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Abstract: Collagen was obtained from porcine skin by mechanical pretreatments with the aim
of preserving the triple helix structure of native collagen, which was indirectly corroborated by
differential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR) results.
Moreover, aloe vera (AV), with inherent biological properties, was incorporated into collagen film
formulations, and films were prepared by compression and characterized to assess their suitability
for biomedical applications. SEM images showed that the fibrillar structure of collagen changed to a
rougher structure with the addition of AV, in accordance with the decrease in the lateral packaging of
collagen chains observed by XRD analysis. These results suggested interactions between collagen and
AV, as observed by FTIR. Considering that AV content higher than 20 wt % did not promote further
interactions, this formulation was employed for biological assays and the suitability of AV/collagen
films developed for biomedical applications was confirmed.
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1. Introduction

Many polymers derived from biomass have been widely evaluated for biomedical applications,
such as tissue engineering, drug delivery and wound healing, among others, in order to provide a
green alternative to avoid the employment of toxic solvents and non-biodegradable polymers [1].
Among natural polymers, proteins such as collagen [2] and polysaccharides such as chitosan [3] may be
very valuable due to their intrinsic bioactivity, biocompatibility and biodegradability [4]. When these
materials are located in a defective area, they may promote the migration of cells and their integration
to the surrounding environment, thus forming an extracellular matrix (ECM) and improving the
structure of the repaired tissue [5].

In this context, collagen is one of the most important ECM proteins and it is considered as a
potential biomaterial for tissue engineering [6]. Collagen consists of three polypeptide chains organized
in a triple helical conformation. This structure is shaped into more complex ones, leading to at least
29 collagen types in which type I, II and III collagens are the most abundant types [7]. Among them,
collagen I shows a more ordered structure and, thus, provides higher tensile strength, being used
for tissue regeneration [8,9]. In fact, collagen is the most widespread protein in connective tissue,
and it plays an important role as a natural binding segment in tissue healing, providing the biological
microenvironment needed for cell adhesion, proliferation and migration during the tissue construction
or repair process [10]. Besides its biological properties, collagen also contains abundant intra- and
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intermolecular hydrogen and disulfide bonds and, therefore, inherent water stability. Collagen can be
extracted from almost every living animal; nonetheless, common sources of collagen include bovine
skin and tendons, porcine skin, and rat-tail, although it is noteworthy that porcine skin is the most
similar to human skin [11]. Due to collagen properties, abundance and ease of extraction, the research
on collagen-based materials is growing intensively [12]. Of note, collagen can be manufactured
into films [13], hydrogels [14], micro/nanoparticles [15] and porous structures [16] for biomedical
applications [17].

Likewise, the mucilaginous gel of aloe vera (Aloe barbadensis) plant has been used as a natural
therapeutic agent for medical purposes in several cultures for millennia due to its physiologically active
components with curative or healing qualities [18]. In traditional medicine, for example, aloe vera
has been used to cure various types of soft tissue damages, such as skin diseases, injuries caused
by irradiation, eye diseases, intestinal disorders and viral diseases [19]. Aloe vera gel includes
more than 98–99% water and 55% of its dry matter is a glucomannan polysaccharide known as
acemannan, which stimulates cell proliferation and has antiviral, anticancer and immune stimulation
effects [5,20]. Additionally, aloe vera contains sugars, essential amino acids, lipids, sterols and a
variety of vitamins [21] and it has been reported to enhance cell proliferation and wound care [22],
providing antioxidant, anti-inflammatory, antibacterial, antidiabetic, sunburn relief, immune boost,
anti-ageing, and anticancer properties [23,24]. For these reasons, aloe vera is applied to a variety of
products in the form of juice, concentrate and powder for several pharmaceutical, food, cosmetic and
biomedical applications. Pharmaceutical use of aloe vera includes tablets, capsules and ointment due
to its effectivity for wound healing [25], genital herpes [26], and HIV infection [27], and also owing to
anti-ulcer effects [28], anti-inflammatory properties [29], and antidiabetic effects [30]. In particular,
the latest research studies on aloe vera are focused on wound healing, especially related to burns. To this
end, biomaterials combining aloe vera with various biopolymers, such as cellulose, alginate, chitosan,
collagen or gelatin, and functional films, hydrogels and sponges, have been developed [19,31–33].
These biomaterials, in comparison with conventional products, offer several properties providing
mechanical support, prolonged drug release, absorption of skin secretions and preservation of body
fluids [34].

Regarding the film-forming process, solution casting is the most used method to obtain collagen
films. This process is based on the solubilization of collagen in an acidic and/or enzymatic aqueous
media and the subsequent evaporation of the solvent [35]. In contrast, compression molding is a faster
and more efficient method; thus, the processing technique used at industrial scale production [6].
Therefore, in this study, thermo-compression was used to revalorize porcine skin, transforming it on
collagen-based films, and the effect of the incorporation of aloe vera on physicochemical, thermal,
barrier, mechanical and biological properties was analyzed.

2. Materials and Methods

2.1. Materials

Porcine collagen was supplied by Tenerias Omega (Villatuerta, Spain) and aloe vera (AV) powder
by Agora Valencia (Valencia, Spain). Glycerol, pharma grade with a purity of 99.01%, and acetic acid
were supplied by Panreac Quimica S.L.U (Barcelona, Spain).

2.2. Mixture Preparation

Native collagen was obtained from porcine skin through the method described in a previous
work [36]. Briefly, porcine skins were immersed into 1 M NaOH solution at room temperature for 12 h
in order to be defatted. Then, these samples were neutralized by immersion into phosphate buffer
saline (PBS) at pH 7.4 for 3 h. Finally, samples were grinded and lyophilized. After these treatments,
5 g of collagen, aloe vera (0, 10, 20 and 30 wt % based on dry collagen), glycerol (20 wt %, based on
dry collagen) and 0.05 M acetic acid (1:1 collagen/acetic acid ratio) were manually mixed and pastes
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were stored in a plastic bag for 24 h at room temperature for dough hydration. In total, 10, 20 and
30 wt % aloe vera contents were selected considering that AV acts as a plasticizer and, thus, facilitates
the flow of mixtures when processed by compression molding. Four film systems were produced and
designated as control, AV10, AV20 and AV30, as a function of aloe vera content.

2.3. Film Processing

The hydrated dough was molded in a hot press. The dough was placed between two aluminum
plates, put into a Specac press, previously heated up to 90 ◦C for 30 s, and then pressed at 0.5 MPa
for 1 min to obtain the films. It is worth noting that those temperature and pressure conditions were
selected since no film could be obtained at lower temperatures and pressures. All samples were
conditioned in an ACS Sunrise 700 V bio-chamber (Alava Ingenieros, Madrid, Spain) at 25 ◦C and 50%
relative humidity for 48 h before testing.

2.4. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed by using a Nicolet 380 FTIR
spectrometer (Nicolet Instrument, Barcelona, Spain) employing an attenuated total reflectance (ATR)
crystal (ZnSe). In total, 32 scans were carried out and the resolution used was of 4 cm−1.

2.5. Moisture Content (MC) and Mass Loss (ML)

Films were weighed (w0), lyophilized and reweighed (w1) to calculate MC values as:

MC (%) =
w0 −w1

w0
× 100 (1)

Dried films (w1) were immersed into PBS (pH 7.4) for 5 days, and then reweighed (w2) to calculate
ML values as:

ML (%) =
w1 −w2

w1
× 100 (2)

2.6. Water Uptake (WU)

Films were cut into rectangular pieces of 1 cm × 2 cm, weighed (wi), submerged into PBS
(pH 7.4), and reweighed at specific times (wf) until constant values. WU was determined by the
following equation:

WU (%) =
wf −wi

wf
× 100 (3)

2.7. Thermo-Gravimetric Analysis (TGA)

A Mettler Toledo TGA/SDTA 851 thermo-balance (Mettler Toledo, Barcelona, Spain) was used to
determine the film thermal stability. Measurements were performed from −25 to 750 ◦C at 10 ◦C/min
and nitrogen atmosphere (10 mL N2/min) was used to avoid thermo-oxidative reactions.

2.8. Differential Scanning Calorimetry (DSC)

A Mettler Toledo DSC 822 (Mettler Toledo, Barcelona, Spain) was employed to carry out DSC
measurements. Samples (3 mg) were heated from−50 to 250 ◦C at 10 ◦C/min using nitrogen atmosphere
to avoid oxidation and sealed aluminum pans to prevent mass loss. Additionally, control and AV20
samples were subjected to a two-heating ramp at the same conditions, firstly from 25 to 125 ◦C and
then from 25 to 250 ◦C.

2.9. Ultraviolet–Visible (UV–Vis) Spectroscopy

A UV-Jasco V-630 spectrophotometer (Jasco, Barcelona, Spain) was used to measure the light
absorption from 200 to 800 nm.
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2.10. Water Contact Angle (WCA)

WCA values were measured using a DataPhysics OCA 20 (Neurtek, Eibar, Spain) system.
The water droplet (3 µL) was placed on the film surface, and the WCA value was determined using
SCA20 software to capture the drop image.

2.11. Mechanical Properties

Bone-shaped samples (4.75 mm × 22.25 mm) were cut and an Instron 5967 electromechanical
testing system (Instron, Barcelona, Spain) was used to carry out tensile tests at 1 mm/min, according to
ASTM D 638-03 standard.

2.12. X-ray Diffraction (XRD)

XRD measurements were performed at 40 kV and 40 mA with a diffraction unit (PANalytical
Xpert PRO, Madrid, Spain), generating the radiation from a Cu-Kα (λ = 1.5418 Å) source. Data were
recorded from 2◦ to 50◦.

2.13. Scanning Electron Microscopy (SEM)

Films were placed on a metal stub and coated with gold using a JEOL fine-coat ion sputter
JFC-1100 and argon atmosphere. Samples were observed using a Hitachi S-4800 scanning electron
microscope (Hitachi, Madrid, Spain) at 15 kV accelerating voltage.

2.14. Degradation Studies

Degradation studies were performed in order to determine the weight loss due to the hydrolytic,
cell-mediated and “simulated body fluid” degradation. For this purpose, the material was cut
into 8 mm diameter discs and weighed (W0). Following this, samples were exposed to the three
different degradation agents (phosphate buffer saline (PBS, pH 7.4), cells in complete medium,
and fetal bovine serum (FBS)), and incubated at 37 ◦C. At different time-points, the samples were
removed, freeze-dried and weighed (Wt). The degradation degree (DD) was calculated with the
following equation:

DD (%) =
W0 −Wt

W0
× 100 (4)

Every test was performed in five-fold, with average values obtained for each time point (day 1, 4, 7,
14, 21 and 28) and charted versus time. The hydrolytic degradation (HDD) was performed submerging
the scaffolds into 500 µL of PBS. For cell-mediated degradation (CDD) 30,000 cells of HS27 fibroblasts
scaffold were seeded per scaffold. To assess the “simulated body fluid” degradation (BFDD) of the
biomaterials, 500 µL of FBS was added into the well.

2.15. Cell Culture

Following the recommendations of the ISO 10993-5:2009 guidelines for biological evaluation
of medical devices, HS27 (ECACC) cells were cultured on complete medium that was composed of
Dulbecco’s modified Eagle’s medium (Sigma) supplemented with 10% (v/v) inactive FBS (Sigma),
1% (v/v) penicillin-streptomycin (Lonza) and 1% (v/v) L-glutamine (Gibco) at 37 ◦C in a humidified
incubator with a 5% CO2 atmosphere. All the biological assays were carried out in aseptic conditions and
the cell passages were performed weekly depending on the cell confluence. At the fifth passage HS27
cells were collected by 0.05% trypsin (Sigma, Darmstadt, Germany) and centrifuged at 1500 rpm for
5 min at room temperature. The obtained pellet was resuspended in the previously described medium
to obtain a homogeneous cell suspension, after which the experimental plates of the degradation and
biocompatibility studies were carried out.
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2.16. Biocompatibility Assay

For the biocompatibility assessment, 10,000 cells/cm2 were seeded into a 24 well plate in 200 µL
of complete medium. After 24 h of culture at 37 ◦C and 5% CO2 atmosphere, samples were placed
in contact with the cells. In accordance with the ISO 10993-5:2009 standard, a distinction was
made between indirect and direct exposure to the material, by placing the samples on transwells or
immediately on top of the cells, respectively. The scaffolds were previously sterilized by submerging in
70% ethanol for 10 min, UV for 30 min, and washed by dialysis in PBS (pH 7.4) for 72 h. Additionally,
some wells were left without biomaterial to be included subsequently as positive and negative controls.
All wells were supplemented with 300 µL of culture medium. The following assays were performed in
order to evaluate the biocompatibility of HS27 cells under the exposure of the film based on porcine
collagen and 20% aloe vera.

On the one hand, cell mortality was assessed according to plasma membrane integrity. The Cell-Tox
Green Cytotoxicity Assay (Promega #G8742) was used for this purpose. To this end, the protocol
recommended by the manufacturer was followed. Briefly, the dye was added to the different wells
by diluting it with the medium in a ratio of 1:1000 and incubated for 15 min protected from light,
after which the fluorescence was measured.

On the other hand, metabolic activity was measured based on the reductive capacity of the cells.
In this case, the Cell Counting Kit-8 colorimetric assay (Merck #96992) was used. Following the
manufacturer’s recommendations, and after several washes with PBS 1× (pH 7.4) to remove the
products from the previous assay, the compound was added and after 2 h of incubation the absorbance
was measured.

In addition to the study conditions, positive and negative controls were included. For the first
ones (CTR+), cells seeded in the same conditions but without biomaterial were used. For the negative
controls (CTR-), cells treated with the lysis buffer provided by Promega’s kit were used to cause cell
death. Assays were conducted at exposure days 1, 2, 4, and 7, with each condition being analyzed in
triplicate. Once the results were obtained, they were relativized to the controls. In the case of mortality,
the CTR- was considered as 100% of mortality, and 0% the CTR+; while in the assay of metabolic
activity they were considered inversely.

2.17. Statistical Analysis

Results were expressed as mean ± standard deviation. Tukey’s test with a statistical significance at
the p < 0.05 level was considered for multiple comparisons among different systems. All the statistical
computations were assessed using SPSS 25.0 (IBM, Madrid, Spain, 2017).

3. Results and Discussion

3.1. Physicochemical Properties

In order to assess the interactions among the components of the film forming formulation,
FTIR spectra of collagen films are shown in Figure 1. The broad band at around 3000–3600 cm−1

(Figure 1A) can be attributed to the stretching of hydroxyl groups of uronic acid, mannose,
and galacturonic acid, and to phenolic groups in antraquinones present in AV, as well as to amide A
(N-H stretching) in collagen [37,38]. Additionally, all the spectra showed the characteristic absorption
bands assigned to the peptide bonds in collagen (Figure 1B): 1630 cm−1 for amide I (C=O stretching),
1542 cm−1 for amide II (N-H bending), and 1240 cm−1 for amide III (C-N stretching). The band around
1630 cm−1 can also be assigned to the stretching vibrations of carbonyl groups in aloe vera [37] and the
shoulder at 1245 cm−1 could be due to the C-O-C stretches of acetyl groups, which may indicate the
presence of storage bioactive polysaccharides, such as acemannan and glucamannans [39]. The spectral
region between 1200 cm−1 and 900 cm−1 is attributed to the stretching vibrations of C-O bonds in
collagen, those related to hydroxyl groups in glycerol, as well as those associated to polysaccharides
and sugars in aloe vera [36]. The changes in the relative intensity between bands in this area suggest
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that the interactions among the components of the film forming formulation are physical bonds, mainly
among carboxyl, amino, and hydroxyl groups present in collagen, glycerol, and aloe vera. In particular,
the band at 992 cm−1 corresponds to the stretching of C-O bonds of hemicellulose, pectin, and lignin
present in AV, and the band at 1037 cm−1 is associated to C-O vibrations in collagen. With the addition
of AV, the band corresponding to C-O bonds shifted to 1034 cm−1 for 10 AV, to 1026 cm−1 for 20 AV,
and to 1025 cm−1 for 30AV. Therefore, it can be said that AV contents higher than 20 wt % did not cause
further shifting and did not promote further interactions with collagen and glycerol.
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Figure 1. FTIR spectra of aloe vera (AV)/collagen films: (A) from 4000 to 800 cm−1 and (B) from 1800
to 800 cm−1.

The moisture content (MC) and the mass loss (ML) of the films were measured and values are
shown in Table 1. As can be seen, MC values decreased from 12.2% in control films to 5.8% in AV30
due to the interactions among polar groups, reducing the affinity of the films for moisture. In contrast,
ML values increased for AV-incorporated films. In particular, the ML value around 20% in control
films is related to glycerol and the increase in this value for the films with AV can be related to the
dissolution of AV [40].

Table 1. Moisture content (MC) and mass loss (ML) of aloe vera (AV)/collagen films.

Film MC (%) ML (%)

Control 12.2 ± 0.7 a 21.9 ± 0.7 a

AV10 9.8 ± 0.4 b 31.1 ± 0.8 b

AV20 7.3 ± 0.4 c 31.7 ± 0.5 b

AV30 5.8 ± 0.6 c 35.6 ± 0.8 c

a–c Two means followed by the same letter in the same column are not significantly (p > 0.05) different through the
Tukey’s multiple range test.

Considering the potential application of these composite films as wound dressings, swelling tests
were carried out to determine the capacity of the films to absorb exudates from wounds. As can be
seen in Figure 2, all films present a rapid absorption of water along the first 20 min of immersion in PBS
(pH 7.4), reaching the equilibrium in approximately 40 min with WU values around 300%, regardless of
AV content. These results indicated that the addition of AV did not affect the water uptake capacity of
collagen films, a required property for wound dressing purposes.

3.2. Thermal Properties

The thermal behavior of the films was tested by TGA and DSC analyses. TGA and DTG curves of
collagen films are displayed in Figure 3A. All films showed similar behavior with three main stages.
For temperatures below 150 ◦C, the weight loss was attributed to the loss of adsorbed and bound water,
which was around 10%. The second stage, at 240–250 ◦C, was ascribed to the glycerol evaporation
which is higher than the boiling temperature of glycerol (182 ◦C), indicating the interactions of the
hydroxyl groups of glycerol with the polar groups of collagen and AV, in accordance with FTIR results.
When AV content increased, the DTG curve became broader and this second stage can also be related to
the degradation of the hemicellulose and sugars present in AV [22,41]. The third stage, for temperatures
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above 270 ◦C, was referred to the thermal degradation of collagen [42] and aloe vera [41]. Finally,
the slight weight loss at 453 ◦C in the films with AV is attributed to the thermal degradation of cellulose
and lignin present in AV [43].
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two scans.

The effect of compression temperature and AV addition on the denaturation of collagen was
analyzed by DSC and the results are shown in Figure 3B. All samples exhibited two endothermic
peaks: the first peak, around 80 ◦C, was related to free water release, and the second peak at around
150 ◦C was associated to denaturation of the collagen triple helix [44]. These values are in accordance
with those obtained for bovine skin collagen [45]. It is worth noting that the denaturation peak also
appeared when AV was added, indicating maintenance of the triple helix structure after AV addition
and compression molding. Additionally, for a better analysis of the collagen denaturation peak,
the possible interferences caused by the evaporation of water were avoided subjecting selected samples
to a heating ramp to eliminate moisture. As can be seen in Figure 3C, no difference was observed in
the denaturation peak with the addition of AV, confirming the prevalence of the triple helix structure
when AV was added.

3.3. Barrier and Mechanical Properties

Light barrier properties of the films were analyzed, and UV–vis spectra are shown in Figure 4.
Films exhibited a small absorbance peak between 250 and 280 nm associated to aromatic amino acids
residues on collagen, such as phenylalanine and tyrosine, and a maximum absorbance peak from
200 to 240 nm related to carbonyl groups present in collagen [12,46]. Similar values, around 230 nm,
were found for type I fish collagen [47]. The addition of aloe vera increased the absorbance in the
250–290 nm range, attributed to the flavonoids present in AV [48]. Therefore, considering that one
potential application of collagen films could be as wound dressing, the addition of AV may provide
higher UV-light resistance during wound care.
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Furthermore, the film hydrophilic character was analyzed by the measurement of water contact
angles. As shown in Table 2, WCA values significantly (p < 0.05) decreased from 107◦ to 86◦ by the
incorporation of aloe vera, leading to hydrophilic surfaces. These values are in agreement with WCA
values observed for collagen films for regenerative applications [49]. This increase in hydrophilic
character of the films can allow better draining of excess secretions in wounds. As also displayed in
Table 2, mechanical properties were also influenced by the addition of aloe vera. It was found that
tensile strength slightly decreased when aloe vera was added, regardless of AV concentration. In the
same manner, Young modulus was not significantly (p > 0.05) affected by the concentration of AV.
Regarding elongation at break, EAB values decreased, especially for the films with the highest content
of AV, probably due to the rigid structure of AV, which limits the chain mobility.

Table 2. Water contact angle (WCA), Young modulus (YM), tensile strength (TS), and elongation at
break (EB) of aloe vera (AV)/collagen films.

Film WCA (◦) YM (MPa) TS (MPa) EAB (%)

Control 107 ± 5 a 805 ± 25 a 13.8 ± 1.1 a 13.5 ± 1.0 a

AV10 106 ± 3 a 840 ± 11 a,b 11.5 ± 0.8 b 11.5 ± 1.2 b

AV20 97 ± 3 b 867 ± 11 a,b 11.3 ± 1.3 b 11.2 ± 0.8 b

AV30 86 ± 5 c 879 ± 52 a,b 10.2 ± 0.7 b 8.6 ± 0.8 c

a–c Two means followed by the same letter in the same column are not significantly (p > 0.05) different through the
Tukey’s multiple range test.

3.4. Morphological Properties

In order to investigate the film structure and relate it to the properties measured, XRD and SEM
analyses were carried out. As can be seen in Figure 5, films exhibited an XRD pattern characteristic of
partially crystalline materials, with a small peak around 2θ = 7◦, indicating an intermolecular lateral
packing distance between the molecular collagen chains, and a broad diffuse peak at about 2θ = 20◦

due to the diffuse scattering of collagen fibers, representing the amorphous structure of the films [50].
These peaks were also found for fish skin collagen [51]. The intensity of the peaks at 7◦ and 20◦ slightly
decreased with the addition of aloe vera, suggesting the decrease in the structural order.

To further assess the effect of aloe vera on collagen structure, SEM analysis was carried out and
the images of cross-sections are shown in Figure 6. All films showed a compact and homogeneous
structure. Control films exhibited a dense fibrillar structure and this structure changed to a rougher
structure with the addition of aloe vera, in accordance with the decrease in the lateral packaging of
collagen chains observed by XRD analysis.
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3.5. Degradation and Biocompatibility Studies

Degradation studies were conducted to evaluate the behavior of biomaterials exposed to PBS
(pH 7.4), “simulated body fluid” and cell suspension (Figure 7). With respect to hydrolytic degradation
degree (HDD), films suffered a degradation of 13.29% ± 0.86 on the first day, rising until day 7 when
complete degradation was achieved. Similarly, cell-related degradation (CDD) began with a DD of
8.05%± 1.05 by day 1, increased to 36.10%± 1.96 by day 7, and peaked at day 14. Finally, the films under
the exposure of FBS as “simulated body fluid” (BFDD) underwent a slight degradation (9.90% ± 1.30)
after 24 h, and then suffered a drastic degradation at day 4. These results are consistent with the
literature as collagen biomaterials are known for their high biodegradation ability [52].

Concerning the biocompatibility assessment (Figure 8), after 24 h from the placement of the
material, the cells showed a behavior related to the exposure to the sample and the release of possible
excipients [53]. A statistically significant, transient mortality was observed with respect to the positive
control in both the indirect and direct assays (16.1 ± 4.4% and 29.5 ± 10.0%, respectively). After 48 h,
cell mortality decreased considerably, reaching acceptable values for a cell culture to the last day of
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study. With regard to metabolic activity, cells showed optimal values from the first day (102.6 ± 5.8%
and 94.6 ± 13.6%, respectively), reaching the maximum activity at 2 days in case of the indirect exposure
and 4 days of culture in case of the direct one. By day 7, a decrease in cellular metabolic activity
(64.7 ± 10.9% and 73.7 ± 15.6%, respectively) was observed and attributed to the confluence of the
culture and the shortage of nutrients (media were not changed through the duration of the experiments).
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Figure 8. Biocompatibility assessment of the collagen and aloe vera scaffold on HS27 cells at days 1,
2, 4 and 7 of culture. Results are relativized to the controls. (a) Cell mortality based on the CellTox
Green Cytotoxicity assay. (b) Metabolic activity based on the CCK-8 test. Asterisks indicate significant
differences between the samples and the positive control (* p < 0.05, ** p < 0.01).

In summary, the biomaterial composed of porcine collagen and aloe vera could be considered
biocompatible for the cells studied. According to ISO 10993-5: 2009, the biomaterial reaches 70% viability
in both indirect and direct tests, at all study times, (except for indirect exposure on day 7) with no
remarkable mortality data once the culture is established. These results were expected since collagen
biocompatibility is well established [52].

4. Conclusions

Collagen films were prepared with aloe vera by compression molding with the aim of enhancing
functional properties for biomedical applications. The addition of AV increased the hydrophilic
character of the surface, which allows a better fibroblast adhesion during wound healing, thus promoting
tissue regeneration. Furthermore, the water uptake behavior of collagen films was not modified,
and the film integrity was preserved after immersion. This performance was explained by XRD and
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SEM results, which showed the prevalence of the triple helix structure of native collagen with a slight
decrease in the structural order with the addition of AV. Additionally, collagen films were easy to
handle and showed good mechanical properties, with a slight decrease in tensile strength when AV
content increased, probably due to the decrease in the structural order observed by XRD analysis.
Furthermore, FTIR analysis indicated that AV contents higher than 20 wt % did not promote further
physical interactions between collagen and aloe vera and, thus, this was the composition selected to
confirm the suitability of aloe vera-incorporated collagen films for biomedical applications.

Author Contributions: Conceptualization, K.d.l.C. and P.G.; methodology, M.A., A.I. (Ainhoa Irastorza),
A.I. (Ander Izeta) and P.G.; formal analysis, M.A., A.I. (Ainhoa Irastorza), A.I. (Ander Izeta), K.d.l.C. and
P.G.; investigation, M.A. and A.I. (Ainhoa Irastorza); resources, A.I. (Ander Izeta) and K.d.l.C.; writing—original
draft preparation, M.A., A.I. (Ainhoa Irastorza) and P.G.; writing—review and editing, A.I. (Ander Izeta) and
K.d.l.C.; supervision, A.I. (Ander Izeta), K.d.l.C. and P.G.; funding acquisition, A.I. (Ander Izeta) and K.d.l.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Basque Government, grant number KK-2019/00006.

Acknowledgments: M.A. (PRE_2017_1_0025) and A.I. (Ainhoa Irastorza) (PRE_2019_1_0031) thank the Basque
Government for their fellowships. Thanks also to the Advanced Research Facilities (SGIker) from the UPV/EHU.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Singh, H.; Singh, S.; Prakash, C. Current trends in biomaterials and bio-manufacturing. In Biomanufacturing;
Prakash, C., Singh, S., Singh, R., Ramakrishna, S., Pabla, B.S., Puri, S., Uddin, M.S., Eds.; Springer: Cham,
Switzerland, 2019; pp. 1–34.

2. Nagarajan, S.; Radhakrishnan, S.; Kalkura, S.N.; Balme, S.; Miele, P.; Bechelany, M. Overview of protein-based
biopolymers for biomedical application. Macromol. Chem. Phys. 2019, 220, 14. [CrossRef]

3. Rajalekshmy, G.P.; Lekshmi, D.L.; Joseph, J.; Rekha, M.R. An overview on the potential biomedical
applications of polysaccharides. In Functional Polysaccharides for Biomedical Applications; Maiti, S., Jana, S., Eds.;
Woodhead Publishing: Duxford, UK, 2019; pp. 33–94.

4. Jahangirian, H.; Azizi, S.; Rafiee-Moghaddam, R.; Baratvand, B.; Webster, T.J. Status of plant protein-based
green scaffolds for regenerative medicine applications. Biomolecules 2019, 9, 619. [CrossRef] [PubMed]

5. Sigaroodi, F.; Shafaei, H.; Karimipour, M.; Dolatkhah, M.A.; Delazar, A. Aloe Vera/Collagen mixture induced
integrin α1β1 and PECAM-1 genes expression in human adiposed-derived stem cells. Adv. Pharm. Bull.
2019, 9, 662–667. [CrossRef] [PubMed]

6. Meyer, M. Processing of collagen based biomaterials and the resulting materials properties. Biomed. Eng. Online
2019, 18, 24. [CrossRef] [PubMed]

7. Myllyharju, J.; Kivirikko, K. Collagens and collagen-related diseases. Ann. Med. 2001, 33, 7–21. [CrossRef]
8. Aoki, K.; Saito, N. Biodegradable polymers as drug delivery systems for bone regeneration. Pharmaceutics

2020, 12, 95. [CrossRef]
9. Naskar, A.; Kim, K.S. Recent advances in nanomaterial-based wound healing therapeutics. Pharmaceutics

2020, 12, 499. [CrossRef]
10. Parenteau-Bareil, R.; Gauvin, R.; Berthod, F. Collagen-based biomaterials for tissue engineering applications.

Materials 2010, 3, 1863–1887. [CrossRef]
11. Wang, C.H.; Hsieh, D.J.; Periasamy, S.; Chuang, C.T.; Tseng, F.W.; Kuo, J.C.; Tarng, Y.W. Regenerative porcine

dermal collagen matrix developed by supercritical carbon dioxide extraction technology: Role in accelerated
wound healing. Materialia 2020, 9, 100576. [CrossRef]

12. Abdollahi, M.; Rezai, M.; Jafarpour, A.; Undeland, I. Sequential extraction of gel-forming proteins,
collagen and collagen hydrolysate from gutted silver carp (Hypophthalmichthys molitrix), a biorefinery
approach. Food Chem. 2018, 242, 568–578. [CrossRef]

13. Gallo, N.; Lunetti, P.; Bettini, S.; Barca, A.; Madaghiele, M.; Valli, L.; Capobianco, L.; Sannino, A.; Salvatore, L.
Assessment of physico-chemical and biological properties of sericin-collagen substrates for PNS regeneration.
Int. J. Polym. Mat. 2020. In Press. [CrossRef]

http://dx.doi.org/10.1002/macp.201900126
http://dx.doi.org/10.3390/biom9100619
http://www.ncbi.nlm.nih.gov/pubmed/31627453
http://dx.doi.org/10.15171/apb.2019.077
http://www.ncbi.nlm.nih.gov/pubmed/31857972
http://dx.doi.org/10.1186/s12938-019-0647-0
http://www.ncbi.nlm.nih.gov/pubmed/30885217
http://dx.doi.org/10.3109/07853890109002055
http://dx.doi.org/10.3390/pharmaceutics12020095
http://dx.doi.org/10.3390/pharmaceutics12060499
http://dx.doi.org/10.3390/ma3031863
http://dx.doi.org/10.1016/j.mtla.2019.100576
http://dx.doi.org/10.1016/j.foodchem.2017.09.045
http://dx.doi.org/10.1080/00914037.2020.1725755


Pharmaceutics 2020, 12, 1173 12 of 13

14. Ahtzaz, S.; Sher Waris, T.; Shahzadi, L.; Anwar Chaudhry, A.; Ur Rehman, I.; Yar, M. Boron for tissue
regeneration-it’s loading into chitosan/collagen hydrogels and testing on chorioallantoic membrane to study
the effect on angiogenesis. Int. J. Polym. Mat. 2020, 69, 525–534. [CrossRef]

15. Nagarajan, U.; Kawakami, K.; Zhang, S.; Chandrasekaran, B.; Nair, B.U. Fabrication of solid collagen
nanoparticles using electrospray deposition. Chem. Pharm. Bull. 2014, 62, 422–428. [CrossRef] [PubMed]

16. Las Heras, K.; Santos-Vizcaino, E.; Garrido, T.; Borja Gutierrez, F.; Aguirre, J.J.; de la Caba, K.; Guerrero, P.;
Igartua, M.; Hernandez, R.M. Soy protein and chitin sponge-like scaffolds: From natural by-products to cell
delivery systems for biomedical applications. Green Chem. 2020, 22, 3445–3460. [CrossRef]

17. David, G. Collagen-based 3D structures-versatile, efficient materials for biomedical applications.
In Biopolymer-Based Formulations; Pal, K., Banerjee, I., Sarkar, P., Kim, D., Deng, W.P., Dubey, N.K., Majumder, K.,
Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 881–906.

18. Ghorbani, M.; Nezhad-Mokhtari, P.; Ramazani, S. Aloe vera-loaded nanofibrous scaffold based on
Zein/Polycaprolactone/Collagen for wound healing. Int. J. Biol. Macromol. 2020, 153, 921–930. [CrossRef]
[PubMed]

19. Jithendra, P.; Rajam, A.M.; Kalaivani, T.; Mandal, A.B.; Rose, C. Preparation and characterization of aloe vera
blended collagen-chitosan composite scaffold for tissue engineering applications. ACS Appl. Mater. Interfaces
2013, 5, 7291–7298. [CrossRef]

20. Patel, P.; Harshitha, C.G.; Shoba, M.S. Aloe vera: Functional and processing value in food. Int. J. Chem. Stud.
2019, 7, 714–721.

21. Femenia, A.; Sánchez, E.S.; Simal, S.; Rosselló, C. Compositional features of polysaccharides from Aloe vera
(Aloe barbadensis Miller) plant tissues. Carbohydr. Polym. 1999, 39, 109–117. [CrossRef]

22. Rethinam, S.; Vihayan, S.; Aruni, A.W.; Basaran, B.; Alagumuthu, T.; Ramamoorthy, R. Enhanced tissue
regeneration using an nano-bioactive scaffold—A novel perspective. Mater. Chem. Phys. 2020, 240, 122303.
[CrossRef]

23. Isfandiary, A.; Widiyanti, P.; Hikmawati, D. Composite of chitosan-collagen-aloe vera for scaffolds application
on skin tissue. J. Biomimetics Biomater. Biomed. Eng. 2017, 32, 82–89. [CrossRef]

24. Langmead, L.; Makins, R.J.; Rampton, D.S. Anti-inflammatory effects of Aloe vera gel in human colorectal
mucosa in vitro. Aliment. Pharmacol. Ther. 2004, 19, 521–527. [CrossRef] [PubMed]

25. Tarameshloo, M.; Norouzian, M.; Zarein-Dolab, S.; Dadpay, M.; Mohsenifar, J.; Gazor, R. Aloe vera gel and
thyroid hormone cream may improve wound healing in Wistar rats. Anat. Cell Biol. 2012, 45, 170–177.
[CrossRef] [PubMed]

26. Syed, T.; Afzal, M.; Ahmad, S.A.; Holt, A.; Ahmad, S.A.; Ahmad, S. Management of genital herpes in men with
0.5% Aloe vera extract in a hydrophilic cream: A placebo-controlled double-blind study. J. Dermatol. Treat.
2009, 8, 99–102. [CrossRef]

27. Olatunya, O.S.; Olatunya, A.M.; Anyabolu, H.C.; Adejuyigbe, E.A.; Oyelami, O.A. Preliminary trial of Aloe
vera gruel on HIV infection. J. Altern. Complement. Med. 2012, 18, 850–853. [CrossRef] [PubMed]

28. Mansour, G.; Ouda, S.; Shaker, A.; Abdallah, H.M. Clinical efficacy of new Aloe vera and myrrh-based oral
mucoadhesive gels in the management of minor recurrent aphthous stomatitis: A randomized, double-blind,
vehicle-controlled study. J. Oral Pathol. Med. 2014, 43, 405–409. [CrossRef]

29. Radha, M.H.; Laxmipriya, N.P. Evaluation of biological properties and clinical effectiveness of Aloe vera:
A systematic review. J. Tradit. Complement. Med. 2015, 5, 21–26. [CrossRef]

30. Devaraj, S.; Jialal, R.; Jialal, I.; Rockwood, J. A pilot randomized placebo controlled trial of 2 Aloe vera
supplements in patients with pre-diabetes/metabolic syndrome. Planta Med. 2008, 74, 77. [CrossRef]

31. Chen, C.P.; Wang, B.; Weng, Y.M. Physiochemical and antimicrobial properties of edible aloe/gelatin composite
films. Int. J. Food Sci. Technol. 2010, 45, 1050–1055. [CrossRef]

32. Pereira, R.; Mendes, A.; Bártolo, P. Alginate/aloe vera hydrogel films for biomedical applications. Proc. CIRP
2013, 5, 210–215. [CrossRef]

33. Silva, S.S.; Popa, E.G.; Gomes, M.E.; Cerqueira, M.; Marques, A.P.; Caridade, S.G.; Teixeira, P.; Sousa, C.;
Mano, J.F.; Reis, R.L. An investigation of the potential application of chitosan/Aloe-based membranes for
regenerative medicine. Acta Biomater. 2013, 9, 6790–6797. [CrossRef]

34. Dadashzadeh, A.; Imani, R.; Moghassemi, S.; Omidfar, K.; Abolfathi, N. Study off hybrid alginate/gelatin
hydrogel-incorporated niosomal Aloe vera as potential skin wound dressing. Polym. Bull. 2019, 77, 387–403.
[CrossRef]

http://dx.doi.org/10.1080/00914037.2019.1581202
http://dx.doi.org/10.1248/cpb.c13-01004
http://www.ncbi.nlm.nih.gov/pubmed/24789924
http://dx.doi.org/10.1039/D0GC00089B
http://dx.doi.org/10.1016/j.ijbiomac.2020.03.036
http://www.ncbi.nlm.nih.gov/pubmed/32151718
http://dx.doi.org/10.1021/am401637c
http://dx.doi.org/10.1016/S0144-8617(98)00163-5
http://dx.doi.org/10.1016/j.matchemphys.2019.122303
http://dx.doi.org/10.4028/www.scientific.net/JBBBE.32.82
http://dx.doi.org/10.1111/j.1365-2036.2004.01874.x
http://www.ncbi.nlm.nih.gov/pubmed/14987320
http://dx.doi.org/10.5115/acb.2012.45.3.170
http://www.ncbi.nlm.nih.gov/pubmed/23094205
http://dx.doi.org/10.3109/09546639709160279
http://dx.doi.org/10.1089/acm.2010.0735
http://www.ncbi.nlm.nih.gov/pubmed/22873342
http://dx.doi.org/10.1111/jop.12130
http://dx.doi.org/10.1016/j.jtcme.2014.10.006
http://dx.doi.org/10.1055/s-0028-1083957
http://dx.doi.org/10.1111/j.1365-2621.2010.02235.x
http://dx.doi.org/10.1016/j.procir.2013.01.042
http://dx.doi.org/10.1016/j.actbio.2013.02.027
http://dx.doi.org/10.1007/s00289-019-02753-8


Pharmaceutics 2020, 12, 1173 13 of 13

35. Valencia, G.A.; Luciano, C.G.; Lourenço, R.V.; Bittante, A.M.Q.B.; Sobral, P.J.A. Morphological and physical
properties of nano-biocomposite films base on collagen loaded with laponite®. Food Packag. Shelf Life 2019,
19, 24–30. [CrossRef]

36. Andonegi, M.; de la Caba, K.; Guerrero, P. Effect of citric acid on collagen sheets processed by compression.
Food Hydrocoll. 2020, 100, 105427. [CrossRef]

37. Bajer, D.; Janczak, K.; Bajer, K. Novel starch/chitosan/aloe vera composites as promising biopackaging
materials. J. Polym. Environ. 2020, 28, 1021–1039. [CrossRef]

38. Kapashi, E.; Kapnisti, M.; Dafnomili, A.; Noli, F. Aloe Vera as an effective biosorbent for the removal of
thorium and barium from aqueous solutions. J. Radioanal. Nucl. Chem. 2019, 321, 217–226. [CrossRef]

39. Kiran, P.; Rao, P.S. Development and characterization of reconstituted hydrogel from Aloe vera
(Aloe barbadensis Miler) powder. J. Food Meas. Charact. 2016, 10, 411–424. [CrossRef]

40. Ahlawat, K.S.; Khatkar, B.S. Processing, food applications and safety of aloe vera product indicating the
interactions of collagen with the additives incorporated in the formulations: A review. J. Food Sci. Technol.
2011, 48, 525–533. [CrossRef]

41. El-Azazy, M.; Dimassi, S.N.; El-Shafie, A.S.; Issa, A.A. Bio-Waste Aloe vera leaves as an efficient adsorbent for
titan yellow from wastewater. Appl. Sci. 2019, 9, 4856. [CrossRef]

42. Ma, Y.; Wang, W.; Wang, Y.; Guo, Y.; Duan, S.; Zhao, K.; Li, S. Metal ions increase mechanical strength and
barrier properties of collagen-sodium polyacrylate composite films. Int. J. Biol. Macromol. 2018, 119, 15–22.
[CrossRef]

43. Shadangi, K.P.; Mohanty, K. Kinetic study and thermal analysis of the pyrolysis of non-edible oilseed powders
by thermogravimetric and differential scanning calorimetric analysis. Renew. Energy 2014, 63, 337–344.
[CrossRef]

44. Bozec, L.; Odlyha, M. Thermal denaturation studies of collagen by microthermal analysis and atomic force
microscopy. Biophys. J. 2011, 101, 228–236. [CrossRef]

45. Shi, D.; Liu, F.; Yu, Z.; Chang, B.; Goff, H.D.; Zhong, F. Effect of aging treatment on the physicochemical
properties of collagen films. Food Hydrocoll. 2019, 87, 436–447. [CrossRef]

46. Duan, R.; Zhang, J.; Du, X.; Yao, X.; Konno, K. Properties of collagen from skin, scales and bone of carp
(Cyprinus carpio). Food Chem. 2009, 112, 702–706. [CrossRef]

47. Chen, S.; Chen, H.; Xie, Q.; Hong, B.; Chen, J.; Hua, F.; Bai, K.; He, J.; Yi, R.; Wu, H. Rapid isolation of high
purity pepsin-soluble type I collagen from scales of red drum fish (Sciaenops ocellatus). Food Hydrocoll. 2016,
52, 468–477. [CrossRef]

48. Dey, A.; Bera, R.; Chakrabarty, D. Influence of Aloe vera on the properties of N-vinylpyrrolidone-Acrylamide
copolymer hydrogel. Mater. Chem. Phys. 2015, 168, 168–179. [CrossRef]

49. Perumal, R.K.; Perumal, S.P.; Thangam, R.; Gopinath, A.; Ramadass, S.K.; Madhan, B.; Sivasubramanian, S.
Collagen-fucoidan blend film with the potential to induce fibroblast proliferation for regenerative applications.
Int. J. Biol. Macromol. 2018, 106, 1032–1040. [CrossRef]

50. Zou, Y.; Wang, L.; Cai, P.; Li, P.; Zhang, M.; Sun, Z.; Sun, C.; Xu, W.; Wang, D. Effect of ultrasound assisted
extraction on the physicochemical and functional properties of collagen from soft-shelled turtle calipash.
Int. J. Biol. Macromol. 2017, 105, 1602–1610. [CrossRef]

51. Liao, W.; Guanghua, X.; Li, Y.; Shen, X.R.; Li, C. Comparison of characteristics and fibril-forming ability of
skin collagen from barramundi (Lates calcarifer) and tilapia (Oreochromis niloticus). Int. J. Biol. Macromol. 2018,
107, 549–559. [CrossRef]

52. Shekhter, A.B.; Fayzullin, A.L.; Vukolova, M.N.; Rudenko, T.G.; Osipycheva, V.D.; Litvitsky, P.F. Medical
applications of collagen and collagen-based materials. Curr. Med. Chem. 2019, 26, 506–516. [CrossRef]

53. Hu, K.; Cui, F.; Lv, Q.; Ma, J.; Feng, Q.; Xu, L.; Fan, D. Preparation of fibroin/recombinant human—Like
collagen scaffold to promote fibroblasts compatibility. J. Biomed. Mater. Res. A 2008, 84, 483–490. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.fpsl.2018.11.013
http://dx.doi.org/10.1016/j.foodhyd.2019.105427
http://dx.doi.org/10.1007/s10924-020-01661-7
http://dx.doi.org/10.1007/s10967-019-06558-x
http://dx.doi.org/10.1007/s11694-016-9320-5
http://dx.doi.org/10.1007/s13197-011-0229-z
http://dx.doi.org/10.3390/app9224856
http://dx.doi.org/10.1016/j.ijbiomac.2018.07.092
http://dx.doi.org/10.1016/j.renene.2013.09.039
http://dx.doi.org/10.1016/j.bpj.2011.04.033
http://dx.doi.org/10.1016/j.foodhyd.2018.08.016
http://dx.doi.org/10.1016/j.foodchem.2008.06.020
http://dx.doi.org/10.1016/j.foodhyd.2015.07.027
http://dx.doi.org/10.1016/j.matchemphys.2015.11.017
http://dx.doi.org/10.1016/j.ijbiomac.2017.08.111
http://dx.doi.org/10.1016/j.ijbiomac.2017.03.011
http://dx.doi.org/10.1016/j.ijbiomac.2017.09.022
http://dx.doi.org/10.2174/0929867325666171205170339
http://dx.doi.org/10.1002/jbm.a.31440
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Mixture Preparation 
	Film Processing 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Moisture Content (MC) and Mass Loss (ML) 
	Water Uptake (WU) 
	Thermo-Gravimetric Analysis (TGA) 
	Differential Scanning Calorimetry (DSC) 
	Ultraviolet–Visible (UV–Vis) Spectroscopy 
	Water Contact Angle (WCA) 
	Mechanical Properties 
	X-ray Diffraction (XRD) 
	Scanning Electron Microscopy (SEM) 
	Degradation Studies 
	Cell Culture 
	Biocompatibility Assay 
	Statistical Analysis 

	Results and Discussion 
	Physicochemical Properties 
	Thermal Properties 
	Barrier and Mechanical Properties 
	Morphological Properties 
	Degradation and Biocompatibility Studies 

	Conclusions 
	References

