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ARTICLE INFO ABSTRACT

Collagen obtained from bovine skin was mechanically pre-treated with the aim of preserving the triple helix
structure of native collagen. Furthermore, zinc oxide nanoparticles were incorporated into film forming for-
mulations due to their inherent biological properties, which are of great relevance for biomedical applications.
All the films showed good mechanical properties with a predominant elastic behavior, as shown by dynamic
mechanical analysis (DMA) curves, and collagen films were easy to handle in both dry and wet states. It is worth
noting that the integrity in the wet state was achieved without incorporating chemical crosslinkers, in contrast to
chemically treated collagen that must be crosslinked chemically due to collagen denaturation after the pre-
treatment. As shown by Fourier Transform Infrared (FTIR) spectroscopy analysis, collagen preserved the triple
helix structure, although a slight decrease was observed with the increase of zinc oxide nanoparticles (ZnO NPs)
content, which slightly increased the equilibrium swelling values and also caused some changes in the dena-
turation collagen peak observed above 200°C by Differential Scanning Calorimetry (DSC) measurements.
Additionally, collagen films showed good barrier properties, protection again Ultraviolet (UV) light and optimal
Water Vapor Permeability (WVP) values (occlusivity) for biomedical purposes such as wound healing, since the
WVP values measured would allow exudates' absorption. Regarding electrical conductivity, collagen films
presented a semiconductor behavior and memory properties and, thus, these films could be used as biosensors.
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1. Introduction

Collagen is the most abundant protein of the extracellular matrix
(ECM) in vertebrates, being approximately 30% of body total protein
mass [1]. Collagen 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
fibers providing the extracellular matrix with a high integrity and
mechanical tensile strength due to its tight winding triple helix struc-
ture [2]. In that way, there are at least 29 collagen types composed of
46 distinct polypeptide chains, constituting the major part of con-
nective tissues, skin, tendons, blood vessels, cornea, cartilages and
bones. Collagen type I is the primary collagen in skin (90%) [3] and it
has a long history as a natural material for diverse fields, including
pharmaceutical, foods, cosmetics and chemical industries [4,5].

In addition to structural roles, collagen also plays functional roles
taking part in tissue regulation, growth and repair [6,7]. Due to its
remarkable capacity to act as a substrate for cell adhesion and growth,
collagen has been considered as a valuable candidate to design

resorbable medical devices. Moreover, collagen is largely non-im-
munogenic and poorly antigenic and thus, biocompatible [8]. Besides,
although collagen is resistant to common proteases having a long life-
time, it can be biodegraded in the body by some enzymes of the matrix
metalloproteinase (MMP) family, leading to biodegradable collagenous
biomaterials [9]. Those collagen structures, physical and biological
properties, and its physical versatility to form gels, films, meshes,
scaffolds and fibers make collagen an attractive candidate for biome-
dical applications. Specifically, collagen-based scaffolds are potential
biomaterials for wound dressing of burns, pressure sores and leg ulcers,
especially for diabetics, because of their ability to accelerate wound
repair, inhibit wound contraction, and stimulate epithelium formation
[7,10]. Furthermore, during the past decade, collagen-based bioma-
terials have been used for other biomedical applications, such as 3D cell
culture [11], bone and cartilage repair [12,13], vascular and cardio-
vascular grafts [14], skin substitutes [15], and corneal defects [16].
Additionally, the interest in biocompatible materials sensitive to ex-
ternal stimuli is increasing rapidly due to the improvement caused in
the growth of different kind of cells. For example, electrical stimulation
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through electro conductive materials can promote bone repair [17],
nerve tissue regeneration [18] and cardiac and skeletal muscle tissues
[19].

In recent years, metal oxide nanoparticles have reached a special
interest in medical applications. In this regard, zinc oxide has been
approved as a generally recognized as safe (GRAS) material by the Food
and Drug Administration (FDA) [20]. Zinc oxide nanoparticles (ZnO
NPs) have been widely used in foods [21], cosmetics [22], and drug
delivery systems [23]. In particular, the incorporation of ZnO NPs into
biomaterials has been significantly increased in tissue engineering and
regenerative medicine due to their biocompatibility, antibacterial, an-
tiseptic and anti-inflammatory activities, in addition to their capacity to
enhance cell adhesion and proliferation [1,24]. In this context, the aim
of this study was the incorporation of ZnO NPs into collagen formula-
tions to prepare films and investigate the effect of ZnO NPs on physi-
cochemical, thermal, barrier, morphological (XRD, SEM), mechanical,
and electrical properties. It is worth noting that this work provides the
relation between physicochemical analyses and the viscoelastic and
electrical behavior of collagen films, confirming that the reproducibility
of the semiconductor behavior, which is of great relevance for biome-
dical applications, was not compromised by the addition of ZnO NPs.

2. Materials and methods
2.1. Materials

Bovine collagen was supplied by Tenerias Omega. Zinc oxide na-
noparticles (ZnO NPs, @ < 100 nm, specific surface area of 10-25m?/
g) were supplied by Sigma-Aldrich. Glycerol, used as plasticizer, was
provided by OPPAC Products S.A., and acetic acid was obtained from
Panreac Quimica S.L.U.

2.2. Preparation of collagen films

Collagen films with different ZnO NPs contents (0, 2, 4, 6 and 8 wt%
on collagen dry basis) were prepared by solution casting. Firstly, col-
lagen skins were treated with NaOH 1 M at room temperature for 12 h.
Afterwards, these samples were neutralized with phosphate buffer
saline (PBS). These samples were designated as native collagen. Native
collagen was grinded and freeze-dried in order to facilitate the sub-
sequent processing. Hence, 5g of collagen, 20 wt% glycerol (on col-
lagen dry basis) and the amount of ZnO NPs required for each for-
mulation were incorporated into 100 mL of 0.5M acetic acid. The
blends were maintained at room temperature under mechanical stirring
at 150 rpm for 3h and then, poured into Petri dishes and left dry at
room temperature to obtain the films. Films were designated as 2ZnO,
47Zn0, 6Zn0 and 8ZnO as a function of ZnO NPs content. Films without
ZnO were considered as control films. All films were conditioned in a
climatic chamber (Alava Ingenieros, Spain) at 25°C and 50% relative
humidity before testing.

2.3. Characterization of collagen films

2.3.1. Amino acid composition

Amino acid analysis of native collagen and collagen treated with
0.5 M acetic acid solution under mechanical stirring for 3h were per-
formed with a Biochrom 30 + amino acid analyzer physiological
system (Biochrom, UK).

2.3.2. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were carried out on a Nicolet Nexus FTIR spectrometer
using a Golden Gate (Specac) ATR sampling accessory. A total of 32
scans were performed at 4cm ™! resolution. Measurements were re-
corded between 4000 and 800 cm ™. All spectra were smoothed using
the Savitzky-Golay function. Second-derivative spectra of the amide I
region were used at peak position guides for the curve fitting procedure,
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using OriginPro 9.1 software.

2.3.3. Moisture content (MC) and mass loss (ML)

To determine the MC of films, samples were weighed (w,) and then
dried at 105 °C for 24 h. After that, samples were reweighed (w;) and
MC was calculated by Eq. (1):

MC (%) = 20 = Wiy 100
Wo (1)

Mass loss values were calculated using dried specimens (wy).
Samples were immersed into 200 mL of PBS for 5 days and then, sam-
ples were reweighed (w,). Mass loss was calculated by Eq. (2):

w2

ML (%) = 22~ W24 100
W1 (2)

Measurements were carried out for three specimens of each sample.

2.3.4. Swelling
In order to study the swelling of films, first, rectangular pieces were
weighed (w;) and then, immersed into PBS. Samples were weighed after
immersion into PBS for specific times (w,), until constant values were
achieved. The swelling for three specimens of each sample was calcu-
lated by Eq. (3):
_ W =W

Swelling (%) = x 100
& w, ®)

2.3.5. Differential scanning calorimetry (DSC)

DSC measurements were performed on a Mettler Toledo DSC 822
(Mettler Toledo, Spain). Samples of around 3 mg were subjected to a
two heating ramp at a rate of 10 °C/min, under nitrogen atmosphere:
firstly, from 25°C to 125°C and then, from 25°C to 250 °C. Sealed
aluminum pans were used to prevent mass loss during the experiment.

2.3.6. Dynamic mechanical analysis (DMA)

Thermo-mechanical measurements were performed using a DMA
Explexor 100 N, Gabo Qualimeter (JM Toneu, Spain). Experiments were
performed in a temperature range from —100 °C to 250 °C at a heating
rate of 2 °C/min. The measurements were carried out under tension at a
constant frequency of 1 Hz and the strain applied was fixed at 0.05%.

2.3.7. Ultraviolet-visible (UV-vis) spectroscopy

The light-barrier properties of films were determined by measuring
their light absorption at wavelengths ranging from 200 nm to 800 nm,
using a UV-Jasco spectrophotometer (Model V-630).

2.3.8. Water vapor permeability (WVP)

WVP was determined in a controlled humidity environment
chamber PERME™ W3/0120 (Labthink Instruments Co. Ltd., China),
according to ASTM E96-00 [25]. Circles of 7.40 cm diameter, with a test
area of 33 cm?, were cut. The setup was subjected to a temperature of
38°C and a relative humidity of 90%. Water vapor transmission rate
(WVTR) was calculated by Eq. (4):

wytr(£5) - O

sem?)  txA )

where G is the change in weight (g), t is time (s), and A is the test area
(ecm?). WVP was calculated by Eq. (5):

p ( g ) _ WVTRXL
cmsPa) AP 5)
where L is the thickness of the test specimen (cm) and AP is the partial

pressure difference of the water vapor across the film (Pa). WVP was
calculated and reported for three specimens of each sample.
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2.3.9. Mechanical properties

Tensile strength (TS) and elongation at break (EB) were measured
according to ASTM D 638-03 standard [26], using a MTS Insight 10
electromechanical testing system (MTS, Spain). Sheets were cut into
dog-bone-shaped samples of 4.75mm X 22.25mm and the crosshead
rate was -1 mm/min. Measurements were carried out for five specimens
of each sample.

2.3.10. Electrical conductivity

Electrical properties of films were analyzed by a Keithley 4200-SCS
equipment for semiconductors analysis in a Faraday cage at room
temperature. Two point measurements were carried out with a home-
built dispositive, performing linear scans from —20 to 20 V in order to
obtain intensity vs voltage curves. The films were placed in contact with
two copper sheets, adhered in turn to polycarbonate plates; two copper
wires, which came up from the copper plates, were put in contact with
the electrodes of the equipment to close the electric circuit. The dis-
tance between the two electrodes was 2mm. The dimensions of the
samples were 1.0 cm? section and 0.25 mm height.

2.3.11. X-ray diffraction (XRD)

XRD was performed with a diffraction unit PANalytical Xpert PRO,
operating at 40 kV and 40 mA. The radiation was generated from a Cu-
Ka (A = 1.5418 1°\) source. The diffraction data were collected from 20
values from 2 to 50°, where 6 is the angle of incidence of the X-ray bean
on the sample.

2.3.12. Scanning electron microscopy (SEM)

A S-4800 scanning electron microscope (Hitachi, Spain) was used.
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 (Izasa, Spain) in an argon atmosphere, prior to observation.
All samples were examined using an accelerating voltage of 10 kV.

2.4. Statistical analysis

In order to determine significant differences between samples,
analysis of variance (ANOVA) was done with SPSS software (SPSS
Statistic 25). Tukey's test with a statistically significance at the
P < 0.05 level was considered for multiple comparisons among dif-
ferent systems.

3. Results
3.1. Amino acids composition

In order to identify the amino acids composition in bovine skin
native collagen and treated collagen, elemental analysis was performed
and the amount of each amino acid residue is shown in Table 1. Glycine
is the major amino acid in both collagens, followed by proline and
alanine. The content of both proline and hydroxyproline is 22.1% in
native collagen and 22.6% in treated collagen. Furthermore, histidine,
lysine and hydroxylysine residues were around 3.7% in both collagens,
and no cysteine was found indicating that there were no thiol groups
present in collagen.

3.2. Physicochemical properties

The interactions among the components of the films and the in-
tegrity of collagen structure were assessed by FTIR analysis and FTIR
spectra are exhibited in Fig. 1. All the spectra showed the characteristic
absorption bands assigned to the peptide bonds in collagen. Specifi-
cally, the absorptions related to the amide A, amide I, amide II and
amide III bands appeared at 3300, 1634, 1544, and 1238 cm ™Y, re-
spectively [27]. In particular, amide I contains three major components:
a band at 1650cm™ !, associated to the a-helix/random coil
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Table 1
Amino acid composition of bovine skin native collagen and treated collagen
(expressed as residues/1000 residues).

Amino acid Native collagen Treated collagen
Aspartic acid 45.3 44.8
Threonine 16.1 15.9
Serine 37.0 36.8
Glutamic acid 72.5 73.0
Glycine 330.9 331.2
Alanine 109.7 108.9
Valine 18.7 17.8
Methionine 6.0 6.2
Isoleucine 10.3 9.8
Leucine 28.8 33.8
Tyrosine 5.7 6.5
Phenylalanine 15.6 15.9
Hydroxylysine 6.7 6.8
Lysine 25.7 26.4
Histidine 4.5 4.3
Arginine 45.4 45.4
Hydroxyproline 98.1 93.6
Proline 122.9 122.8

conformation, and two bands corresponding to the B-sheet conforma-
tion, which appear at 1615-1630 cm ™! and 1680-1700 cm ™~ * [28].

As shown in Table 2, the addition of ZnO NPs, decreased the content
of a- helix conformation. Additionally, the preservation of the integrity
of the triple helix structure of collagen was estimated from the ab-
sorption ratio between the Amide III band and the band at 1452 cm ™ ?
(AIII/A1452) [29]. As shown in Table 2, the AIII/A1452 ratio Sllghtly de-
creased, indicating that ZnO NPs slightly modified the triple helical
structure of collagen.

The moisture content (MC) and the mass loss (ML) of the films were
also analyzed and values are shown in Table 3. On the one hand, all
films showed low MC values, decreasing (P < 0.05) from 2.0 to 0.6%
when ZnO NPs content increased. This slight variation in moisture
content may be associated with the hydrophobicity of ZnO NPs [30].
On the other hand, mass loss values increased (P < 0.05) from 12.9%
in control samples to 22.8% in 8ZnO samples.

Considering that one potential application of collagen films can be
as wound dressings, swelling tests were carried out and results are
shown in Fig. 2. It is worth noting that all samples maintained their
structural integrity after immersion in PBS. Swelling increased rapidly
in the first 30 min and the equilibrium, around 100% for control sample
and around 130% for samples with ZnO NPs, was achieved after
150 min of immersion in PBS.

3.3. Thermal properties

Thermal denaturation of collagen induces modifications in the col-
lagen structure that can be followed by DSC. All samples exhibited two
endothermic peaks, as shown in Fig. 3. The first peak, situated around
100 °C, was related to free water release [31]. This peak temperature
increased with the addition of ZnO NPs due to the decrease of moisture
content [32], as shown in Table 3. The second endothermic peak ap-
peared between 210 and 250 °C and it was associated to the dena-
turation of collagen [33].

In order to study the effect of ZnO NPs in the viscoelastic behavior
of collagen films, DMA was carried out and the temperature depen-
dence of storage modulus (E’) and loss modulus (E”) of collagen films is
shown in Fig. 4a. The storage modulus (E’) is generally related to the
stored energy, representing the elastic behavior of the material, while
the loss modulus (E”) is used to indicate the energy dissipated as heat
[34]. The films showed higher E’ values than E” values, in the whole
temperature range, which determined the predominantly elastic char-
acter of the films. As the temperature increased, the samples moduli
decreased. The moduli decreased slowly until —10°C and then, they
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Fig. 1. FTIR spectra of collagen sheets with different ZnO NPs contents: a) from 4000 to 800 cm ! and b) from 1800 to 800 cm ™ *.

Table 2
Area (%) of the curve fitting of amide I and absorption ratio between amide III
band and the band at 1452 cm ™" (A/As4s2) for collagen-ZnO NPs films.

Film B-Sheet a-Helix/random coil Am/Aqas2
(%) (%)
Control 36.28 63.72 1.00
2Zn0 36.38 63.62 0.99
4Zn0 38.63 61.37 0.97
6Zn0O 40.84 59.16 0.95
8ZnO 42.94 57.06 0.93
Table 3
Moisture content (MC) and mass loss (ML) of collagen-ZnO NPs films.
Film MC ML
(%) (%)
Control 2.0 = 0.3% 12.9 + 1.8
27n0 1.0 + 0.1° 16.7 = 1.1°
4Zn0 0.9 + 0.1% 17.3 + 1.3°
6Zn0O 0.7 + 0.1% 22.4 + 0.9°
8Zn0O 0.6 = 0.2¢ 22.8 = 0.8

“Two means followed by the same letter in the same column are not sig-
nificantly (P > 0.05) different through the Tukey's multiple range test.
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Fig. 2. Swelling curves of collagen films with different ZnO NPs contents.

—— Control
——2Zn0
——4Zn0

—~

—_—

Heat Flow (W/g) endothermic

1 1
40 60 80 100 120 140 160 180 200 220 240 260 280
T(°C)

Fig. 3. DSC thermograms of collagen films with different ZnO NPs contents.

dropped sharply up to 20 °C for the control samples and 30 °C for the
films with ZnO NPs. This sharp reduction of storage modulus involved
the transition of the material from the glassy to the rubbery state [34].
Afterwards, and up to 80 °C, an increase was observed, related to the
triple helix structure of collagen.

The loss factor (tan 8), defined as the ratio between loss modulus
and storage modulus (tan 8 = E”/E’), is represented in Fig. 4b. The
temperature at which the loss factor is maximum is defined as the glass
transition temperature (Tg). The first glass transition (Tg;), at around
—60 °C, was attributed to the glass transition of glycerol. The second
glass transition (T,p), at around 20 °C for control film and 30 °C for
collagen-ZnO NPs films, was attributed to the glass transition of col-
lagen. This increase in Tg, could be related to the decrease of films
moisture content [32], as shown in Table 3.

3.4. Barrier, mechanical and electrical properties

Light barrier properties were analyzed and UV-vis spectra are
shown in Fig. 5. As can be seen, the films exhibited a maximum ab-
sorbance peak from 200 to 240 nm, associated with C=O0, COOH,
CONH, groups in collagen chains [35,36], and a small absorption peak
at 250-280 nm, associated to tyrosine and phenylalanine amino acid
residues in collagen [37,38]. The addition of ZnO NPs influenced the
films UV-vis absorbance, increasing slightly the absorbance in the
visible light range (400-800nm) and strongly in the UV range, con-
cretely in the 250-280 nm range. Moreover, there was no ZnO NPs
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Fig. 5. UV-vis spectra of the collagen films with different ZnO NPs contents.

characteristic absorption peak near 360 nm, suggesting that there were
not ZnO NPs with a size larger than the visible wavelength [30].
Concerning water vapor permeability (occlusivity), this is a two-
step process: water vapor sorption and water vapor diffusion [39] and it
depends on the collagen structure, organization and interactions of
collagen molecules in the film [40]. As can be seen in Table 4, there was
no difference (P > 0.05) with the increase of ZnO NPs content and all
samples showed a high occlusive character. In addition to barrier
properties, mechanical properties are of great importance to assure that
the films are easy to handle. In order to assess the mechanical behavior
of collagen films, elastic modulus (EM), tensile strength (TS) and
elongation at break (EAB) were measured. As shown in Table 4, EM and
TS increased (P < 0.05) when ZnO NPs were incorporated into the

Table 4

Water vapor permeability (WVP), elastic modulus (EM), tensile strength (TS),
and elongation at break (EAB) of collagen films prepared with different ZnO
NPs contents.

Films WVP-10'? EM TS EAB
(gem™ts™Pa™!)  (MPa) (MPa) (%)

Control 4.9 * 0.3° 382.8 + 19.8° 159 = 1.7  14.4 + 0.8°

27Zn0 5.6 * 0.2° 4307 + 19.3° 177 = 1.6°> 13.7 = 0.7%°

47Zn0 5.8 = 0.4° 4458 + 12.3° 183 = 0.7° 13.2 = 0.2°

6Zn0 59 + 0.4° 452.4 + 121> 189 + 0.4° 13.1 + 0.5°

8Zn0O 5.9 + 0.6 455.8 + 7.2° 19.6 + 1.3 12,9 + 0.6°

a>Two means followed by the same letter in the same column are not sig-
nificantly (P > 0.05) different through the Tukey's multiple range test.

collagen formulation; however, these values did not change when ZnO
NPs increased, as also observed for EAB values.

The electrical properties of the films were analyzed from the in-
tensity-voltage (I-V) curves shown in Fig. 6. As can be seen in Fig. 6a,
collagen films showed electrical conductivity from negative to positive
voltage (blue line) and also from negative to positive voltage (red line).
When a positive current passed through the films and operated in the
top right quadrant, the curve increased gradually in an extremely small
current and voltage. The voltage was swept first from —20V up to
+20V and then backwards, from +20V to —20 V. When the forward
voltage exceeded 20V, which was the film internal barrier voltage,
avalanche occurred and the forward current increased rapidly for a
small increase in voltage producing a non-linear curve, called the
“Knee” point. Likewise, when a negative current passed and operated in
the bottom left quadrant of the curve, a small gradual decrease of the
film electrical resistance was observed, until the reverse voltage across
the film became greater than its breakdown voltage point, resulting in a
sudden increase in reverse current, producing a fairly straight line
downward curve as the voltage losses control. This procedure was re-
peated several times and Fig. 6b shows the successive sweeps. As can be
seen, the initial pinched hysteresis was shifted towards higher currents
in the consecutive sweeps, but preserved its shape, illustrating clearly
another property of the memristor: memory. Fig. 6b presents the elec-
trical behavior of a collagen film when a current sweep is applied and it
shows the reproducibility of the semiconductor electrical behavior. All
collagen films showed the characteristic semiconductor electrical be-
havior and similar resistance values were observed for all films re-
gardless of ZnO NPs contents, as shown in Fig. 6c.

3.5. Morphological properties

In order to determine the film microstructure and relate it to the
properties measured, XRD and SEM analyses were carried out. All the
films exhibited XRD patterns of amorphous materials (Fig. 7). The peak
around 7° indicated the intermolecular lateral packing distance be-
tween the molecular collagen chains [41], which is related to the triple
helix structure of collagen and, thus, its presence indicated the main-
tenance of this structure after the addition of ZnO NPs. The broad band
centered at 20° is associated to the diffuse scattering of collagen fibers,
indicating the amorphous structure of the films. It is worth noting that
the characteristic peaks of ZnO at ~31.5°, ~34.4°, and ~36.2° could not
be observed due to the interactions between collagen and ZnO NPs, as
shown by FTIR analysis.

To further assess the changes caused by the addition of ZnO NPs in
the collagen films, SEM analysis was carried out and the images of
cross-sections are shown in Fig. 8. SEM micrographs exhibit the dense
network of fibers in control films (Fig. 8a). With the addition of ZnO
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0 showed the characteristic properties of hydrogels, allowing the per-
meation of bioactive compounds into the system effectively.
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Fig. 7. XRD patterns of collagen films prepared with different ZnO NPs con-
tents.

NPs (Fig. 8b and c) the fibers were not further shown, indicating a
structural change to a more compact network, in accordance with the
gradual decrease shown in the lateral packaging of collagen chains
observed by XRD analysis. Therefore, considering the preservation of
the collagen triple helix shown by FTIR results (Table 2), this difference
might be related to the decrease of the lateral packing among chains
observed by XRD (Fig. 7).

4. Discussion

Amino acid analysis showed that glycine was the most abundant
residue in native and treated collagen. Since glycine is the smallest
amino acid, its repetition throughout the protein sequence allows close
packing of the chains [42]. Furthermore, the high content of both
proline and hydroxyproline plays an important role in the structural
integrity of collagen, forming hydrogen bonds between collagen a-
chains and limiting rotation [43]. Moreover, proline and hydroxypro-
line contain the pyrrolidine ring, which helps to strengthen the triple
helix structure of the collagen [44,45]. Therefore, the amino acid
analysis suggests that the stability of the triple helix remains practically
intact after the treatment performed. In fact, hydrogen bonding is
known to play a significant role in the formation and stabilization of
protein secondary structure. In this regard, the amide A band, corre-
sponding to O—H and N—H stretching vibrations, which typically ap-
pears at 3400 cm ™! in collagen, shifted to 3300 cm™?, indicating hy-
drogen bonding between collagen, glycerol and ZnO [37,46]. In
particular, interpeptide hydrogen bonding stabilizes secondary struc-
tures such as the oa-helix and pB-sheet conformations; therefore, the
amide I profile was analyzed with the aim of assessing the effect of ZnO

The changes in the triple helix structure shown by FTIR results
(Table 2) can be also related to the changes observed by DSC analysis.
In this regard, the denaturation peak of collagen, associated to the
conformational changes from a triple helix to a random coil structure,
changed with the addition of ZnO NPs, specifically, the height of this
denaturation peak decreased and its width increased. Furthermore, the
intermolecular interactions between collagen and ZnO NPs influenced
the viscoelastic behavior of collagen films. As observed by DMA ex-
periments, the temperature at which the minimum values of storage
and loss moduli were achieved increased with the addition of ZnO NPs
as a consequence of those interactions. Additionally, the subsequent
increase of storage and loss moduli after the achievement of the
minimum value was smaller for 6ZnO and 8ZnO films, in accordance
with the decrease in the content of triple helix structure shown by FTIR
results (Table 2).

Considering wound dressing as one feasible application of these
collagen-ZnO NPs films, barrier properties are of great importance.
Regarding UV barrier properties, the addition of ZnO NPs increased the
UV absorbance, concretely in the 250-280 nm range. It is worth noting
that collagen films with ZnO NPs showed a strong UV blocking capacity
without sacrificing transparency. In order to assess if collagen films
could maintain an acceptable level of moisture in the wound when
applied as wound dressings, the occlusivity of the films was evaluated
measuring water vapor permeability. In this regard, the WVP of col-
lagen films was within the range of commercial wound dressings. Thus,
they presented an adequate control of moisture, allowing exudate to
evaporate, while maintaining some moisture into the wound to prevent
tissue dehydration and help in re-epithelisation.

Considering the special attention acquired by electro conductive
biocompatible materials for tissue engineering applications, the elec-
trical properties of the films were analyzed. It is well known that the
electrical conductivity of proteins increases enormously with increasing
content of adsorbed water, but the conductivity of both wet protein and
dry proteins is almost purely electronic. The adsorbed water decreases
the semiconduction activation energy, which is lower than 3.0 eV, but
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Fig. 8. SEM images of the cross-sections for a) control, b) 4Zn0O, and c¢) 8ZnO films.

does not change the number of states available for releasing mobile
charge or the mobility of the charge carriers [47]. From the analysis of
intensity voltage (I-V) curves, it can be said that collagen film array
behaved like a memristor because the I-V dependence in the range from
—20V to +20V was strongly nonlinear and showed a pinched hys-
teretic shape. Collagen films showed the characteristic semiconductor
electrical behavior, and the addition of ZnO NPs did not affect the films
electrical resistance. Furthermore, the reproducibility of the semi-
conductor electrical behavior was corroborated by subjecting the films
to several electrical sweeps. In addition to the electrical properties of
collagen films, tensile tests showed that collagen films were easy to
handle and resistant; in particular, tensile strength increased with the
addition of ZnO NPs. This mechanical behavior is in accordance with
the film microstructure observed by SEM, which showed that the ad-
dition of ZnO NPs caused an increase of film compactness. Additionally,
all collagen films showed amorphous structure, as observed by XRD
analysis, which also showed that the maintenance of the triple helix
structure after the addition of ZnO NPs, in accordance with FTIR results
(Table 2).

5. Conclusions

Collagen was mechanically pretreated, maintaining its native
structure, and subsequently processed to obtain films with induced
electro-conductive properties, which could be used to promote cell
growth and make these collagen films suitable for biomedical applica-
tions. With this in mind, zinc oxide nanoparticles (ZnO NPs) were in-
corporated into film forming formulations and the effect of ZnO NPs
content was assessed. The obtained films showed good mechanical
properties and were easy to handle, preserving their physical integrity
after immersion into PBS and indicating the maintenance of the triple
helix structure, as observed by FTIR analysis and corroborated by XRD
results. This fact is of great relevance since the preservation of the triple
helix structure allows to avoid the use of chemical crosslinkers, neces-
sary when collagen is chemically treated due to collagen denaturation
during the chemical treatment. Furthermore, collagen films showed
good occlusivity values for the absorption of fluids, highlighting the
potential use of these films as wound dressings. Furthermore, collagen
films showed a semiconductor behavior, which was maintained after
current sweeps and with the incorporation of ZnO NPs. These induced
electro-conductive properties could be used to promote cell growth and
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make these collagen films suitable for biomedical applications.
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