) Representative images of actin (cytoskeleton-green) and DAPI (nucleus-blue) 

staining after 24 h, 3 and 7 days of culture for coated and uncoated PVDF membranes and glass 

slide control. Scale bar is 50 μm. (b) Cell count based on the analysis of 4 images taken from 3 

replicates per condition at 24 h, 3 and 7 days from two independent assays. * p-value < 0.05 
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Hydrophobicity is a key feature of PVDF, as demonstrated by the PVDF membrane contact angle 

before coating (133 ± 1 º). This effect is greatly increased by the membrane surface roughness due 

to spherulitic conformation.   

This characteristic makes surface treatments an unavoidable approach for cell culture on PVDF. 

Since this polymer was first used in the tissue engineering field it has been traditionally coated 

with fibronectin [8,11,23]. In this study we found that fibronectin adsorption was not enough to 

promote initial cell adhesion to PVDF microporous membranes. This type of coating has been 

proven to be inefficient in spherulite-like PVDF membranes [24]. In a previous study we found 

that small changes in the degree of porosity in fibronectin-coated PVDF membranes can influence 

initial cell adhesion and proliferation in porcine bone marrow mesenchymal stem cells.  

Contact angle is closely related to polymer wettability and also to surface roughness. Layer-by-

layer deposition of elastin-like recombinamers reduced the water contact angle in PVDF 

membranes (71 ± 1 º), partially due to surface smoothing. The presence of RGD sequences in the 

ELRs and their deposition by LbL, which flattened the membrane surface, increased initial pMSCs 

adhesion in PVDF + ELRs membranes. The combination of both features makes this coating a 

suitable option for mesenchymal stem cell culture on porous PVDF membranes.  

These findings lead the way to the use of PVDF membranes coated with elastin-like 

recombinamers containing RGD sequences in future MSCs differentiation approaches to the 

osteogenic lineage.  
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4. CONCLUSIONS 

Non-solvent induced phase separation has proven to be a cost-effective and reliable technique for 

manufacturing PVDF membranes. The use of ethanol as non-solvent produced homogeneously 

porous membranes with more than 90 % -phase and up to 65 % overall crystalline content. Its 

electroactive potential was confirmed after poling by the contact method by measuring the d33 

piezeoelectric coefficient, obtaining values within the bone piezoelectricity range. The membranes 

were coated with elastin-like recombinamers containing RGD sequences to improve their initial 

cell adhesion properties. ELRs were deposited by the layer-by-layer technique applying click 

cross-linking chemistry. After coating optimization, modified ELRs containing azide groups were 

selected for deposition as the first layer, followed by ELRs modified to contain cyclooctyne 

groups. Both layers reacted by interchain crosslinking via catalyst-free Hüisgen 1,3-dipolar 

cycloaddition, generating a stable bilayer. Two bilayers were deposited, reducing surface 

roughness and contact angle value. Cell adhesion and proliferation were tested on porcine bone 

marrow MSCs in a short-term culture (1 to 7 days). ELRs deposition by LbL was compared to 

traditional fibronectin adsorption and showed that cells preferred ELRs-coated surfaces for initial 

adhesion and proliferation. Fibronectin adsorption showed poor cell attachment and was not able 

to retain the initial number of seeded cells, while ELRs favoured adhesion and enhanced 

proliferation after 7 days. These findings open the door for the combination of electroactive PVDF 

membranes and synthetic peptides containing biofunctional sequences for mesenchymal stem cell 

culture and differentiation towards the osteogenic lineage.   
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SUPPLEMENTARY MATERIAL 

Supplementary data associated with this article can be found in supplementary material: 1H-NMR, 

MALDI-ToF and FTIR-ATR of RGD-CO and RGD-N3 for structure characterization of modified 

biopolymers together with FTIR-ATR of plasma-treated and PVDF-coated membranes and 

FESEM images of PVDF-coated and non-coated membranes for establishing optimal conditions. 
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