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Thermocompression was employed to prepare citric acid-crosslinked chitosan films with Aloe vera (AV) as bio-
active compound. Films were easy to handle and mechanical properties did not change with the addition of
AV up to 10 wt%, although both TS and EAB decreased for the films with 15 wt% AV, indicating that high AV con-
tents would hinder intermolecular interactions among the formulation components. Maillard reaction occurred
between chitosan and citric acid at the processing temperature used (115 °C), while physical interactions took
place with AV, as shown by FTIR analysis. All films were insoluble but displayed hydration and limited swelling
due to both physical and chemical interactions promoted by AV and citric acid, respectively. A slow AV release,
governed by a Fickian diffusion controlled mechanism, and an increase of surface hydrophilicity, which favors
cell adhesion, were observed.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Biomaterials based on biopolymers, such as chitosan, are gaining at-
tention since their degradation products are not immunogenic [1,2].
Chitosan is a polysaccharide obtained by partial deacetylation of chitin
found in crustaceans' shells, insects' exoskeletons or in fungi [3]. Due
to its biological and chemical properties, such as biodegradability, bio-
compatibility, bioavailability, antimicrobial activity and non-toxicity
[4,5] and its capability to promote tissue regeneration and prevent the
formation of scar tissue, chitosan is considered a potential material for
the development of biocompatible and antibacterial wound dressings
[6,7]. Chitosan has been reported for various pharmacological proper-
ties and its role in tissue engineering and regenerative medicine is
well documented. In this regard, the materials utilized for tissue engi-
neering require certain biological and mechanical properties, similar
to the natural extracellularmatrix (ECM), for their functioning. Chitosan
based structures, due to their structural similarity with glycosaminogly-
cans in the ECM and the ability to bemolded into films, provide alterna-
tives for tissue engineering applications and dressing materials.

In this context, films, hydrogels and nanofibers mates are the most
common formats for wound dressing [8]. In particular, chitosan films
niversity of the Basque Country
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arewidely processed by solution casting [9]. Chitosan is soluble in aque-
ous solvents under acidic conditions, due to the protonation of amino
groups, and the film is formed after solvent evaporation. Additionally,
thermocompression is another suitable option due to its simplicity
and high productivity and capacity to produce films at industrial scale
[10]. The conditions employed in the above-mentioned processes,
such as pH, temperature, and pressure, influences the final material
properties [11]. Furthermore, the addition of a crosslinking agent
helps to enhance functional properties. In this sense, citric acid can be
added to reactwith amine andhydroxyl groups of chitosan and enhance
the mechanical properties and water resistance of the resulting films
[12,13]. To the best of our knowledge, few studies have reported chito-
san films processed by thermocompression. Among them, Galvis-
Sánchez et al. [14] prepared chitosanfilmswith four natural deep eutec-
tic solvents as plasticizers, and Matet et al. [15] used acetic acid as
crosslinker, while Guerrero et al. [16] used citric acid. Concerning bioac-
tives for wound dressing applications, Aloe vera (AV) is a perennial herb
containing over 75 active ingredients, such as phenolics, sugars, amino
acids, saponins andminerals [17]. Due to its physiologically active com-
ponents, it has antioxidant, anti-inflammatory and antibacterial proper-
ties, which promote tissue regeneration and growth [13,17].
Additionally, in vivo studies showed that collagen/chitosan-glucan com-
plex hollow fibers with AV enhanced wound closure after one week of
treatment [18].

In this context, the aim of this studywas to prepare chitosanfilms by
thermocompression, using citric acid as crosslinker and Aloe vera as bio-
active. The effect of AV concentration on the structure and thermal and
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physicochemical properties of the filmswas assessed as well as the bio-
active release.

2. Materials and methods

2.1. Materials

Chitosan was extracted from shrimp shells in Nha Trang University,
Vietnam. H2O2, NaOH, acetic acid, anhydrous citric acid and glycerol
(with a purity of 99.01%) were supplied by Panreac (Barcelona, Spain).
Aloe vera (AV) powder was supplied by Agora Valencia SL (Valencia,
Spain).

2.2. Extraction and characterization of chitosan

Chitosanwas obtained according toMinh et al. [19] with somemod-
ification. Chitosanwas ground (100mesh) and then soaked inNaOH so-
lution (0.6 wt%) for 14 h at room temperature. Subsequently, H2O2

solution (0.6wt%)was added and kept for 18 h at room temperature. Fi-
nally, the solid chitosan productwas collected on filter cloth, washed by
distilled water to neutral pH, and dried at 60 °C for 12 h.

The ash content in chitosanwas determined by burning the samples
at 600 °C in a muffle furnace. Additionally, protein content was mea-
sured by using the standard micro-Biuret protein assay using bovine
serum albumin standards. Furthermore, the average molecular weight
(M) of chitosanwas determined according to a previous study [20]. Typ-
ically, 100 mg of chitosan was dissolved completely in a mixture of 0.1
M acetic acid and 0.2 M NaCl solution. The intrinsic viscosity [μ] of chi-
tosan was determined by an Ubbelohde viscometer at 25 °C, and M of
chitosan was calculated according to the Mark–Houwink equation:

�½ � ¼ K∗Ma (1)

where K is 1.81 × 10−3 and a is 0.93.
The degree of deacetylation (DD) of chitosan was determined based

on a previouswork [21]. Typically, 100mg of chitosanwere dissolved in
20mLof 85%H3PO4 solution at 60 °C for 40min. Then, 1mL of the above
solution was diluted in deionized water and kept at 60 °C for 2 h. After
being cooled down to room temperature, samples were measured by
UV spectroscopy at 210 nm. DDwas calculated according to the follow-
ing equation:

DD ¼ 100∗ 1−
Glc NAc

Glc NAcþ GlcN

� �
(2)

where GlcNAc refers to N-acetyl glucosamine and GlcN to glucosamine.

2.3. Film preparation

Compressionmolded chitosan filmswere prepared as described in a
previous work [16] with some modifications. 3 g of chitosan were
weighed and mixed with 20 wt% citric acid (based on chitosan weight)
and 0, 5, 10, or 15 wt% AV (based on chitosan weight). In order to facil-
itate mixture flowing during the compression process, 9 mL of deion-
ized water were added and, finally, 15 wt% glycerol (based on
chitosan weight) was added as plasticizer. All reagents were manually
mixed and stored in a plastic bag during 24 h at room temperature to
hydrate the dough. Four film systems were analyzed: i) control film
without Aloe vera (control), ii) chitosan film with 5 wt% Aloe vera
(5AV), iii) chitosan film with 10 wt% Aloe vera (10AV), and iv) chitosan
films with 15 wt% Aloe vera (15AV).

In order tomold the hydrated dough, the doughwas placed between
two aluminum plates, put into the press (Specac, Spain), previously
heated up to 115 °C for 30 s, and pressed at 0.5 MPa for 2 min.
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2.4. Film characterization

2.4.1. Fourier transform infrared (FTIR) spectroscopy
A Nicolet Nexus FTIR spectrometer (Thermo Fisher Scientific, Spain)

with a Golden Gate ATR accessory was used to collect FTIR spectra. 32
scans with a resolution of 4 cm−1 were carried for each spectrum in
the wavelength range between 4000 and 800 cm−1.

2.4.2. Color
Color parameters of the films were measured using a CR-400

Minolta Chroma Meter (Konica Minolta, Spain) portable colorimeter.
Ten samples were analyzed for each composition. CIELAB scale was
used to measure color parameters: L* = 0 (black) to L* = 100
(white), −a* (greenness) to +a* (redness) and –b* (blueness) to +b*
(yellowness). Films were placed on a white patron (L* = 97.39, a* =
0.03, b* = 1.77) and the total color difference (ΔE*) was calculated as:

ΔE∗ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔL∗ð Þ2 þ Δa∗ð Þ2 þ Δb∗ð Þ2

q
(3)

2.4.3. Water contact angle
Water contact angle (WCA) of filmswasmeasured by a Dataphysics

Contact angle OCA (DataPhysics, Spain) equipment. 3 μL distilled water
was dropped onto the film surface and the drop image was captured
using a SCA20 software. Five replicateswere carried out for each system.

2.4.4. Degradation degree
Degradation degree (DD) was calculated on samples conditioned in

a climatic chamber (Angelantoni, Spain) at 25 °C and 50% relative hu-
midity. Samples (W0) were immersed in PBS (pH 7.4) at 37 °C for 2
and 7 days (Wd). Samples were dried with paper and conditioned in
the climatic chamber at 25 °C and 50% RHuntil after reaching a constant
weight. The results were taken in triplicate for each system and were
calculated as follows:

DD %ð Þ ¼ W0−Wd

W0
∗100 (4)

2.4.5. Swelling measurements
Swelling test was carried out by gravimetric method. Samples of

each system were immersed into 80 mL of PBS (pH 7.4) and weighed
before (W0) and after immersion (Wh) every 30 min for the first 3 h.
Thereafter, measurements were carried out at 24 h and 48 h. Three rep-
licates were taken for each system and swelling degree (S) was calcu-
lated by the following equation:

S %ð Þ ¼ Wh−W0

W0
∗100 (5)

2.4.6. Aloe vera release
AV powderwas dissolved in PBS (pH 7.4) at 37 °C. The absorbance of

AV solution as a blank solutionwas read by a UV-VISMultiskan SkyHigh
(Thermo Fisher, Spain) spectrophotometer at 255 nm. The ratio of the
AV release was determined by the calibration curve from 10 to
1000 ppm (μg/mL), and the theoretical total release was calculated
from the determination of the accumulative release percentage. In
order to determine AV release, film pieces (1 cm × 2 cm) were im-
mersed into 10 mL of PBS (pH 7.4) at 37 °C for 9 days. Aliquots (2 μl)
were collected at different times (1h, 24h, 3 d, 7 d and 9d) and replaced
with an equal volume of fresh PBS. Results were taken in triplicate for
each system.

In order to analyze the mechanism of the Aloe vera release,
Korsmeyer-Peppas model was used, since this model is the most



Table 1
Characteristics of the chitosan extracted from shrimp shells.

Solubility (%) of 1 wt% chitosan in 1% acetic acid 99.7 ± 0.1
Minerals (%) 0.36 ± 0.02
Protein (%) 0.41 ± 0.04
Degree of deacetylation (%) 89 ± 2
Viscosity (cP) 92 ± 7
Molecular weight (kDa) 135 ± 4
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comprehensive semi-empirical equation to study the release from a
polymeric matrix [22]:

Mt=M∞ ¼ k∗tn (6)

whereMt/M∞ is the ratio of AV released at time t, k is the release velocity
constant and n is the release diffusion coefficient, related to the AV re-
lease mechanism.

2.4.7. Thermo-gravimetric analysis (TGA)
A Mettler Toledo TGA/SDTA 851 thermo-balance was used to mea-

sure the thermal stability of the samples. Dynamic scans from 25 to
900 °C were carried out at a constant rate of 10 °C/min under nitrogen
atmosphere to avoid thermo-oxidative reactions.

2.4.8. Differential scanning calorimetry (DSC)
AMettler Toledo DSC 822 was used to perform differential scanning

calorimetry. Samples of around 3 mg were heated from −50 °C to 300
°C at a heating rate of 10 °C/min under nitrogen atmosphere to avoid ox-
idative reactions.

2.4.9. X-ray diffraction
X-ray diffraction (XRD) analysis was carried out at 40 kV and 40 mA

by means of a PANalytic Xpert Pro (PANalytical, Almelo, The
Netherlands) equipment with a diffraction unit and Cu-Kα (λ =
1.5418 Å) as a radiation source. Data were collected from 2° to 40°
(step size = 0.026, time per step = 118 s).

2.4.10. Scanning electron microscopy
Scanning electron microscopy (SEM) was used to visualize cross-

section morphologies of the samples. For that purpose, a Hitachi S-
4800 scanning electron microscope (Hitachi High-Technologies Corpo-
ration, Tokyo, Japan) was used with an acceleration voltage of 15 kV.
Samples were placed in ametallic stub and coatedwith gold under vac-
uum in argon atmosphere.

2.4.11. Mechanical properties
Mechanical properties weremeasuredwith an Instron 5967 electro-

mechanical testing system (Instron, Spain). According to ASTM D638-
03, tests were carried out with a tensile load of 500 N and a crosshead
rate of 1 mm/min. Films were cut with bone shape of 4.75 mm ×
22.25 mm. Five samples were measured for each system. Tensile
strength (TS), elongation at break (EAB) and elastic modulus (EM)
were measured as follows:

TS MPað Þ ¼ Fm
L �W (7)

where Fm is the maximum load (N), L is the thickness of the sample
(mm), and W is the width of the sample (mm).

EAB %ð Þ ¼ lmax−l0ð Þ
l0

� 100 (8)

where lmax is the length at break (mm) and l0 is the initial length (mm).

EM MPað Þ ¼ F � L0
A � ΔL (9)

where F is the applied force (N), L0 is the initial length (mm), A is the
area (mm2), and ΔL is the change in the length (mm).

2.4.12. Statistical analysis
With the purpose of determining the significant differences between

measurements, analysis of variance (ANOVA)was carried out bymeans
of SPSS software (SPSS Statictic 25.0). Tukey's multiple range test was
used for multiple comparisons among different systems with a statisti-
cal significance at the p < 0.05 level.
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3. Results and discussion

3.1. Physicochemical properties

The characteristics of chitosan are shown in Table 1. Chitosan was
white in color and highly soluble in diluted acetic acid. Chitosan had
high purity with a low protein content (0.4wt%) and a lowmineral con-
tent (0.36wt%). The degree of deacetylation (88.7%)was not affected by
the mild conditions used to produce chitosan. The viscosity was 92 cP.

The FTIR spectra of chitosan and AV to determine the characteristic
bands of each compound are shown in Fig. 1A. The spectrumof chitosan
showed some characteristic bands: a broad band between 3000 and
3600 cm−1, associated to O\\H and N\\H vibrations; a band at 2877
cm−1, associated to aliphatic C\\H stretching; a band at 1648 cm−1, at-
tributed to C_O stretching; a band at 1585 cm−1, associated to NH2

bending; two bands at 1421 cm−1 and 1376 cm−1, assigned to CH3 de-
formation; and some bands in the range from 1150 to 891 cm−1, corre-
sponding to C-O-C stretching absorption of the glycosidic ring of
chitosan [23,24]. Regarding Aloe vera, it showed a wide band between
3000 and 3600 cm−1, associated to O\\H vibrations of phenolic groups,
particularly, to anthraquinines such as aloin [25,26]. The band at 1639
cm−1 is attributed to C_O stretching and the bands in the region be-
tween 1150 and 848 cm−1 are assigned to C-O-C and stretching vibra-
tions related to polysaccharides and sugars present in Aloe vera [27,28].

In order to assess the crosslinking effect between chitosan and citric
acid, the spectra of chitosan powder and chitosan film with citric acid
(control) are shown in Fig. 1B. The bands related to C\\O glycosydic
linkage of chitosan at 1151, 1063 and 1023 cm−1 are presented in
both spectra. New bands were detected in control films due to the reac-
tion of carboxyl groups of citric acid with the amino groups of chitosan
forming an amide linkage [29]. The largest difference between both
spectra was detected in the range of 1300–1700 cm−1. In the chitosan
spectrum, C_O and NH2 bands appeared at 1648 and 1585 cm−1, re-
spectively; however, when citric acid was added, NH2 band was more
pronounced and shifted to 1553 cm−1, while C_O band appeared as a
small shoulder. Therefore, due to the crosslinking reaction between chi-
tosan and citric acid (Fig. 1C), the amino group of chitosan was trans-
formed from primary to secondary amine [16].

When Aloe vera was added to chitosan films, bands displacements
were observed (Fig. 1D): amide II band of chitosan was shifted from
1553 cm−1 (control film) to 1558 cm−1 (10AV film); the glycosydic
linkage band, which appeared at 1023 cm−1 for control and at 993
cm−1 for neat AV, was displaced to 1020 cm−1 for 10AV films. The
same band shifts were observed for 15 AV films. These band displace-
ments indicate physical interactions between the secondary amine
and glycosydic ring of chitosan and polysaccharides and sugars of Aloe
vera.

The interactions among the components of the film led to a chro-
matic changewhen Aloe vera concentration increased (Table 2). Control
films had a yellowish color, showed by a positive value of b* parameter,
due to the occurrence of Maillard reaction at the working temperature,
115 °C [30]. When Aloe verawas added, film color changed to a darker
yellow, supported by the increase in b* value, especially for films with
10 and 15 wt% AV. In accordance,ΔE value indicated bigger color differ-
ences, visible to the human eye, for 10AV and 15AV films. This color
change can be attributed to the anthranquinones like aloin, transformed
into aloe emodin during thermal processing [31]. Aloe emodin is a
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Fig. 1. FTIR spectra of A) neat chitosan (CHI) and Aloe vera (AV) powders. B) FTIR spectra of chitosan (CHI) powder and compression molded chitosan film (control). C) Crosslinking
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phenolic compoundwith anti-inflammatory, antioxidant and antibacte-
rial activities [32].

In order to determine the effect of AV on film surface hydrophobicity
or hydrophilicity, water contact angle (WCA)wasmeasured and results
are presented in Table 3. Control film showed aWCAof 83°, indicative of
the film surface hydrophobicity. However, a significant decrease (p <
0.05) was observed when Aloe vera concentration increased, reaching
values of 68° for 15AV films. Since many of the components of Aloe
vera have hydrophilic character and show outstanding therapeutic ac-
tivity, WCA results suggested that these polar groups of Aloe verawere
oriented towards the film surface.
Table 2
L*, a*, b* andΔE color parameters of compressionmolded chitosan filmswithout Aloe vera
(control) and with 5 wt% Aloe vera (5AV), 10 wt% Aloe vera (10AV), and 15 wt% Aloe vera
(15AV).

L* a* b* ΔE

Control 92.7 ± 0.3a −1.68 ± 0.05a 13.4 ± 1.1a –
5AV 92.6 ± 0.3b −1.51 ± 0.05a 14.9 ± 0.9a 1.54
10AV 92.4 ± 0.2a −1.51 ± 0.19a 19.1 ± 2.8b 5.71
15AV 92.2 ± 0.5a −1.31 ± 0.06b 18.9 ± 1.1b 5.51

a–bTwo means followed by the same letter in the same column are not significantly (p >
0.05) different according to the Tukey's multiple range test.
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Regarding hydrolytic degradation, the values after 2 and 7 days im-
mersed in PBS at 37 °C are shown in Table 3. At day 2, a HD value be-
tween 21 and 22% was achieved for all films, with no significant
differences (p > 0.05) among samples. These values could be related
to the glycerol migration, which is crosslinked by hydrogen bonding
with chitosan and Aloe vera, while chemical crosslinking provides poly-
meric networkswith resistance to degradation. After 7 days, HDwas be-
tween 21 and 23%, indicating that films maintained their integrity and
the crosslinking among the components of the films was successful. Ad-
ditionally, there was a significant increase (p < 0.05) of mass loss for
Table 3
Water contact angle (WCA) and hydrolytic degradation (HD) of compressionmolded chi-
tosan films without Aloe vera (control) and with 5 wt% Aloe vera (5AV), 10 wt% Aloe vera
(10AV), and 15 wt% Aloe vera (15AV).

Film WCA (°) HD (%)

Day 2 Day 7

Control 83 ± 1a 21.2 ± 0.9a 21.2 ± 0.3a

5AV 78 ± 1b 21.5 ± 0.5a 21.7 ± 0.2a

10AV 75 ± 3b 22.2 ± 0.3a 23.1 ± 0.2b

15AV 68 ± 2c 22.3 ± 0.2a 23.4 ± 0.3b

a–cTwo means followed by the same letter in the same column are not significantly (p >
0.05) different according to the Tukey's multiple range test.
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10AV and 15AV films, which can be attributed to the release of non-
crosslinked Aloe vera at high concentrations.

Also swelling tests were performed and results are shown in Fig. 2A.
It is worth noting that all samples kept their structure after 3000 min of
immersion in PBS at 37 °C. In the first 30min, swelling increased fast up
to 33%. After 60 min, swelling reached the equilibrium with values of
40%, indicating that a compact structure was formed due to the interac-
tions among the film components, which reduced the free hydrophilic
moieties, preventing the absorption of large amounts of water [33].
The swelling capacity decreased when AV was added; however, no rel-
evant differences among the films with AV were observed. This would
indicate that the reaction between chitosan and citric acid would lead
to a more compact network, hindering the swelling capacity of the
films. It is worth noting that all filmswere insoluble in an aqueous envi-
ronment, but displayed hydration and limited swelling. These charac-
teristics are possible due to the presence of both physical and
chemical crosslinks in the network formed. The release kinetics of bio-
active compounds from a polymeric matrix is mainly dictated by the
physicochemical properties of the system and the interactions between
polymer, solvent and the bioactive agent. Crosslinked polymers make
the penetration of water more difficult and, thus, these materials be-
come useful for the sustained release of bioactive compounds. There-
fore, controlling the rate of water diffusion is an effective strategy to
control the release of the bioactive compound. Considering hydrophilic
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compression molded chitosan films without Aloe vera (control) and with 5 wt% Aloe vera (5AV
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matrices with limited swelling, the mechanism of the bioactive release
is controlled by the penetration velocity of the dissolution medium.
When the bioactive compound is in contact with biological fluids, even-
tual dissolution of a small fraction of the active agent can occur, followed
by hydration and progressive gelling ofmacromolecules, forming a high
viscosity layer that increases in thickness with time. This gelled layer
controls the penetration of water and constitutes a barrier to prevent
the fast release of the active agent by diffusion.

The release of Aloe vera from chitosan films was analyzed in PBS
media at 37 °C and the cumulative release during 9 days is presented
in Fig. 2B. As can be seen, the release of Aloe vera was slow, since 63,
47 and 36% of Aloe verawas released from 5AV, 10AV and 15AV, respec-
tively, at the end of the experiment (9 days). Therefore, a more
sustained release of AV occurred with the increase of AV content.
These results are in accordance with the physical interactions of AV
with the amine groups of chitosan, as corroborated by phenolic –OH
stretching in FTIR spectra, which would hinder the release of AV mole-
cules. Moreover, the chemical reaction between chitosan and citric
acid led to a more compact network, preventing a high swelling due
to steric hindering and diminishing the interaction with AV. Therefore,
Aloe vera release is governed by swelling and interactions between the
components of the film forming formulation.

Cumulative release profiles give valuable information and indication
about the release kinetics and mechanisms. In order to assess the
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release mechanism, Korsmeyer-Peppas model was considered. Results
were fitted to the semi-empirical equation of Korsmeyer-Peppas
model, which stablishes an exponential relationship between time
and release (Fig. 2B) with correlation coefficients (R2) of 0.99 for all
the systems analyzed. The diffusion exponent in the Korsmeyer-
Peppas model (n) can change depending on the release main mecha-
nism: n < 0.5 indicates a diffusion controlled (Fickian) release mecha-
nism, 0.5 < n < 1 indicates a non-Fickian diffusion and erosion release
mechanism, and n>1 indicates a non-Fickian erosion controlled release
mechanism [34]. Considering that n values shown in Fig. 2B inset are
0.28, 0.31 and 0.30 for 5AV, 10AV and 15AV films, respectively, all
films presented a Fickian diffusion controlled release mechanism, in
Fig. 5. SEM images of cross-sections of compressed molded chitosan films: A) without Aloe ve
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which swelling and relaxation of chitosan chains were involved [35]. It
is worth noting that the low swelling degree of the films, shown in
Fig. 2A, led to a sustained release. Furthermore, these results are in
agreementwith those studies that indicate that release at temperatures
higher than the Tg of thematerial are associated to the Fickian diffusion
mechanism, while release at temperatures close to or slightly lower
than Tg shows non-Fickian diffusion [36].

3.2. Thermal properties

Thermo-gravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) were carried out in order to study the changes occurred
by the temperature effect. Regarding TGA, weight loss curves and deriv-
ative thermo-gravimetric curves are presented in Fig. 3A. As can be ob-
served, threemainweight loss steps are presented. Thefirst one, around
100 °C, can be related to the loss of moisture. In the case of 10AV and
15AV films, weight loss started at a higher temperature, around 110
°C, which can be attributed to the interactions observed by FTIR, that
could form a leaner structure and, thus, more energy was needed to re-
lease water. The second step, around 228 °C, can be attributed to the
evaporation of glycerol [30] and to the thermal depolymerization of
Aloe vera's hemicellulose, lignin and cellulose [37]. The third step, the
main mass loss, occurred around 304 °C and can be assigned to the chi-
tosan degradation step [38] and to the degradation of α-cellulose pres-
ent in Aloe vera [37].

Concerning DSC analysis, results are shown in Fig. 3B. Aloe vera sam-
ple showed two endothermic peaks: at 91 °C, related to the sample
moisture, and at 218 °C, associated to the water entangled into the
Aloe vera components [39]. Films presented three endothermic peaks:
the first peak at 74 °C can be related to film moisture; the second peak
at 141 °C corresponding to the entrapped water linked to the film com-
ponents by hydrogen bonding, since a tighter structure was formed and
more energy was needed to release water; the last peak at 209 °C was
ra and with B) 5% Aloe vera (5AV), C) 10% Aloe vera (10AV), and D) 15% Aloe vera (15AV).
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associated to the melting point of citric acid and to the hemicellulose,
lignin and cellulose present in Aloe vera, since this peak is more pro-
nounced for the films containing Aloe vera than for control films. It is
worth noting that the displacement of the melting point of citric acid
from since 153 (neat citric acid) to 209 °C indicated that citric acid
was crosslinked to chitosan. Furthermore, glass transition temperature
(Tg) increased from 21 °C (control) to 27 °C (15AV), indicating that
the material stiffness increased [40]. Likewise, it can be assumed that
Aloe vera interacted with the other components of the film.

3.3. Film structure and mechanical properties

In order to study the influence of Aloe vera in the structure of com-
pressed molded chitosan films, XRD analysis was performed and XRD
patterns are shown in Fig. 4. Control films showed two broad diffraction
peaks at around2θ=10.5° and19°, corresponding to the characteristics
peaks of chitosan [41,42]. When Aloe vera concentration was increased,
the intensity of the diffraction peaks decreased. The interactions be-
tween chitosan and Aloe vera could difficult the mobility of chitosan
chains and, thus, hindered the crystallization process.

In agreement to XRD results, SEM images (Fig. 5) showed cross-
section images of chitosan films. As can be seen, a compact structure
was observed in control films, indicating a good compatibility between
the components of the films. When Aloe vera was added, a structure
formed by overlapping layers was observed, suggesting that film struc-
ture changed by the interactions of Aloe vera with the components of
the films, as shown by FTIR analysis.

Regarding mechanical properties, tensile strength (TS), elongation
at break (EAB), and elastic modulus (EM) are shown in Table 4 in
order to assess the effect of AV content in the mechanical behavior of
chitosan films. No significant differences (p > 0.05) were observed in
EAB, TS, or E values when Aloe vera was added up to 10 wt%. However,
EAB and TS values showed a decrease for 15AV films. These results
would indicate the hindrance effect of Aloe vera at high concentration
(15AV film), avoiding intermolecular interactions between the compo-
nents of the film forming formulations and, thus, decreasing TS values
[43,44]. Moreover, the decrease of EAB when Aloe vera content in-
creased was related to the lack of plasticizing effect of Aloe vera [44].
As shown by previous analyses, mechanical properties also showed
that the highest AV content under study did not lead to improvements.

4. Conclusions

Chitosan films with Aloe vera were successfully processed by
thermocompression. The crosslinking reaction between the amino
group of chitosan and the carboxyl groups of citric acid was confirmed
by FTIR analysis. It is worth noting that crosslinked chitosan filmsmain-
tained their integrity after 9 days in PBS at 37 °C. In addition, the formed
structurewas compact, limiting the swelling capacity of thefilms. In this
regard, films presented a Fickian diffusion controlled release mecha-
nism, in which swelling and relaxation of chitosan chains were in-
volved, leading to a sustained release of Aloe vera. Although further
assessments are required, this work showed the potential of citric-acid
Table 4
Tensile strength (TS), elongation at break (EAB) and elastic modulus (EM) of compressed
molded chitosan films without Aloe vera and with 5% Aloe vera (5AV), 10% Aloe vera
(10AV), and 15% Aloe vera (15AV).

Films TS (MPa) EAB (%) EM (MPa)

Control 17.91 ± 0.95a 15.66 ± 1.46a 909.18 ± 83.55a

5AV 16.20 ± 1.03a 14.93 ± 0.51a,b 949.89 ± 66.74a

10AV 15.65 ± 1.98a 13.11 ± 2.02a,b 857.86 ± 54.43a,b

15AV 12.33 ± 1.74b 12.60 ± 1.87b 770.71 ± 58.53b

a–bTwo means followed by the same letter in the same column are not significantly (p >
0.05) different according to the Tukey's multiple range test.
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crosslinked chitosan films for biomedical applications, such as wound
healing.
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