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A B S T R A C T   

Wool, choline dihydrogen phosphate ([Ch][DHP]) or choline serinate ([Ch][Seri) ionic liquids (ILs) were 
incorporated into native collagen formulations and films were prepared by compression molding. Scanning 
electron microscopy (SEM) images showed no agglomeration, indicating good dispersion of additives within 
films. The denaturation peak observed by differential scanning calorimetry (DSC), along with infrared spec
troscopy (FTIR) results, showed that collagen fibrillary structure was preserved in all samples. These outcomes 
were correlated with X-ray diffraction (XRD) patterns. Wool or ILs addition increased tensile strength and 
improved electrical conductivity and all films showed antistatic behaviour. The samples showed a high dielectric 
constant, mainly determined by mobile charge contributions. This work shows the potential of native collagen 
films with tuneable physical-chemical characteristics for a new generation of sustainable materials for a wide 
variety of applications.   

1. Introduction 

Smart and multifunctional materials are becoming the base of rapid 
developments in areas such as sensors and actuators, energy storage and 
harvesting, wearable electronic devices, and biomedical applications, 
among others [1,2]. In particular, smart materials are characterized by a 
controllable, specific and reproducible response to specific stimuli, such 
as electric and magnetic fields, temperature or pressure [3]. 

Apart from technical properties and behavioural characteristics, 
sustainability is becoming increasingly demanded in this field. For this 
reason, natural and renewable polymers are gaining increasing attention 
as a suitable alternative to develop the next generation of smart mate
rials [4]. Among the different natural polymers, collagen has been 
extensively studied due to its availability as well as structural and 

functional roles. Collagen is the most abundant protein of the extracel
lular matrix (ECM) in vertebrates [5]. It consists of three parallel 
polypeptide-alpha chains in a right-handed triple-helical structure, 
which self-associates to form highly ordered cross-linked fibrils. Those 
fibrils, in turn, form insoluble fibres providing the extracellular matrix 
with a high integrity and mechanical tensile strength due to the tight 
winding triple helix structure [6]. Hence, collagen-based materials have 
appeared in a number of applications, for example wound dressings, due 
to their non-immunogenicity and poor antigenicity and, thus, biocom
patibility [7]. Furthermore, collagen takes part in tissue regulation, 
growth and repair, due to its capacity to act as a substrate for cell 
adhesion and growth [8,9]. 

Additionally, the polar character of collagen provides interesting 
electrical properties. Collagen triple helical structure is stabilized by 
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hydrogen bonds between carbonyl and hydroxyl groups of hydroxy
proline residue [10]. These hydrogen bonds, together with electrostatic 
interactions, not only stabilize the protein structure, but also contribute 
to the electrical properties of collagen. Hence, due to a change in the 
redistribution of electrical charges, when the material is exposed to an 
electric field, collagen is a polarizable material [11]. 

Notwithstanding the potential electrical properties, relatively few 
dry collagen electrical conduction experiments have been carried out. 
Bardelmeyer [12] measured the electrical conductivity of bovine 
Achilles tendon with various amounts of adsorbed water as a function of 
temperature. These authors concluded that the conduction appeared to 
be fully determined by the hydration water. Therefore, the electrical 
properties of proteins, in general, depend on the stable dipole moments 
associated with water molecules, being higher the conductivity when 
higher is the number of dipoles [13]. Furthermore, regarding their 
sensitivity to environmental factors such as water vapour and carbon 
dioxide, collagen can be used as bio-sensor giving a response in terms of 
resistance, voltage or current [14]. 

At the same time, in the last two decades, ionic liquids (ILs) have 
attracted considerable attention in many fields, such as electrochemistry 
[15], synthesis [16], catalysis [17] and material science [18]. ILs consist 
of salts composed by different combinations of organic cations and 
organic or inorganic anions [19], which show a melting temperature 
below 100 ◦C, non-flammability, negligible volatility, high ion con
ductivity, and thermal, electrochemical and chemical stability [20]. 
Here, the combinations of a polymer with ILs offer new opportunities in 
polymer materials science and, in particular, they seem to be promising 
candidates as new materials for multifunctional applications [21,22]. 

The flexibility in the molecular design of ILs allows the design and 
synthesis of a large variety of ILs with specific functionalities. However, 
conventional ILs like imidazolium, phosphonium and ammonium based 
ILs demonstrated destabilization effect at the higher structural hierar
chical level of collagen, poor biodegradability, and low biocompatibility 
[23–25]. In this context, biocompatible ILs (bio-ILs) have emerged to 
meet the need to develop more environmental-friendly ILs and prevent 
the associated toxicity issues. Choline based ILs and choline 
aminoacid-based ILs, such as choline dihydrogen phosphate ([Ch] 
[DHP]) and choline serinate ([Ch][Seri]), belong to the biocompatible 
ILs (bio-ILs) family [26]. Both bio-ILs have stabilizing effect on collagen 
structure by exerting an electrostatic force and acting as crosslinker, 
which together with their biocompatibility lead to a variety of appli
cations in drug delivery and sensor development [27]. 

Additionally, wool fibber is a multicomponent fibber consisted of 
170 different protein molecules distributed in three main morphological 
components: cuticle, cortex, and cell membrane complex. The surface 
consists of overlapping cuticles, surrounded by lanonin (waxy sub
stance). The cortex is formed by cortical cells and it is the responsible of 
putting the crimp in wool. Finally, the membrane is formed by keratin 
molecules self-assembled in α-helix secondary structure. Keratin chains 
are self-associated to form highly organized microfibrils and macro
fibrils [28]. Keratin comprises up to 95% by weight of wool and exhibits 
a high degree of chemical functionalities, including amide, carboxyl, 
sulfoxide, and sulfide, among others [29]. In this sense, wool has been 
widely used in textiles and various technological fields due to its 
fibrillary structure, high moisture regain, resiliency, good elasticity, 
electrical insulation characteristics, and low heat conductivity, among 
others [30]. Furthermore, large amount of wool waste is generated 
annually, which become a critical issue, due to social and environmental 
concerns [31]. Although several reports have recently shown the po
tential of collagen-keratin composites, especially in biomedical appli
cations [32–34], no reports have been done about wool-collagen 
composites for non-textile applications. Therefore, collagen films with 
two different wool contents were prepared in this work to analyse the 
effect of this fibrillary additive on the structure and properties of 
collagen films. 

In this context, the aim of this study was the assessment of the 

incorporation of [Ch][DHP], [Ch][Seri] and wool into collagen formu
lations to prepare films by compression moulding in order to improve 
mechanical and electrical properties of collagen and relate them with 
physicochemical properties and the changes in collagen structure. Thus, 
the objective of this work was to determine the potential applicability of 
these materials in electronics, sensors and actuators, among others. 

2. Materials and methods 

2.1. Materials 

Bovine collagen from trimmings and the splitting-derived residues, 
with 33% glycine, 22% imino acids, 12% proline, 11% alanine and 10% 
hydroxyproline, was supplied by Tenerias Omega (Spain). Wool from 
latxa sheep was supplied by Landazurieta farm in Ametzaga de Zuia 
(Alava). [Ch][DHP] (>98%) and [Ch][Seri] (>95%, 60% in H2O) were 
supplied by Ionic Liquids Technologies GmbH (Germany). Glycerol 
(pharma grade with a purity of 99.01%), used as plasticizer, and acetic 
acid were supplied by Panreac Quimica S.L.U (Barcelona, Spain). 

2.2. Samples preparation 

2.2.1. Collagen treatment 
Native collagen was obtained according to the method reported by 

Andonegi et al. (2020). Firstly, bovine skins were defatted by immersion 
into 1 M NaOH solution for 12 h and neutralized by immersion into 
phosphate buffer saline (PBS) solution (pH 7.4). Then, collagen was 
grinded and freeze-dried in order to facilitate the subsequent processing. 

2.2.2. Wool treatment 
In order to remove impurities, wool fibres were washed twice at 

room temperature with tap water and soap (pH 7), and dry in an oven at 
30 ◦C for 48 h before being used. 

2.2.3. Mixture preparation 
After wool and collagen treatments, collagen mixtures were prepared 

with wool or IL. For that, 0.1 wt % [Ch][DHP], 0.1 wt % [Ch][Seri], 5 wt 
% wool or 10 wt % wool (all additives on collagen dry basis) were used. 
Collagen, additives, 20 wt % glycerol (based on dry collagen) and 0.5 M 
acetic acid (1:2 collagen/acetic acid ratio) were mixed using a T25 ultra- 
turrax IKA (Barcelona, Spain) in a cold bath to prevent the dough from 
heating up, until homogeneous pastes were achieved (2000 rpm, 2 min). 
These pastes were used for rheological tests and for film preparation by 
compression moulding. 

2.2.4. Rheological evaluation 
The viscoelastic properties of collagen mixtures were studied at 35 ◦C 

with a Thermo Scientific Haake Rheostress1 Rheometer (Vigo, Spain), 
equipped with a 35 mm diameter serrated plate-plate geometry and a 
gap between plates of 1 mm. Firstly, strain sweep tests were carried out 
between 0.01% and 100% strain at a constant frequency of 1 Hz to 
determine the linear viscoelasticity region (LVR) and the critical strain 
of LVR. Subsequently, temperature sweeps were carried out from 35 ◦C 
to 70 ◦C to obtain elastic (G’) and viscous (G”) moduli, as well as the 
complex viscosity (η*), with the frequency fixed at 1.0 Hz and the strain 
at 1%. 

2.2.5. Film preparation 
The hydrated doughs were moulded by hot-pressing in a Specac press 

(Barcelona, Spain). The dough was placed between two aluminium 
plates, previously heated up to 50 ◦C for 30 s, and then pressed at 0.5 
MPa for 1 min to obtain the films. It is worth noting that those tem
perature and pressure conditions were selected since no film could be 
obtained at lower temperatures. Films with thickness between 20 and 
30 μm, measured with QuantuMike digimatic micrometer Mitutoyo 
(Elgoibar, Spain), were obtained. Films were designated as control 
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(pristine collagen film), 5wool (sample with 5 wt % wool), 10wool 
(sample with 10 wt % wool), 0.1 [Ch][DHP] (sample with 0.1 wt % [Ch] 
[DHP]), and 0.1 [Ch][Seri] (sample with 0.1 wt % [Ch][Seri]) as a 
function of the additive type and content. Films were conditioned at 
25 ◦C and 50% relative humidity in an ACS Sunrise 700 V bio-chamber 
(Madrid, Spain) for 48 h before testing, when moisture content values 
were measured: 20.0 ± 0.8% for control films, 14.0 ± 0.5% for 0.1 [Ch] 
[DHP] and 0.1 [Ch][Seri] films, and 12.0 ± 0.6% for 5wool and 10wool 
films. 

2.3. Samples characterization 

2.3.1. Differential scanning calorimetry (DSC) 
DSC measurements were performed by a Mettler Toledo DSC 822 

(Madrid, Spain). Samples (3 mg) were sealed in aluminium pans to 
prevent mass loss and subjected to a heating ramp from − 50 ◦C to 250 ◦C 
at a rate of 10 ◦C/min under nitrogen atmosphere (10 mL N2/min) to 
avoid oxidation. 

2.3.2. Fourier transform infrared (FTIR) spectroscopy 
FTIR spectra were performed by using a Nicolet 380 FTIR spec

trometer (Madrid, Spain) equipped with attenuated total reflectance 
(ATR) crystal (ZnSe). FTIR spectra were obtained from 4000 to 800 
cm− 1. A total of 32 scans were carried out at 4 cm− 1 resolution. 

2.3.3. Water uptake (WU) 
Rectangular pieces of 1 cm × 2 cm were weighed (wi), and then 

immersed into PBS (pH 7.4) in order to maintain the solution pH con
stant. After specific times, the samples were taken out, wiped, weighed 
(wf), and immersed into PBS again until constant values were achieved. 
WU was calculated as follows: 

WU (%)=
wf − wi

wf
x 100 (2)  

2.3.4. X-ray diffraction (XRD) 
XRD was performed with a PANalytical Xpert PRO diffraction unit 

(Madrid, Spain), operating at 40 kV and 40 mA. The radiation was 
generated from a Cu-Kα (λ = 1.5418 Å) source. The diffraction data were 
collected from 2θ values from 2 to 50◦, where θ is the angle of incidence 
of the X-ray beam on the sample. 

2.3.5. Scanning electron microscopy (SEM) 
A Hitachi S-4800 scanning electron microscope was used (Barcelona, 

Spain). Prior to observation, samples were mounted on a metal stub with 
double-side adhesive tape and coated under vacuum with gold, using a 
JEOL fine-coat ion sputter JFC-1100, in an argon atmosphere. All sam
ples were examined using an accelerating voltage of 15 kV. 

2.3.6. Mechanical properties 
Tensile strength (TS) and elongation at break (EAB) were measured 

at room temperature, using a Linkam Scientific Instruments TST 360 
(Barcelona, Spain). Specimens were cut into rectangular-shaped samples 
of 30 mm × 10 mm and tensile tests were performed at a constant 
deformation of 50 μm s− 1 and with a load cell of 20 N. 

2.3.7. Electrical and dielectric properties 
The DC volume electrical conductivity (σ, S/cm) of the samples was 

obtained after measuring the characteristic I–V curves at room tem
perature with an applied voltage between ± 10 V using a Keithley 487 
picoammeter/voltage source (Barcelona, Spain). Previous to the mea
surements, the samples were coated on both sides with 5 mm circular 
diameter electrodes and σ was calculated by: 

σ =
d

R.A
(3)  

where d is thickness, R is the resistance of the sample, and A is the 
electrode area. 

Dielectric measurements were performed using a Quadtech 1920 
LCR precision meter. The capacity and tan δ were obtained at room 
temperature in the frequency range of 1 kHz to 1 MHz with an applied 
voltage of 0.5 V. Then, the real part (ε’) of the dielectric function and 
tan δ were obtained: 

έ= C.d
ε0.A

(4)  

tan δ=
ε′′
ε′ (5)  

where C is the capacitance (F), ε0 is the permittivity of vacuum (8.85 ×
10− 12 F m− 1), A is the electrode area (m2) and d is the thickness of the 
sample (m). 

The AC electrical conductivity was calculated by equation (6): 

σ′

(ω)= ε0ωε′′(ω) (6)  

where ε0 is the permittivity of free space, ω = 2πf is the angular fre
quency and ε′′(ω) = ε′ tan δ is the frequency dependent imaginary part of 
the dielectric permittivity. 

2.3.8. Statistical analysis 
Analysis of variance (ANOVA) was carried out with SPSS software 

(SPSS Statistic 25) to determine significant differences between samples. 
Tukey’s test with a statistically significance at the P < 0.05 level was 
considered for multiple comparisons among different systems. 

3. Results and discussion 

3.1. Rheological behaviour 

Compression moulding is a processing method in which the raw 
material is summited to a determined pressure and temperature for a 
specific period by using a metal mould, in order to obtain the final 
product with a specific shape [35]. In this sense, it is of great relevance 
to determine the minimum processing temperature at which collagen 
flows while preserving its native structure [36]. Therefore, the 
thermo-rheological behaviour of the control sample was analysed by 
performing temperature sweep tests in oscillatory shear. As can be 
observed in Fig. 1, G′ was greater than G’’ at room temperature and, 
thus, the sample showed a predominant elastic behaviour due to the 
limited molecular free motion [37]. As the temperature increased, the 

Fig. 1. Storage moduli (G′), loss moduli (G’’), and complex viscosity (η*) of the 
control film as a function of temperature. 
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storage and loss modulus, as well as the complex viscosity (η*), 
decreased down to a minimum value at 50 ◦C, demonstrating a large 
influence of temperature on the collagen structure. This decrease of η* 
with temperature was related to the motion of collagen chains caused by 
the breakage of hydrogen bonds of free and bound water, as can be 
observed by the first endothermic peak of the DSC curves (Fig. 2). In this 
regard, the effect of temperature on the rheological properties of 
collagen solutions has been analysed [38,39] and defined the transition 
observed at 25–39 ◦C as collagen denaturation temperature. However, 
taking into consideration that the thermal denaturation depends 
strongly on the degree of hydration [36], collagen was minimally hy
drated in this work to be processed at low temperature and avoid 
collagen denaturation. Furthermore, it is worth nothing that the viscous 
behaviour predominated within the temperature range of 47–53 ◦C, 
since G’’ was slightly higher than G′ and, thus, this represented the 
optimum temperature range to process collagen by compression 
moulding. 

3.2. Thermal and physicochemical properties 

While rheological properties provide information about the sample 
processability, thermal properties provide information about the effec
tive temperature limits at processing conditions and the effect of 
manufacturing processes on collagen structure [40]. Therefore, DSC 
analysis was carried out and results are shown in Fig. 2. 

It can be observed that all samples exhibited the characteristic 
endothermic peaks of collagen: the first peak, around 75–80 ◦C, was 
related to free and bound water release [41]; and the second phase 
transition, around 122–138 ◦C, was associated to the denaturation of 
native collagen triple helix and, simultaneously, to the structural water 
release [42]. 

It is worth noting that collagen can denature depending on the 
processing temperature, but the hydration of the samples must also be 
considered. When collagen is prepared in solution, denaturation tem
perature is around 40 ◦C [43]. However, collagen with relatively low 
hydration shows denaturation temperatures higher than 150 ◦C [44]. 
Therefore, due to the conditions used for compression moulding in this 
work (50 ◦C for 90 s) and the hydration level (1:2 collagen/acetic acid 
ratio), it can be said that denaturation did not occur during processing. 
Furthermore, DSC thermograms (Fig. 2) show the denaturation peak for 
all samples. This denaturation peak also appeared when the additives 
were incorporated, indicating the maintenance of the triple helix 
structure after compression moulding, even if the peak appeared at 
lower temperatures, 126 ◦C for the films with ILs and 10wool and 122 ◦C 

for 5wool. It can be noted that the height of the first peak decreased 
when the additives were incorporated, probably due to the difference on 
moisture content of the samples [45]. 

In order to assess the interactions among the components of the 
films, FTIR analysis was carried out and the spectra are exhibited in 
Fig. 3a. All the spectra showed the characteristic absorption bands 
assigned to the peptide bonds in collagen: amide I (C––O stretching), 
amide II (N–H bending) and amide III (C–N stretching) observed at 
1632, 1540, and 1239 cm− 1, respectively [46,47]. A slight decrease in 
the intensity of amide I, II and III bands by the addition of the ILs may 
indicate physical interactions between the components of the samples, i. 
e. between the anion and cation of the ionic liquids and the carboxyl, 
amino and hydroxyl groups of collagen and glycerol. Additionally, when 
wool was added, a slight decrease in the intensity of the amide bands 
was observed, suggesting physical interactions among carboxylic, amine 
and hydroxyl group in collagen with the carboxylic and amine groups of 
the keratin in wool and the hydroxyl groups of glycerol. Although the 
hydrocarboxylic radical of choline cation in ILs and phosphorus dioxide 
group in 0.1 [Ch][DHP] should be perceived at 1065 and 946 cm− 1 [48], 
these bands were overlapped by the characteristic bands of glycerol in 
the region of 850–1000 cm− 1. Similarly, the disulphide linkages of 
keratin in wool should appear in the region of 998–1100 cm− 1 [49]. 

Additionally, water uptake tests were carried out and the results are 
shown in Fig. 3b. In the first 10 min of immersion, the water uptake 
values increased rapidly due to the low thickness of the samples. After 
60 min of immersion, the equilibrium values were achieved at around 
375% for control films and 325% for the films with ILs or wool. These 
different water uptake values suggested that the incorporation of both 
ILs types or wool promoted the interactions with the polar groups of 
collagen and glycerol. As a consequence, polar groups were less acces
sible to interact with water molecules and, thereby, a lower water up
take degree was achieved. Furthermore, the more compact structure of 
the samples with ILs or wool, observed by SEM analysis (Fig. 4), may 
decrease the water uptake values as well. It is also worth noting that no 
significant differences were observed between the water uptake values 
of the films with ILs or wool. 

3.3. Morphological and structural characteristics 

The effect of ILs or wool on collagen structure was assessed by SEM 
and XRD analyses (Fig. 4). Concerning SEM analysis, the micrograph of 
the cross-section in control films -pristine collagen- (Fig. 4a) exhibited 
the dense network of collagen fibres. With the addition of ILs or wool 
(Fig. 4b–e), fibres could not be observed, and a more compact structure 
was achieved, which could explain the lower water uptake capacity 
observed in the samples containing ILs or wool (Fig. 3b). It is worth 
noting that no agglomeration was observed in the samples with ILs or 
wool, indicating the good dispersion of both ILs and wool within the 
films. 

Regarding XRD analysis (Fig. 4f), all samples showed the charac
teristic collagen amorphous structure, with a broad peak around 20◦, 
associated with the diffuse scattering of collagen fibres [50]. The first 
peak around 7◦ represents the triple helix structure of collagen and the 
lateral packing distance between collagen chains [51]. When wool was 
incorporated, a decrease in the intensity of both peaks was observed, 
indicating a change in the secondary structure of collagen. Additionally, 
a shoulder around 10◦ can be appreciated in 5wool and 10wool that may 
represent the α-helix structure of keratin in wool [52]. It is worth noting 
that the slight changes observed by FTIR and XRD indicate that the 
secondary structures of collagen and wool were mostly preserved. 
Additionally, the incorporation of ILs caused a more noticeable decrease 
in the intensity of the peak around 20◦, suggesting that the structural 
order in collagen changed. These differences in the structural order of 
collagen in ILs and wool containing samples may be due to the molecular 
size of the additives. ILs are smaller and soluble in the solvent used 
(acetic acid), so that they can penetrate between the collagen chains and Fig. 2. DSC thermograms of all collagen-based films.  
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can change collagen structural order. In the case of wool, this is not 
soluble and the fibres are larger so that the secondary structures of 
collagen and keratin in wool are preserved, and the interactions are 
lateral interactions between the microfibers of both. 

3.4. Mechanical properties 

Tensile tests were performed in order to evaluate the effect of ILs or 
wool addition on the mechanical behaviour of collagen films (Fig. 5). 
This behaviour is associated to the fibril structure of collagen; as the 
stress increased, the fibres of collagen were orientated, increasing tensile 

Fig. 3. Physicochemical properties of collagen-based films: a) FTIR spectra from 1800 to 800 cm− 1 and b) water uptake curves.  

Fig. 4. Morphological and structural properties of collagen films: SEM images of cross-sections (x5000 magnification) for a) control b) 0.1 [Ch][DHP], c) 0.1 [Ch] 
[Seri], d) 5wool, and e) 10wool films, and f) XRD patterns. 
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resistance up to the point of break [53]. 
The values of tensile strength (TS) and elongation at break (EAB) are 

shown in Table 1. On the one hand, the addition of lLs caused a signif
icant (p < 0.05) increase in both TS and EAB values, attributed to the 
chemical structure of ILs and their role as plasticizers, respectively [54]. 
On the other hand, when wool was added, EAB decreased (p < 0.05), but 
TS significantly (p < 0.05) increased. This behaviour may be attributed 
to the good compatibility between collagen and wool and to the strong 
mechanical resistance associated to wool fibres [55]. Although different 
collagen treatments and processing methods used in the works reported 
in the literature make comparisons difficult, a similar effect was shown 
for collagen films with casein [56], where TS values increased from 
17.24 MPa to 24.87 MPa and, simultaneously, EAB values decreased 
from 13.88 to 2.87%. 

3.5. Electrical conductivity and dielectric properties 

Fig. 6a shows the I–V curves obtained for the pristine collagen film 
and for the ones reinforced with ILs or wool. The addition of ILs or wool 
improved the electrical conductivity of collagen. As can be seen in 
Fig. 6a), the collagen-based films show electrical conductivity values 
compatible with an antistatic behaviour [57]. The DC conductivity of 
the pristine collagen film was 2.34 × 10− 9 S/cm, and increased with the 
addition of IL, being 1.03 × 10− 9 S/cm for 0.1 [Ch][DHP] and 1.87 ×
10− 8 S/cm for 0.1 [Ch][Seri] films. This increase is related to the in
crease of ionic mobile species associated to the IL. When wool was 
added, the DC electrical conductivity increased with wool addition and 
content due to the proton conduction. Conduction occurs by proton 
exchange between the hydroxyl groups of the wool and those related to 
absorbed water molecules [58]. In this case, a nonlinear behaviour was 
observed and the peak detected around 3 V was indicative of a variation 
of the conduction regime -decrease of the electrical conductivity-, 
related to the effect of absorbed water in wool (hygroscopic behaviour). 

This effect is reduced after drying, as shown for 5wool films in Fig. 6a 
(dot line), demonstrating the effect of the hydroxyl groups on proton 
conduction. Additionally, Fig. 6b) shows the I–V cycling curves for 20 
cycles for the pristine collagen films, demonstrating a low hysteresis in 
the electrical conductivity, which is representative for the rest of the 
samples. 

Fig. 7a) and b) show the dielectric constant (ε’) and the loss factor 
(tan δ), respectively. As the frequency increased, ε′ and tan δ decreased, 
indicating a slow dynamic of the contributions to the dielectric response, 
mainly attributed to mobile charge carriers. Furthermore, ε′ and tan δ 
increased with the addition of ILs and 5 wt % wool due to the fact that 
these fillers increased the number of charge carriers. Further, the high 
values of ε′ and, in particular, of tan δ demonstrate conductivity con
tributions to the dielectric response by the different charge carriers from 
collagen, wool and IL. As can be seen in Fig. 7c), the conductivity 
increased with frequency, indicating strong contributions from localized 
charge carrier mobility. Two regimes in the conductivity behaviour were 
observed in all films: one regime for medium frequencies up to 104 Hz, 
dominated by the DC conductivity; the second, at higher frequencies, 
assigned to the AC conductivity. Furthermore, the presence of ILs and 5 
wt % wool increased the AC conductivity values compared to the control 
film due to the increased presence of localized charge carriers, 
contributing to the electrical response. The electrical results of neat 
collagen, which depend on several factors such as the soluble state of 
collagen and collagen concentration, among others, are similar to those 
observed in the literature [59,60]. Furthermore, collagen films with ILs 
present a high dielectric constant as a result of the interactions of 
collagen with ILs, contributing to the electrical response. 

4. Conclusions 

Advanced functional materials based on native collagen with ILs or 
wool were successfully prepared by compression moulding, resulting in 
homogeneous and easy to handle films. The results found by DSC, FTIR, 
and XRD showed the prevalence of the collagen fibrillar structure in all 
films after the compression moulding process. Regarding physico
chemical properties, lower water uptake capacity was observed with the 
incorporation of ILs or wool into the formulations, probably due to the 
formation of a more compact structure, as shown by the SEM images of 
film cross-sections. Furthermore, the addition of lLs or wool caused a 
significant increase in tensile strength and improved the electrical 
conductivity and dielectric response. The high dielectric response of the 
samples demonstrated the mobile contributions, highlighting the po
tential of these collagen films for an antistatic application with a focus 
on sustainability. In particular, 0.1 [Ch][Seri] films showed the best 
mechanical and electrical properties, since addition of the IL improved 
TS, EAB and DC values. Additionally, if materials with higher TS values 
were needed, the combination of IL with wool in the collagen matrix 
could be an interesting option to analyse. 
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Fig. 5. Stress-strain curves of collagen-based films.  

Table 1 
Tensile strength (TS) and elongation at break (EAB) of the collagen-based films.  

Films TS (MPa) EAB (%) 

Control 7.36 ± 1.13a 31.99 ± 4.68a 

0.1 [Ch][DHP] 13.30 ± 0.33b 68.00 ± 4.57a,b 

0.1 [Ch][Seri] 18.07 ± 1.16c 57.72 ± 4.57b 

5wool 24.39 ± 3.64d 27.25 ± 3.21c 

10wool 28.31 ± 2.85d 23.30 ± 1.87d 

a-dTwo means followed by the same letter in the same column are not signifi
cantly (p > 0.05) different through the Turkey’s multiple range test. n = 5 was 
the minimum number of replications. 
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