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Abstract: Cardiac tissue regeneration strategies are increasingly taking advantage of 

electroactive scaffolds to actively recreate tissue microenvironment. In this context, this 

work reports on advanced materials based on two different ionic liquids (ILs), 2-

hydroxyethyl-trimethylammonium dihydrogen phosphate ([Ch][DHP]) and choline 

bis(trifluoromethylsulfonyl)imide ([Ch][TFSI]), combined with poly(vinylidene 

fluoride-co-trifluoroethylene) (P(VDF-TrFE)) for the development of ionic electroactive 

IL/polymer hybrid materials for cardiac tissue engineering (TE). The morphological, 

physico-chemical, thermal and electrical properties of the hybrid materials, as well as 

their potential use as scaffolds for cardiac TE applications were evaluated. Besides of 

inducing changes in the surface topography, roughness and wettability of the composites, 

the incorporation of [Ch][DHP] and [Ch][TFSI] allows to increase surface (σsurface) and 

volume (σvolume) electrical conductivity. Further, washing the hybrid samples with 

phosphate-buffered saline solution strongly decreases the σsurface, whereas σsurface and 

σvolume of the composites remains almost unaltered after exposure to ultraviolet 

sterilization treatment. Additionally, it is verified that the IL incorporation influences the 

P(VDF-TrFE) microstructure and crystallization process, acting as defect during its 

crystallization. Cytotoxicity assays revealed that just [Ch][DHP] based hybrid films are 

not cytotoxic. These films also support H9c2 myoblast cell adhesion and proliferation, 
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demonstrating their suitability for cardiac TE strategies based on electroactive 

microenvironments. 

 

Keywords: composites, choline-based ionic liquids, P(VDF-TrFE), cardiac tissue 

engineering  

 

1. Introduction 

Cardiovascular diseases are one of the major causes of death and disability throughout 

the world. In spite of the notable progress in treatment strategies, existing treatments, 

which involves pharmacological and surgical intervention, are still unable to restore the 

cardiac function of the damaged myocardium 1, 2. Moreover, these treatments have limited 

effects to cure patients with end-state heart failure 3. In what patients with end-state heart 

failure is concerned, heart transplantation is still the only curative treatment option, 

notwithstanding the risks associated with this surgical procedure, such as heart transplant 

rejection, and limitations such as the shortage of organ donors 3, 4. Endeavours have been 

carried out to develop more effective and less invasive therapeutic strategies for 

myocardial regeneration.  

Current studies in regenerative medicine are taking advantage of tissue engineering (TE) 

to develop functional cardiac muscle constructs to repair or replace damaged and injured 

cardiac muscle tissue 5, 6. To achieve this goal, TE uses biologically bioactive factors, 

cells and scaffolds, being scaffolds a key element on TE strategies since they can be 

designed to provide structural support, while giving the necessary biochemical and 

biophysical cues to cells in order to promote their growth and differentiation into desired 

tissue 7, 8. Besides of being biocompatible, an ideal scaffold for cardiac tissue engineering 

should possess the following requirements: (i) it must have a similar structure to the native 

cardiac tissue; (ii) present suitable surface properties (surface charge, surface chemistry, 

surface topography and surface wettability) to promote cell attachment, proliferation and 

differentiation; and (iii) should be mechanically stable and possess electrical and 

mechanical properties close to those of the native cardiac tissue to enable the propagation 

of electrical signals, essential for continuous and synchronized tissue contraction 9, 10.  

In recent years, efforts have been devoted to develop scaffolds for cardiac TE aiming the 

aforementioned requirements. Naturally-derived materials, such as alginate 11, 12, collagen 

13, 14, chitosan 15, 16, and hyaluronic acid (HA) 17, 18, have been explored for the 
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development of scaffolds for cardiac TE mainly due to their biocompatibility, 

biodegradability and extracellular matrix (ECM) mimicking ability 10, 19. However, these 

materials show poor mechanical and electrical properties, as well as rapid degradation 

kinetics, which limits their use 1, 10. Thus, a wide variety of synthetic polymers, such as 

poly(ethylene glycol) (PEG) 20
 and poly(caprolactone) (PCL) 21, arise as alternative 

materials as they display tailored physicochemical properties and possess superior 

mechanical properties than those of natural origin, even though they show lower affinity 

for cellular adhesion due to their lack of cell adhesion sites 1, 10. To address this issue, the 

surface of synthetic scaffolds is often functionalized with ECM proteins, such as collagen 

or gelatin, or modified by plasma treatments to enhance cell adhesion and proliferation 5.  

Conductive materials such as carbon nanotubes (CNTs), gold nanoparticles (AuNPs), 

polyaniline (PANI) and polypyrrole (PPy) have been also widely used in cardiac TE 

applications as reinforcing material, allowing the development of active scaffolds capable 

of electrically stimulate cells 22, 23. However, they require wiring and an external power 

source 24. Conversely, specific active materials,  such as piezoelectric ones, have the 

ability to mimic the natural cell microenvironment by providing not only the structural 

support that cells require, but also the necessary electrical and/or mechanical stimuli to 

promote cell proliferation and differentiation into a specific tissue without the need of an 

external voltage source, making them attractive materials for applications toward TE 8, 24. 

Piezoelectric polymers, such as poly(lactic-co-glycolic acid) (PLGA) 25, 26, poly(L-lactic 

acid) (PLLA) 27, 28
 and poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) 29, 

30, have been implemented in the development of active scaffolds for cardiac TE 

applications. Among piezoelectric polymers, poly(vinylidene fluoride) (PVDF) and its 

copolymers, as P(VDF-TrFE), are the ones that stand out the most due to their chemical 

resistance, good mechanical properties and excellent electroactive properties: 

piezoelectric, pyroelectric and ferroelectric properties and high dielectric constant 31. 

Moreover, these biocompatible piezoelectric polymers are easily tailored in terms of 

structure and morphology, which allow them to be processed into different 

morphologies/structures, including films and porous films, 3D scaffolds, fibers or spheres 

32.  

With respect to PVDF, this semi-crystalline polymer can crystallize into five distinct 

crystalline phases (α, β, δ, γ, and ε) depending on the processing method, being the β-

phase the most relevant one for sensor and actuator applications based on its high 

electroactive (piezo-, pyro- and ferroelectric) response 31. Different processing strategies 
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have been developed to obtain PVDF in this electroactive phase 33, one of them being the 

development of copolymers such as P(VDF-TrFE), that for specific VDF contents 

crystallizes directly in the electroactive β-phase regardless of the processing method 33. 

Thus, P(VDF-TrFE) has been chosen to develop this work.  

Further, the incorporation of specific fillers into PVDF, such as magnetic nanoparticles 

34, carbonaceous fillers 35 and more recently ionic liquids (ILs) 36, 37, has enabled the 

development of PVDF-based composites for TE applications with improved properties 

and/or new functionalities. In particular, ILs have gained special recent attention in this 

scope based on their electrochemical and thermal stability, high ionic conductivity and 

low vapor pressure 38. In fact, several ILs have been proven to be biocompatible, namely 

cholinium-based ILs (Cho-ILs), which make them highly attractive for TE applications 

39, 40. 

Despite promising, there are still just few studies reporting the development and 

application of polymer-based ILs in TE. In addition to this, studies are mostly devoted to 

muscle regeneration. Ionic electroactive electrospun fibers have been developed based on 

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C2mim] [NTf2]) and 

PVDF 37, showing that [C2mim][NTf2] induces the β-phase crystallization of the PVDF 

fibers, and that the [C2mim][NTf2]/PVDF composite fibers show improved cell viability 

without influencing the morphology of C2C12 cells 37. Similar results have been obtained 

for (1-butyl-3-methylimidazolium chloride [Bmim][Cl] and 2-hydroxyethyl-

trimethylammonium dihydrogen phosphate [Ch][DHP]) incorporated into PVDF 36.  

To the best of our knowledge, there is no work reporting on the development and 

application of polymer-based ILs composites for cardiac TE. In this work, P(VDF-

TrFE)/[Ch][DHP] and P(VDF-TrFE)/choline bis(trifluoromethylsulfonyl)imide 

([Ch][TFSI]) composite films comprising various IL contents (5, 10 and 20% wt.) were 

processed solvent casting, characterized and their potential use as scaffolds for cardiac 

TE applications evaluated. [Ch][DHP] was selected due to its biocompatibility 36, 

whereas [Ch][TFSI] was chosen for its good ionic conductivity (0.398 S.m-1), although 

[Ch][TFSI] may be toxic when present at high concentrations 41.   
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2. Experimental section  

2.1. Materials  

Poly(vinylidene fluoride-co-trifluoroethylene), P(VDF-TrFE), (70:30) was purchased 

from Solvay. N,N-dimethylformamide (DMF) was obtained from Honeywell and both 

ILs [Ch][DHP] (purity > 98%) and [Ch][TFSI] (purity > 99%) were acquired from Iolitec. 

Table 1 shows the chemical structures and the most relevant properties of the ILs used in 

this work. 

 

Table 1 – Chemical structure, molecular weight, melting temperature and ionic conductivity of the ILs used 

in this work. Data obtained from the provider. 

Ionic Liquid Chemical structure 

Molecular 

weight 

(g.mol-1) 

Melting 

temperature 

(Tm) (°C) 

Ionic conductivity 

(S.m-1) (45 °C)  

[Ch][DHP] 

 

201.16 190 ≤ 0.04 

[Ch][TFSI] 
 

368.32 35 – 37 0.398 

 

2.2. Processing of the IL/P(VDF-TrFE) composite films 

P(VDF-TrFE) and IL/P(VDF-TrFE) films were processed according to 32. To obtain 

pristine P(VDF-TrFE) films, P(VDF-TrFE) was dissolved in DMF (20/80 wt.% ratio) 

under magnetic stirring at room temperature until complete dissolution of the polymer. 

Then, the polymer solution was poured onto a clean glass substrate and spread over it 

with a blade. The glass substrate containing the P(VDF-TrFE) solution was placed in an 

oven (P-Selecta) at 210 °C for 10 min to evaporate the DMF solvent and let to cool down 

to room temperature. A similar procedure was used for the processing of the IL/P(VDF-

TrFE) composites. Different contents of [Ch][DHP] and [Ch][TFSI] (5, 10 and 20% wt.) 

were first dispersed in DMF and then P(VDF-TrFE) was added to the IL/DMF solution, 

in a polymer concentration of 20% w/w with respect to the DMF solvent. After the 

complete P(VDF-TrFE) dissolution, the solution was spread on a glass substrate and 

placed in an oven at 210 °C for 10 min before letting cool down to room temperature. 

Thin films with a thickness ranging between 33 and 45 µm were obtained. 
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2.3. Characterization of the samples 

The morphology of the films was analysed by SEM using a NanoSEM-Fei Nova 200 

microscope with an acceleration voltage of 10 kV. The samples were previously coated 

(Polaron SC502 setup) with a thin layer of gold prior to the analysis.  

A CSI Nano-Observer AFM microscope with AppNano ANSCM-PT tips was used to 

analyse the surface roughness and topography of the films. The obtained data were further 

analysed using the Gwyddion software. The values of the surface roughness for the 

samples were calculated after measurements at five different zones of the samples (one 

at each corner of the image and one in the centre) and calculating the value as the average 

with standard deviation. 

The surface wettability of the materials was determined by measuring the contact angle 

of 3 µL of culture medium at room temperature, using a goniometer (Dataphysics Contact 

Angle System OCA20). The contact angle of each sample was calculated and presented 

as the average and standard deviation of six measurements performed at different sample 

locations. The statistical analysis was performed and all quantitative data were analysed 

using GraphPad by Dotmatics. The results were analysed statistically using the t-test. 

Differences were considered to be statistically significant when * p < 0.05 and ** p < 

0.01. 

A Bruker Alpha II FTIR spectrometer with a diamond attenuated total internal reflectance 

(ATR) accessory was used to perform the Fourier Transformed Infrared measurements 

(FTIR-ATR). The FTIR-ATR spectra of the composites were acquired at room 

temperature from 4000 to 400 cm−1 and collected after 64 scans with a spectral resolution 

of 4 cm-1. 

Differential scanning calorimetry (DSC) measurements were carried out to evaluate the 

thermal properties of the films. Measurements were performed using a PerkinElmer DSC 

6000 instrument under a nitrogen atmosphere. Approximately 5 mg from each sample 

were placed and sealed into 50 µL aluminium pans and heated from 30 to 200 °C at a 

heating rate of 10 °C.min−1. The degree of crystallinity (ΔXc) of each sample was 

determined from the melting DSC thermograms and applying Equation 1 38: 

Δ𝑋𝑐 =
∆𝐻

mpolymer ∆𝐻100
 (1) 
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where ΔH is the melting enthalpy of the sample, ΔH100 (103.4 J.g-1) is the melting 

enthalpy for a 100% crystalline sample and mpolymer is the mass fraction of polymer within 

the samples. 

 

Surface (σsurface) and volume (σvolume) electrical conductivity of the samples were 

evaluated from the current (I) - voltage (V) curves measured at room temperature with a 

Keithley 6487 picoammeter/voltage source applying voltages from -10 to 10 V. The 

samples were coated by magnetron sputtering with gold electrodes using a SC502 sputter 

coater. For the surface electrical conductivity measurements, two parallel rectangular (3 

x 6 mm) gold electrodes were deposited side by side (1 mm apart) on one side of the 

sample while for the volume electrical conductivity measurements, two gold electrodes 

with 5 mm diameter were deposited onto both sides of the sample. The (σsurface) and 

(σvolume) electrical conductivity were calculated by applying Equation 2 42 and Equation 3 

43, respectively:  

𝜎𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
1

𝑅
𝐿
𝐷

 (2) 

where R is the surface resistance, D is the length of the electrode (3 mm) and L is the 

distance between the electrodes (1 mm).  

where R is the electrical resistance, L is the sample thickness and A is the area of the 

electrodes. 

 

2.4. Cell culture 

H9c2 myoblast cells (a rat heart myoblast cell line routinely used as an experimental 

model) were grown in a 75 cm2 cell culture flask using in Dulbecco´s Modified Eagle´s 

Medium (DMEM, Sigma Aldrich) containing 4.5 g.L−1 glucose, 10% Fetal Bovine Serum 

(FBS, Biochrom) and 1% Penicilin/Streptomycin (P/S, Biochrom) in a 37 ◦C incubator 

under 95% humidified air and 5% CO2. The culture medium was changed every two days 

and when H9c2 cells reached approximately 70% confluence, they were trypsinized with 

0.05% trypsin-EDTA (Biochrom, Berlin, Germany).  

 

𝜎𝑣𝑜𝑙𝑢𝑚𝑒 =
1

𝑅𝐴
𝐿⁄

 (3) 
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2.5. Cell toxicity assays 

Indirect cell toxicity assays were performed with H9c2 cells. For that purpose, the 3-(4,5 

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS, Promega) assay was used for assessing the metabolic activity of the cells. Before 

beginning the in vitro assays, the samples were sterilized. In this way, circular samples 

from P(VDF-TrFE) and IL/P(VDF-TrFE) films were cut with 13 mm of diameter and 

exposed to ultraviolet light (UV) for 1 h each side. Thereafter, the samples were washed 

4 times with sterile phosphate-buffered saline solution (PBS, pH 7.4) for 5 min and placed 

in a 24-well tissue culture polystyrene plate. Following sterilization, the samples were 

placed in a 24-well tissue culture polystyrene plate and exposed for 72 h to culture 

medium at 37 °C in 95% humidified air containing 5% CO2. Two days later, H9c2 cells 

were seeded in a 96-well tissue culture plate at 3 x 104 cells-mL-1 for 24 h to allow cell 

attachment. Then, the H9c2 culture medium was discarded and replaced by the culture 

medium that was in contact (for 72 h) with the different samples. In this experiment, it 

was also used a negative control (DMEM) and a positive control (dimethylsulfoxide 

(DMSO) at 20%). The cells were then incubated for 72 h and their metabolic activity was 

quantified by an MTS assay, replacing the medium of each well with fresh medium 

containing MTS solution (dilution of 1:5 in DMEM). The absorbance was measured using 

a microplate reader (Biotech Synergy HT) at 490 nm after 2 h of incubation in the dark at 

37 °C. Four replicate absorbance measurements were performed. The cell viability was 

calculated according to equation 4: 

 

Cell viability (%) = 
absorbance of sample 

negative control absorbance 
⨉ 100   (4) 

  

2.6. Cell proliferation assays  

Circular samples from P(VDF-TrFE) and IL/P(VDF-TrFE) films were cut with 11 mm of 

diameter, sterilized as described above and placed in a 48-well tissue culture polystyrene 

plate. Afterwards, H9c2 cell suspension was seeded on the top of each film by the drop 

method (80 µL of DMEM containing 7000 cells (cell density = 8.75 x 104 cells.mL-1)). 

This method was used to ensure that cells adhere to the surface of the material and not to 

the plate. After 24 and 72 h of incubation, the samples were transferred to a new 48-well 

plate and incubated with medium containing MTS solution (dilution of 1:5 in DMEM). 

After 2 h of incubation in the dark at 37 °C and 5% CO2, 100 µL of each well was 
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transferred in triplicate to a 96-well plate and the absorbance was measured at 490 nm 

using a microplate reader (Biotech Synergy HT).  

 

2.7. Immunofluorescence staining 

Immunofluorescence staining was performed in order to evaluate the adhesion of H9c2 

cells to the IL/P(VDF-TrFE) composites 24 h after the beginning of the cell proliferation 

assay under static conditions. For that, it was used 4',6-diamidino-2-phenylindole (DAPI, 

Sigma Aldrich) to stain the H9c2 myoblast nucleus and tetramethylrhodamine B 

isothiocyanate (TRITC, Sigma Aldrich) to stain the actin cytoskeleton of the cells. After 

24 h of incubation, the cell culture medium was removed carefully and the samples were 

washed three times with PBS solution for 5 min. H9c2 cells were then fixated with 4% 

paraformaldehyde (Panreac) for 10 min at 37 °C, washed three times with PBS solution 

for 5 min, and permeabilized with 0.1% Triton X-100 for 10 min at room temperature. 

After this, the cells were subsequently washed twice with PBS for 5 min and stained with 

TRITC (0.1 µg.mL-1) in the dark at room temperature for 45 min. After washing twice 

with PBS solution, the cells were then stained with DAPI (1 µg.mL-1) in the dark at room 

temperature for 5 min.  Finally, the samples were washed twice with PBS solution, 

followed by one 5 min wash in distilled water. An Olympus BX51 fluorescence 

microscope was used to visualize the samples. 

 

3. Results and discussion 

3.1 Morphological features and surface contact angle 

The cross-section morphology of the IL/P(VDF-TrFE) composites was evaluated by SEM 

and representative images are shown in Figure 1 for composites with different IL 

contents. Pristine P(VDF-TrFE) films (Figure 1a) presents a compact morphology 

without pores, which is in agreement with previous studies 44. When P(VDF-TrFE) is 

processed after solvent evaporation at high temperatures (210 °C), the polymer chains 

have enough mobility to occupy the empty spaces left by the evaporated solvent, resulting 

in a more compact structure 45. Further, this compact structure is not significantly altered 

after the incorporation of [Ch][DHP] and [Ch][TFSI] within the polymer matrix (Figure 

1b-g). 
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Figure 1 – Cross section SEM images of: a) pristine P(VDF-TrFE) and IL/P(VDF-TrFE) composite films 

with b) 5, c) 10 and d) 20% wt. of [Ch][DHP] and e) 5, f) 10 and g) 20% wt. of [Ch][TFSI], respectively.  

 

The surface topography and roughness of the samples was evaluated by AFM 

microscopy. Figure 2 shows representative topography surface of the different samples 

and Table 2 presents the corresponding surface mean roughness (Ra) values.  

 

 

Figure 2 – AFM images of: a) pristine P(VDF-TrFE) and IL/P(VDF-TrFE) composite films with b) 5, c) 

10 and d) 20% wt. of [Ch][DHP] and e) 5, f) 10 and g) 20% wt. of [Ch][TFSI], respectively. 

 

Regardless of the IL within the composite, its incorporation into the polymer matrix 

induces important variations in the surface topography as well on the surface roughness 

of the films. The surface of P(VDF-TrFE) films (Figure 2a) is considerably rougher and 

less homogeneous than for the [Ch][DHP]/P(VDF-TrFE) (Figure 2c-d) and 
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[Ch][TFSI]/P(VDF-TrFE) composites films (Figure 2e-g). Apart from it, it is verified that 

the surface mean roughness (Ra) of the pristine copolymer (71 ± 15 nm) strongly 

decreases with the incorporation of both ILs and also decreases with increasing IL 

content, being the latter more accentuated for [Ch][TFSI], which is related to the higher 

molecular weight of this IL (Table 1) and corresponding higher ion-dipole interaction 

area with the polar polymer chains 46. 

 

Table 2 – Average surface roughness (Ra) values of pristine P(VDF-TrFE) and IL/P(VDF-TrFE) composite 

films, as obtained from the AFM measurements.  

Sample  % IL content Ra (nm) 

P(VDF-TrFE) 0 71 ± 15 

[Ch][DHP]/P(VDF-TrFE) 

5 32 ± 14 

10 21 ± 4 

20 23 ± 3 

[Ch][TFSI]/P(VDF-TrFE) 

5 23 ± 3 

10 15 ± 4 

20 8 ± 2 

 

The variation of the surface roughness, together with variations in the surface chemistry, 

typically leads to variations in the surface wettability of the samples 47, which has been 

assessed through the sessile drop technique by measuring the contact angle of a culture 

medium droplet placed on the surface of the films 48. The surface of a material is 

considered hydrophilic when the contact angle value is below 90° and hydrophobic when 

it is above 90° 49, 50. The results for the different samples are presented in Figure 3, 

showing that the developed films are hydrophilic. Further, the surface wettability of 

P(VDF-TrFE) is affected by the incorporation of both [Ch][DHP] and [Ch][TFSI], as a 

consequence of the hygroscopic nature of the ILs and IL-polymer interactions which, 

together with the surface chemistry modifications by the presence of IL in the surface, 

also decreases the interactions between cation-anion in the IL, and consequently, leads to 

higher surface tension of the composites 36, 51. Further, the contact angle values decrease 

with increasing IL content within the composites. With respect to the effects of each IL, 

for the composite films based on [Ch][DHP], its incorporation leads to a slight decrease 

in the contact angle values, from about 85 ± 3° for pristine P(VDF-TrFE) to 76 ± 2.5° for 
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10% wt. [Ch][DHP] composites. The surface contact angle of the composite films 

containing 20% wt. [Ch][DHP] content cannot be determined since the droplet was totally 

absorbed by the film after 60 seconds, displaying a superhydrophilic behaviour. In the 

case of [Ch][TFSI] composites, the incorporation of [Ch][TFSI] leads to a decrease in the 

contact angle values down to 77 to 61 ± 2° for the 20%wt. loaded composite. The 

difference between the surface wettability of the [Ch][DHP] and [Ch][TFSI] composites 

is mainly ascribed to the hygroscopic nature of the ILs. The surface contact angle of 

P(VDF-TrFE) slightly decreases with the incorporation of both IL and also decreases with 

increasing IL content, being the latter more accentuated for [Ch][DHP], which is related 

to the higher affinity of this IL for water 52, 53.  
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Figure 3 – Contact angles for P(VDF-TrFE), [Ch][DHP]/P(VDF-TrFE) and [Ch][TFSI]/P(VDF-TrFE) 

composite films comprising various IL contents (5, 10 and 20% wt.). * p < 0.05, ** p < 0.01. 

 

3.2 Vibrational spectra, thermal and electrical properties 

FTIR-ATR measurements were performed to evaluate the influence of the inclusion of 

the ILs on the polymer matrix. The FTIR-ATR spectra of the P(VDF-TrFE) and 

IL/P(VDF-TrFE) composite films with 5, 10 and 20% wt. IL content are presented in 

Figure 4a-b and their main FTIR absorption bands are presented in Table S1 in the 

supplementary information. The presence of the main absorption bands characteristics of 

the polar β-phase of PVDF (842 and 1289 cm-1) and the absence of the characteristic 
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bands of the α- and γ-phase of the polymer in the films, indicates that, independently of 

IL type and content, P(VDF-TrFE) crystallizes mainly in the electroactive β-phase, in 

agreement to related studies 54, 55. Other absorption bands assigned to the β-phase of the 

polymer are detected: 465, 502, 882 and 1171 cm-1 (CF2 stretching vibration), 1400 cm-1 

(C-C symmetric stretching vibration) and 1432 cm-1 (bending and wagging vibrational 

modes of CH2) 
31. For [Ch][DHP]/P(VDF-TrFE) composite films (Figure 4a), the 

absorption bands detected at 950, 1479 and 1644 cm-1 are attributed to C-N stretching of 

the [Chol]+ cation, CH3 rocking and O-H vibration, respectively 36, 56, 57. In the case of 

[Ch][TFSI]/P(VDF-TrFE) films (Figure 4b), the absorption bands at 612, 740, 790, and 

1132 are related to the [TFSI]- anion 58, 59. While the band detected at 612 cm-1 

corresponds to the antisymmetric bending of SO2 molecule in the [TFSI]- anion 58, the 

bands observed at 740, 790 and 1132 cm-1 are assigned to the cis [TFSI]- conformation 

58, 59, stretching vibration of C-S molecule in the [TFSI]- anion 57 and symmetric stretching 

vibration of SO2 molecule in [TFSI]- anion 58, respectively. Other characteristics 

absorption bands of [Ch][TFSI] are found at 953 cm-1 (rocking vibration of CH3 molecule 

in [Chol]+ cation) 57, 60, 1051 cm-1 (S-N-S asymmetrical stretching in [TFSI]- cation) 58, 

1349 cm-1 (symmetric stretching vibration of the SO2 group of the [TFSI]- anion) 58 and 

1479 cm-1 (C-H bending of the methyl group in [TFSI]- anion) 58. No new bands are 

observed in the FTIR-ATR spectra of the [Ch][DHP]/P(VDF-TrFE) and 

[Ch][TFSI]/P(VDF-TrFE) composite films, compatible with electrostatic nature of the 

interactions between the anions and cations of the IL and highly polar polymer chains of 

the matrix 36, 54.  
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Figure 4 – FTIR-ATR spectra for pristine P(VDF-TrFE) and a) [Ch][DHP]/P(VDF-TrFE) and b) 

[Ch][TFSI]/P(VDF-TrFE) composite films incorporating different IL contents (5, 10 and 20 % wt.). DSC 

thermograms for pristine P(VDF-TrFE) and c) [Ch][DHP]/P(VDF-TrFE) and d) [Ch][TFSI]/P(VDF-TrFE) 

composite films with 5, 10 and 20% wt. IL content.  

 

DSC was carried out to evaluate the influence of the IL type and content in the thermal 

properties of the composites. The DSC thermograms of pristine P(VDF-TrFE) and the 

IL/P(VDF-TrFE) composite films containing different IL contents are presented in Figure 

4c-d. The thermograms of both pristine P(VDF-TrFE) and IL/P(VDF-TrFE) composites 

are characterized by the two endothermic peaks found in P(VDF-TrFE). The first 

endothermic peak is observed between 97 and 109 °C and corresponds to the ferroelectric 

to paraelectric transition (Curie temperature (Tc)) and the higher temperature one that 

appears between 135 and 150 °C refers to the melting temperature (Tm) of the polymer 31, 

61. Further, the incorporation of 5% wt. of [Ch][DHP] and [Ch][TFSI] shift both Tc and 

Tm temperatures to higher temperatures, indicative a stabilization of both ferroelectric and 

crystalline phases though the electrostatic ion-dipole interactions with respect to the 
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pristine polymer 62. This behaviour is not observed upon the incorporation of 10 and 20% 

wt. of [Ch][DHP] and [Ch][TFSI] into the P(VDF-TrFE) polymer matrix, the transition 

temperatures remaining similar to the pristine polymer of even slightly decreasing, which 

is attributed increased IL-IL interactions for higher IL concentrations, that effectively 

diminished the effectiveness on the ion-dipole interactions 63.  

The crystallinity degree (ΔXc) of the composites was calculated applying the equation 1 

and the results are presented in Table 3. Independently of the IL type, the incorporation 

of 5% wt. IL leads to an increase in the crystallinity degree in comparison with pristine 

P(VDF-TrFE), demonstrating that, at this concentration, both ILs act as a nucleating agent 

during the crystallization process of the polymer 54. Nonetheless, a different behaviour is 

observed for higher IL concentrations. In the case of composites with [Ch][DHP], the 

incorporation of 10 and 20% wt. of IL does not affect the crystallization process of the 

P(VDF-TrFE) polymer since no significant differences are observed in the crystallinity 

degree of [Ch][DHP]/P(VDF-TrFE) composites. Concerning composites with 

[Ch][TFSI], the degree of crystallinity decreases with increasing IL content from 26 to 

17%, indicating that for higher IL contents, [Ch][TFSI] act as defect during the P(VDF-

TrFE) crystallization process 54. As previously mentioned, this effect is related to the 

increased IL-IL interactions for higher IL concentrations, that screens the ion-dipole 

interactions dominant for lower IL concentrations 62. 

 

Table 3 – Curie temperature (Tc), melting temperature (Tm) and degree of crystallinity of pristine P(VDF-

TrFE) and IL/P(VDF-TrFE) composite films. The associated error is ± 2% 

Sample  % IL content Tc Tm ΔXc  

P(VDF-TrFE) 0 97 144 17 

[Ch][DHP]/P(VDF-TrFE) 

5 107 150 25 

10 98 141 22 

20 96 141 26 

[Ch][TFSI]/P(VDF-TrFE) 

5 109 148 26 

10 99 139 15 

20 100 136 17 

 

As the samples are intended for being used as active scaffolds for biomedical applications, 

together with the measurements of the electrical conductivity, the influence of the 
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sterilization process on the surface (σsurface) and volume (σvolume) electrical conductivity 

of the IL/P(VDF-TrFE) composites has been addressed. For that, the samples were 

submitted to two treatments: (i) exposed to UV for 1 h each side – (UVs); and (ii) washed 

4 times with PBS solution for 5 minutes – (PBS washing). The untreated samples were 

used as control group. Figure 5 shows the σsurface and σvolume of untreated and treated 

P(VDF-TrFE) and IL/P(VDF-TrFE) composite films. Figure 5 shows that, previous to 

the sterilization process, the introduction of the ILs in the P(VDF-TrFE) leads to an 

increase of both σsurfacel and σvolume of the composites when compared to pristine P(VDF-

TrFE) (σsurface = 8.33 x10-13 S.m-1 and σvolume = 4.22 x10-12 S.m-1), being the increase of 

several orders of magnitude for filler contents above 10% wt. The surface conductivity 

of the IL/P(VDF-TrFE) composites increases with increasing IL from 1x10-12 for 5% wt. 

[Ch][DHP] to 5x10-9 S.m-1 in the composites with 20% wt. [Ch][DHP] (Figure 5a) and 

from about 2.5x10-8 for 5% wt. [Ch][TFSI] to 1.5x10-7 S.m-1 for 20% wt. [Ch][TFSI] 

composites (Figure 5b). The σvolume, also increases with increasing IL content from 

1.8x10-8 for 5% wt. [Ch][DHP] to 1.17x10-5 S.m-1 in the composites with 20% wt. 

[Ch][DHP] (Figure 5c) and from 2.3x10-6 for 5% wt. [Ch][TFSI] to 1.14x10-4 S.m-1 for 

20% wt. [Ch][TFSI] composites (Figure 5d).  

Concerning the influence of UV sterilization on the σsurface and σvolume of the composites, 

no significant differences are observed in either case. Contrarily, PBS washing strongly 

influences the σsurface of the composites, decreasing to lower values in both IL/P(VDF-

TrFE) composites, but more pronounced in the [Ch][DHP] composites. In the case of 

σvolume, no significant differences are observed. Thus, it is confirmed that some of the IL 

remains in the surface of the polymer composites that is removed by PBS washing. 
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Figure 5 – Surface (a and b) and volume (c and d) electrical conductivity of P(VDF-TrFE) and IL/P(VDF-

TrFE) composite films comprising different IL contents (5, 10 and 20% wt.). 

 

3.3 Cytotoxicity and cell viability 

There are several requirements that must be taken into consideration during the 

development of scaffolds for tissue regeneration, being non-cytotoxicity and 

biocompatibility two of them. In this way, the cytotoxic effect of the IL/P(VDF-TrFE) 

composite films was analysed with H9c2 cells, a rat embryonic cell line. The results are 

presented in Figure 6a. According to the ISO standard 10993-5, a sample is considered 

cytotoxic when cell viability values are below 70% 64. Thereby, it can be concluded that 

only the [Ch][DHP]/P(VDF-TrFE) composites are not cytotoxic to H9c2 cells since the 

composites with [Ch][TFSI] present a viability value below 70% (Figure 6a). The 

cytotoxicity observed for the [Ch][TFSI]/P(VDF-TrFE) composites may be attributed to 

an increase in acidity of the medium, due to the toxicity associated to the [TFSI]- anion 

51. From cell viability results, it is also possible to verity that [Ch][DHP] content 
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influences the cell viability. Thus, only the [Ch][DHP]/P(VDF-TrFE) composites will be 

used for cell proliferation assays in direct contact experiments.  
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Figure 6 – a) Cytotoxicity assays for H9c2 cells in contact with the as-prepared extraction media exposed 

to the IL/P(VDF-TrFE) composites with different [Ch][DHP] and [Ch][TFSI] contents for 72 h (relative 

cell viability was presented as the percentage of the negative control (DMEM, n = 4 ± SD). b) MTS assay 

results from static proliferation assay of H9c2 cells seeded on different [Ch][DHP]/P(VDF-TrFE) 

composite films after 24 and 72 h. Results are expressed as mean ± standard deviation with n = 3.  

 

Following cell toxicity assays, the cell viability of H9c2 cells growing on different 

[Ch][DHP]/P(VDF-TrFE) composites films was assessed using MTS assay and the 

obtained results are presented in Figure 6b. The H9c2 cell viability increases in all the 

samples from 24 to 72 h, presenting the P(VDF-TrFE) pristine films the highest cell 

viability value for both timepoints. Further, it is also observed that [Ch][DHP] content 

influences the viability of H9c2 myoblast cells. Although no significant differences were 

observed in cell viability of the composite films after 24 h of cell culture, the H9c2 cell 

viability decreases after 72 h with increasing IL content, from 0.69 to 0.50. It is well 

established that the surface wettability, the degree of crystallinity as well as the surface 

roughness, are parameters which strongly affect the cell-biomaterial interaction and, 

consequently, cell adhesion, proliferation, and differentiation. As the degree of the 

crystallinity of the composites is quite similar, the decrease in the viability of the H9c2 

myoblast cells may be due to the surface wettability of the [Ch][DHP] composites. 

According to the literature, cells spread more on hydrophilic surfaces, particularly on 

those with a moderate contact angle, between 70 and 80°, which explains the obtained 

results 65. The surface wettability of the [Ch][DHP] composites increase with the 
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increasing IL, presenting the composites with 20% wt. [Ch][DHP] a superhydrophilic 

behaviour and, consequently, the lowest cell viability value for 72 h. Concerning surface 

roughness, it has been reported that samples with higher roughness show improved 

attachment and proliferation of H9c2 cells [65]. Observing AFM results, the surface 

topography of P(VDF-TrFE) films is considerably rougher than that of the 

[Ch][DHP]/P(VDF-TrFE) composites, which explains the obtained cell viability results 

and demonstrates that the surface roughness of the given materials affects the cell-

biomaterial interaction and, consequently, cell adhesion and proliferation. Furthermore, 

the electrical conductivity can also affect the cell behaviour 66. Relatively to the surface 

electrical conductivity, similar values were obtained for all the samples after the PBS 

washing but it is verified that the volume electrical conductivity is higher for the 

composites of 10% and 20% wt. with no significant differences among both. 

Nevertheless, the obtained values (Figure 6b) show that the composites with 10% wt. 

present higher values, which can lead to conclude that the electrical conductivity may 

play a relevant role too. 

Immunofluorescence staining was performed with the aim of evaluating the adhesion of 

H9c2 cells to the IL/P(VDF-TrFE) composites after 24 h under static conditions. 

Immunofluorescence images (Figure 7) show that H9c2 cells adhered well both to pristine 

P(VDF-TrFE) and [Ch][DHP] composite films, showing less cells adhered on the samples 

with 20%. [Ch][DHP], which is in agreement with the MTS results obtained (Figure 6b). 

Regarding the cell morphology, no significant differences are observed on the different 

composites.  
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Figure 7 – Cell adhesion of H9c2 cells on pristine P(VDF-TrFE) and on [Ch][DHP]/P(VDF-TrFE) 

composite films comprising various [Ch][DHP] contents (5, 10 and 20% wt.). 

 

Conclusions 

Ionic electroactive materials based on P(VDF-TrFE) and two different ILs, [Ch][DHP] 

and [Ch][TFSI], comprising different contents (5, 10 and 20% wt.) were successfully 

prepared by a solvent casting method.  
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The incorporation of both IL maintains the compact morphology of the processed films, 

which is similar to the one of the pristine polymer. The incorporation of the ILs induces 

changes in the surface topography and surface roughness of the composites from 71 ± 15 

nm for the pristine polymer to 23 ± 3 for the 20% wt. [Ch][DHP] composites, and to 8 ± 

2 for the 20% wt. [Ch][TFSI] composites, as well as on the surface wettability and on the 

electrical properties of the IL/P(VDF-TrFE) composites, increasing surface wettability 

and σsurface and σvolume of the composites with the increasing IL content, reaching 

maximum values of 61 ± 2°, 1.5x10-7 S.m-1 and 1.14x10-4 S.m-1, respectively, for the 

[Ch][TFSI]/P(VDF-TrFE) composites.  

It is also concluded that the sterilization process strongly affects the electrical 

conductivity of some of the composites. In particular, PBS washing strongly decreases 

the conductivity of both composites, whereas σsurface and σvolume of the composites remains 

almost unaltered after UV sterilization.  

Regarding the degree of crystallinity of the composites, the incorporation of 5% wt. of IL 

leads to an increase in the degree of crystallinity, demonstrating that, at this concentration, 

both ILs act as a nucleating agent during the crystallization process of the polymer. No 

significant differences were observed in the degree of crystallinity of the 

[Ch][DHP]/P(VDF-TrFE) composites upon the incorporation of 10 and 20% wt. of IL.  

Finally, just the [Ch][DHP]/P(VDF-TrFE) does not show any cytotoxic effect on H9c2 

cells, the composites supporting H9c2 myoblast cell adhesion and proliferation, 

demonstrating their potential use as suitable platform for cardiac tissue regeneration. 
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