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This work aimed to evaluate the effect of time and two storage temperatures (25 °C and 4 °C) on
the structural changes in chitosan (CS) films functionalized with titanium dioxide (TiO) and a ternary
mixed oxide-based TiO; (TiO2-ZnO-MgO; TZM) by Fourier transform infrared (FTIR) spectroscopy and
the in vitro release of TiO, and TZM from the CS film to the medium. Changes in the FTIR spectra
(mainly in the 1700 to 1250 cm™ region) of the CS-based films during storage were dependent on the
storage temperature. The film stored at 25 °C showed remarkable changes after 7 days of evaluation, in-
dicating a dehydration process; however, films stored at 4 °C exhibited reduced changes after 21 days of
storage. Moreover, the migration behavior of TiO, (< 13%) and TZM (< 7%) from CS to the medium
showed a first-order kinetic model (R? > 0.93) in a temperature-dependent response. Further studies are
needed to correlate the structural changes of CSTiO, and CSTZM films during storage with their techno-
logical and functional properties, which could limit their potential applications.
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HUCTPAXYBAIBE HA CTPYKTYPHU IPOMEHU HA XUBPUJHU ®UJIMOBHA O XUTO3AH-TIO:
N XUTO3AH-TiO2-ZnO-MgO IPU CKJIIAJUPAIBLE CO ITOMOII HA FTIR-CHEKTPOCKOIIUJA

Lenrta Ha 0BOj TPYA € J1a Ce MPOLICHH BIIMjaHUETO HAa BPEME M Ha JIBE TEMIEPAaTyPH Ha CKIIATUPabe
(25 °C and 4 °C) Bp3 cTpyKTypHHTE npoMeHH Ha ¢unmoBH o xuto3aH (CS) GyHKUHOHATH3UPAHU CO
tutanuyM auokcun (TiO2) u TpojHu Memranu okcuan Ha ocHoBa Ha TiOz (TiO2-ZnO-MgO; TZM) co
dypueosa tpancopmua uadparnpsera (FTIR) cmekrpockomuja u in Vitro ocnoboaysame Ha TiO2 n
TZM on menuymot Ha ¢unmot oj CS. TIpomennte Ha FTIR-criektpure (r1aBHo Bo obsacta og 1700 mo
1250 cm™?) Ha punmosuTe 6a3upanu na CS 3a BpeMe Ha cKiajupame 6ea 3aBUCHM OJ] TeMIIepaTypaTa Ha
cknamupameTo. Duimor ckimaaupan Ha 25 °C mokaxkyBaimie 3HAYajHM NPOMEHH MO 7 JeHAa Of
NPOLICHYBakETO, YKaXYBajKH Ha Mpolec Ha jaexuaparanuja. Meryroa, ¢unmoBure uyBaHu Ha 4 °C
MoKakaa HaMaJieH! TpoMeHH 1o 21 neH of ckiamupametro. OCBEH Toa, MUTPAIMCKOTO OJTHECYBAamhE HA
TiO, (< 13%) u TZM (< 7%) on CS KOH MeMYMOT MOKaXyBa Ha KAHETHYKU Mojen ox nps pex (R? >
0,93) Bo TemmeparypHO 3aBHCeH 0AroBop. [IoTpeOHN ce MOHATAMOLIHU HCIIUTYBaka HA KOpeialujata Ha
cTpyKkTypHUTe mpoMend Ha ¢uiamoBute Ha CSTiO, u CSTZM 3a BpeMe Ha CKIaaupame CO HUBHUTE
TEXHOJIOIIKKA M (YHKIMOHAJIHU CBOjCTBA, KOM OM MOJXKeJe Ja ja OrpaHMyYaT HUBHATA MOTCHIMjasiHA
ynorpeba.
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1. INTRODUCTION

There is an enormous demand for hybrid
materials in recent years because of their excellent
chemical and physical properties for several indus-
trial and biomedical applications [1, 2]. Hybrid
composites consist of a combination of two or
more inorganic and organic compounds (inorgan-
ic/inorganic, organic/organic, or inorganic/organic)
through covalent or non-covalent interactions,
which can be prepared by different synthesis
methods, such as sol-gel, hydrothermal, precipita-
tion, self-assembly, dispersion-assembly, nano-
building blocks, and intercalation [2, 3]. Function-
alization is a viable strategy applied to modify the
technological properties of hybrid materials, main-
ly organic/inorganic composites [1, 4]. Currently,
special attention has focused on the functionaliza-
tion of natural polymers (carboxymethyl cellulose,
starch, gums, and chitosan) with inorganic (metal-
lic or transition metal compounds) nanoparticles to
obtain hybrid composites [4], particularly for the
chitosan-TiO; based hybrid composites [5].

Chitosan is a versatile biopolymer obtained
after deacetylation of chitin and constituted by -
(1-4)-linked D-glucosamine and N-acetyl-D-glu-
cosamine [6]; moreover, due to its properties (cati-
onic character, soluble in organic acids, non-toxic,
biodegradable, and biocompatible with antimicro-
bial activity and film-forming ability), it is consid-
ered a functional compound widely applied in bio-
technology, engineering, water treatment, food
preservation, agriculture, and medicine [2, 5-8].
Furthermore, chitosan has functional groups (—NH-
and —OH), which can react with compounds like
TiO2 nanoparticles to improve its technological
properties and applicability [5].

Titanium dioxide (TiO,) is a multi-use and
compatible material with relevant industrial and
environmental uses [9], mainly due to its antimi-
crobial properties [10]. It has been used as a sur-
face sanitizer (medical, pharmaceutical, and food
applications) [11] as well as for water treatment
[12]. Furthermore, TiO- is widely employed as an
additive in the pharmaceutical and food industries
as a white pigment [13]. Nonetheless, recently,
TiO, has been used as a reinforcement agent of
protein [1] and polysaccharide-based composites
[4], including chitosan (CS-TiO) [5], to improve
its physicochemical and mechanical properties
with diversified applications.

The CS-TiO; hybrid material exhibits good
antimicrobial activity against bacteria, yeast, and
mold [14, 15], and photocatalytic activity for the
degradation of different water pollutants (2,4-
dichlorophenol, methyl orange, and methylene
blue) and the removal of heavy metals (Cd(ll),
As(111), Cr(V1), Ni, Cu, and Hg) [16-20]. Further-
more, CS-TiO, has shown interesting biomedical
applications, mainly for the development of wound
healing materials [12], drug delivery systems [21],
and biosensors [22]. In the food industry, CS-TiO;
has been used to develop packaging materials for
fruit preservation [23, 24], which demonstrated
ethylene degradation activity [15]. In general, the
addition of TiO, improves the functionality and
applicability of CS-based films; nonetheless, a
higher functionality of CS-TiO; hybrid film prop-
erties was observed when nano-TiO; nanoparticles
were previously functionalized with other com-
pounds (i.e. CS-TiO2:Cu or CS-TiO2:AQ) [17, 25].
In this context, ternary mixed oxide-based TiO;
(TiO2-ZnO-MgO) displayed improved structural
and textural properties, with higher antibacterial
activity (against Staphylococcus aureus, Salmonel-
la paratyphi, Listeria monocytogenes, and Esche-
richia coli) compared to TiO, and without toxic
effects in Artemia salina [10, 26], which could be
potentially used as a reinforcement agent of CS-
based materials.

An essential factor that must be considered
when establishing the feasibility of any polysac-
charide-based film for diverse applications is the
modification of its properties over time and as a
function of storage temperature [27]. In this con-
text, it has been reported that storage time and
temperature negatively affected the mechanical
and water-barrier properties of chitosan-based
films [28] as well as their antimicrobial activity
[29]. On the other hand, the characterization of CS-
based films functionalized with TiO, and their in-
teractions has been extensively evaluated by Fouri-
er transform infrared (FTIR) studies [15, 19, 23,
30]. Although it has been shown that TiO, (doped
or undoped) promotes changes in the CS-based
film structure (at the time of fabrication), thereby
enhancing its technological and functional proper-
ties [5], studies about the effect of storage condi-
tions (time and temperature) on the structural
changes in CS-TiO, hybrid materials are scarce.
Therefore, the objective of this work was to evalu-
ate the effect of time and two storage conditions
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(ambient storage at 25 °C and refrigerated storage
at 4 °C) on the structural changes in CS-TiO and
CS-TiO2-Zn0O-MgO hybrid films by FTIR studies
as well as the in vitro release of TiO; and TZM
from the CS matrix to the medium at two tempera-
tures.

2. EXPERIMENTAL SECTION

2.1. Preparation of chitosan-TiO2-ZnO-MgO
hybrid films

The hybrid films were manufactured using
the evaporative casting method according to Yong
et al. [31] with some modifications. The chitosan
(CS, medium molecular weight, Sigma Aldrich
Chemical Company, St. Louis, MO, USA) film-
forming solution was prepared by dissolving 1 g of
CS in 95 ml of 1 % acetic acid solution under con-
tinuous magnetic stirring at 25 °C. Then, the pH of
the solution was adjusted to 4.8 using NaOH (1 M)
[32]. Subsequently, TiO, or TiO2-ZnO-MgO
(TZM, containing 5 % Zn and 5 % Mg) mixed ox-
ide (at 500 pg ml?) nanoparticles [10, 26] were
added to the CS solution. The nanoparticles were
previously dissolved in 5 ml of 1 % acetic acid
solution and sonicated (Fisherbrand™, CPX1800
Ultrasonic bath, Branson Korea Co., Ltd. South
Korea) for 5 min to avoid agglomerations. After-
ward, glycerol (15 % by weight of total solids) was
added with continuous magnetic stirring for 20 min
on the film-forming solution. The resultant solu-
tion was then deposited onto a Petri dish (100*15
mm) and allowed to dry at 37 °C for 24 h. A pure
CS film was used as a control. Hybrid films were
labeled as CSTiO- (chitosan + TiO; at 500 pg/ml)
and CSTZM (chitosan + TZM at 500 pg/ml). In
general, TiO; and TZM nanoparticles have a semi-
globular form with a polycrystalline nature and an
anatase phase with a mean particle size in the
range of 18.255 nm and 23.25 nm, respectively
[10, 26].

2.2. Film thickness and moisture content

The thickness of the CS-based films was de-
termined using a manual digital micrometer
(Digimatic micrometer, 0.001 mm, Mitutoyo Co.,
Kobe, Japan). The film thickness was measured on
average in at least ten measurements from 5 ran-
dom locations on each film sample [33]. Addition-
ally, the moisture content of the CS-based films
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was determined by drying the sample (9 cm? film)
at 110 °C to a constant weight (by triplicate) [31].
The moisture content was calculated using the fol-
lowing equation (1):

Moisture content (%) = [(Mi — Mg)/(M;)] - 100, (1)

where M; and Mg are the initial and final weights of
the sample, respectively.

2.3. Fourier transform infrared (FTIR)
spectroscopy analysis

The FTIR spectrum for the films was exam-
ined with an attenuated total reflectance FTIR
spectrometer (Nicolet iS5, ThermoFisher Scien-
tific, Tokyo, Japan). The spectrum was recorded at
room temperature (25 + 1 °C) in the range from
4000 to 400 cm* with 24 scans and a resolution of
4 cm™. A background scan was recorded before
the measurement and subtracted for the sample
spectra. The FTIR spectra were normalized to the
same area and compared to each other. Deconvolu-
tion of this spectral region into Gaussian compo-
nents was performed to separate overlapping peaks
in the region between 1700 and 1250 cm™ [34].
Deconvolution was also used to estimate the area
related to the specific vibration of each selected
peak [35]. Samples were analyzed by duplicate in
two different film points at 1, 7, 14, 21, and 28
days. All data manipulation was carried out using
Origin® software (OriginLab Corporation v. 2016).

2.4. In vitro release of TiO from the chitosan
matrix to the medium

The in vitro release of TiO, and TZM nano-
particles from the chitosan matrix to the medium
(phosphate buffer with pH 7.0 at 25 °C or 4 °C)
was evaluated using a static Franz diffusion cell
system (Fig. 1). The film was cut into small circles
(diameter of 125 mm) and used as a membrane in
the static system. The release of TiO, and TZM
from the polymeric matrix was measured using a
spectrophotometer (Shimadzu UV-2600, Tokyo,
Japan) at a wavelength from 500 to 200 nm at 0.5,
1,2, 4,6, 12, and 24 h [36]. A first kinetic mathe-
matical model was employed to evaluate the TiO,
and TZM release from the film to the medium, as
suggested by Timotius et al. [36]. The concentra-
tion of TiO, or TZM was calculated using a cali-
bration curve of pure TiO. (0, 50, 100, 250, and
750 pg/ml) at 400 nm [13].
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Fig. 1. Schematic diagram of the static Franz diffusion cell system for in vitro release of TiO2
from the chitosan matrix to the medium

2.5. Data analysis

The thickness and moisture content data were
subjected to the analysis of variance (One-way
ANOVA, a = 0.05) and Tukey test (p < 0.05). Mul-
tivariate analysis was applied for the interpretation
of structural changes. Principal component analysis
(PCA correlation matrix) was used to determine
patterns in the structural changes and to evaluate
their relationship with the storage time and tempera-
ture. Components were calculated without rotation,
and the number of extracted factors was based on
eigenvalues (> 1.0) and explained variance (> 70
%). All data were analyzed by the Statistica soft-
ware (V.12.5 Statsoft®, Tulsa, USA).

Day 1

Day 28 at 25°C

Chitosan . .
- Q‘ .v |

3. RESULTS AND DISCUSSION

Figure 2 shows the appearance of chitosan-
based films with or without the added TiO, and
TZM nanoparticles after 28 days of evaluation at
two storage conditions (25 and 4 °C). The CS film
was flexible and transparent on the preparation day
(Fig. 2a); however, after 28 days of storage, visible
changes in the film were observed, mainly at am-
bient conditions where the film was rigid and
looked dehydrated with a yellow tone (Fig. 2b)
compared to the CS film stored at 4 °C (Fig. 2c),
where minimum changes were appreciated com-
pared to the 1-day film.

Day 28 at 4°C

Fig. 2. Appearance of chitosan films (a—c), chitosan films functionalized with TiO2 nanoparticles (CSTiOz, d—e),
and chitosan films functionalized with TiO2-ZnO-MgO nanoparticles (CSTZM, g-i).
The films were stored at ambient (25 °C) and refrigerated temperatures (4 °C).
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Similar trends were observed in the films
functionalized with TiO, (Figure 2d-f) and TZM
(Fig. 2g-i) in the experimental conditions evaluat-
ed. The CSTiO, and CSTZM films in ambient
temperature were rigid and brittle at the end of
storage, while the refrigerated films were flexible
with minimum changes perceived in appearance.
Fernandez-Saiz et al. [29] mentioned that color
changes in chitosan films stored at 37 °C (from
colorless to yellowness) are a visible indicator of
chemical alterations in the biomaterial. The main
changes in the CS-based films with or without the

Table 1

added nanoparticles and stored at 25 °C could be
attributed to the loss of water molecules by a de-
hydration process [37].

Table 1 lists the average thickness of the chi-
tosan films with and without the added nanoparti-
cles. A significant increase (p < 0.05) of the CS film
thickness (79.83 um) was observed by the incorpo-
ration of TiO, (102.08 pum) and TZM (101.16 pm).
These results are in line with previous reports for
the thickness of chitosan films functionalized with
TiOy, increasing from 70 to 116 pm in a TiO--
concentration dependence (from 2 to 6 mg/ml) [38].

Experimental matrix and average thickness of chitosan-based films

Treatments (code) Film sample NPs concentration (pg/ml) Thickness film (um)
Cs Chitosan 0 79.83 + 4.30°
CSTiO2 Chitosan + TiO2 500 102.08 £ 2.232
CSTZM Chitosan + TiO2-ZnO-MgO 500 101.16 £ 2.242

Values are the average + standard deviation (n = 10). Different letters (a or b) in each column indicate statistically
significant differences between treatments (p < 0.05). Chitosan films functionalized with TiO2 nanoparticles (CSTiO2).
Chitosan films functionalized with TiO2-ZnO-MgO (CSTZM). NPs: Concentration of TiOz or TZM nanoparticles.

The moisture content of the CS-based films
with and without the added nanoparticles after 28
days of ambient and cold storage are given in Table
2. A significant decrease (p < 0.05) in the moisture
content of the CS-based film (13.26 %) was ob-
served due to the incorporation of TiO; (9.81 %)
and TZM (10.98 %) on the first day. These results
agree with those reported in a chitosan-starch film
when TiO, was added [39], which is associated with
the mesoporous character and absorptive properties
of TiO; [33]. On the other hand, the CS-based films
exhibited loss in the moisture content during storage
(p < 0.05). The moisture of the CS film after 25
days of storage at 25 °C decreased from 13.26 % to

3.77 %, while at 4 °C, it decreased up to 8 %, indi-
cating that cold temperatures can help to retard the
loss of moisture content in the CS film [28]. Mean-
while, the CSTiO, (from 9.81 % to 4.17 % or 8.24
%) and CSTZM (from 10.98 % to 4.13 % or 8.21
%) films exhibited a similar moisture content inde-
pendent of storage conditions (25 °C and 4 °C, re-
spectively), with a lower moisture loss at ambient
temperature (57 % and 62 %, respectively) than the
CS film (71 %). The addition of TiO, or TZM into
the CS film may retard the dehydration process due
to their ability to participate in hydrogen bonding
with CS [38]; however, this effect depends on the
storage conditions.

Table 2
Moisture content of chitosan-based films after storage
Moisture content (%)
Treatments Day 1 Storage at 25 °C (day 28) Storage at 4 °C (day 28)
CS 13.26 +0.22% 3.77 £ 0.462Y 8.00 + 0.08%%
CSTiO: 9.81 +0.13% 4.17 £0.192Y 8.24 +0.08%%
CSTZM 10.98 + 0.332 4.13 +0.252 8.21 +0.09%0%

Values are the average + standard deviation (n = 3). Lowercase letters (a, b, or c) in each column indicate statistically
significant differences between treatments (p < 0.05). Capital letters (X, Y, or Z) in each row indicate statistically
significant differences between storage time (p < 0.05). NPs: Concentration of TiO2 or TZM nanoparticles.
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3.1. FTIR characterization of CS-based films

FTIR spectroscopy is a tool that provides in-
formation through band properties, frequencies,
and intensities, which permits the structural chang-
es in CS-based films promoted by storage condi-
tions to be studied [40]. Figure 3 shows the FTIR
spectra of a CS (Figure 3a,b) film functionalized
with TiO, (Figure 3c,d) and TZM (Figure 3e,f)
nanoparticles stored at ambient and cold storage
conditions. CS-films with or without TiO, or TZM
nanoparticles exhibited similar spectra profiles,
consistent with previous reports [39, 41]. The
broad absorption peaks around 3500-3000 cm™
(centered at 3300 cm™) were ascribed to stretching
vibrations of overlapping —OH and N-H groups
through the saccharide ring of the CS structure
[40], while the weak peaks at 2933 cm™ and 2869
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cm corresponded to the stretching modes of the
C—H bond of the methylene functional group [40].
The peaks around 1650 cm™ and 1556 cm™ were
assigned to amide | and amide Il vibrations [41],
both attributed to the NH3* groups by the effects of
protonation during film development in an acetic
acid solution leading to the formation of the amide
bond (—N-C=0) [29]. Furthermore, the peaks at
1414 cm?, 1379 cm?, and 1323 cm? were
ascribed to the stretching vibration of —CH:
bending, —CHs; symmetrical deformation, and C-N
band, respectively [39]. The bands from 1091 cm™
(C-O stretching at C3), 11027 cm™* (C-O stretch-
ing at C6), and 915 cm were due to the C-O-C
stretching from glycosidic bonds [41]. The peak
around 844 c¢cm corresponds to the wagging (C—
H) of the saccharide nature of chitosan [42].
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Fig. 3. FTIR spectra of chitosan films (a, b), chitosan films functionalized with TiO2 nanoparticles (c, d), and chitosan films
functionalized with TiO2-ZnO-MgO nanoparticles (e, f) when the films were stored at 25 °C (a, ¢, e ) and 4 °C (b, d, f)
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Concerning the CSTiO; and CSTZM films,
they exhibited a similar spectra compared with CS
film. It has been previously reported that the incor-
poration of TiO,:Ag-doped nanoparticles into a
chitosan film did not alter the characteristic FTIR
spectra of CS and exhibited a similar profile to a
CS-TiO2 hybrid film [40]. The interaction of CS
with TiO. during the formation of the organic-
inorganic complex occurs in the amorphous region
of chitosan through the hydrogen bond formation
at 3300 cm?* (-NH,) [15]. Moreover, stretching
vibrations of C-O and —~OH groups at 2933 cm
are strongly attached to the TiO, and TZM nano-
particles, promoting electrostatic interactions
between organic and inorganic compounds to form
the hybrid composite [19]. On the other hand, a
displacement in the CS spectra by incorporation of
TiO, and TZM was observed in the region from
1700 to 400 cm, in particular, from 1650 to 1642
cm™, from 1566 to 1561 cm, and from 1414 to
1409 cm™ due to amine I, amide II, and N-H
bending vibrations, respectively (Fig. 4) [43].
Similar trends were reported by Zhang et al. [43]
by adding TiO2 in a CS film; they reported a shift
of 23 cm™* (from 1636 to 1615 cm™), indicating
the interaction between TiO, and TZM nano-
particles take place at the amine site of CS.
Likewise, a decrease in the intensity of the peak
centered at 1029 cm™ of the CS-based films by
incorporation of TiO, and TZM was detected,

suggesting the formation of the Ti—-OH bond at the
OH group of CS [42, 44, 45]. Furthermore, some
peaks at 649 cm™, 614 cm™, 553 cm?, 482 cm,
and 414 cm™! were observed in the functionalized
CS-based films (Fig. 4), which were related to Ti—
O bonds, indicating the interaction of TiO, with
CS (CSTIOy) [10, 46, 43]. Furthermore, the signals
in the CSTZM film may be related to Ti-O, Zn-0O,
Mg-O, Ti-O-Ti, Ti-0O-Zn, Ti-O-Mg, or Zn-O-
Mg bonds, which could interact with the CS
structure (through electrostatic interactions) to
form the hybrid film, suggesting that the TZM
mixed oxide were embedded in the surface of the
CS-based film [30, 47, 48, 49]. Signals around 655
cm?, 565 cm?, and 465 cm™ were detected in a
CS film functionalized with Ti/ZnO, TiO,, ZnO,
and SiOx nanoparticles, which are attributed to the
Ti-0O, Zn-0, and Si—O bonds [50]. Malhorta and
Kaushik [51] suggested that changes in these
regions on the hybrid composite indicate the
immobilization of inorganic nanoparticles on the
chitosan matrix. Furthermore, on day 7, the
CSTZM film stored at ambient temperature
increased its intensity in the region of 750 to 400
cm (Fig. 3e). The increase in intensity implies the
increase in the number of free ions in the
polymeric matrix due to the magnesium disso-
ciation, which is present in the ternary mixed oxide
system [52].
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3.2. Effect of storage conditions on CS-based films

Concerning the storage conditions, the CS-
based films with or without the added nanoparticles
exhibited changes in the transmittance values
promoted by time and temperature (Fig. 5). On day
28, the CS film stored at 25 °C exhibited changes in
the transmittance values (from 52 to 57 %) in the
region of 3500-3000 cm™ in a time-dependent
response (from 1 to 28 days) compared to the film
stored at 4 °C (from 52 to 55 %), which was
attributed to the amine dehydration and the loss of
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water molecules as a consequence of the storage
temperature [34]. Moreover, peaks at 1652 cm
(from 90 to 87 %) and 1569 cm™ (from 86 to 82 %)
showed decreased transmittance values for the CS
film at 25 °C compared to the CS film stored at 4 °C
(from 90 to 88 % and from 87 to 86 %, respec-
tively). These variations were associated with
changes in the acetyl group of the CS structure by
the influence of a dehydration/hydration process
[34]. Similar trends were reported in an alginate
film due to water evaporation using ATR-FTIR
spectroscopy [44].
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Fig. 5. FTIR spectra of CS-based films by regions (3600-2500 cm™2, 17001250 cm?, and 1150-400 cm)
and their changes due to the effect of storage at 25 °C (a, ¢, €) and 4 °C (b, d, f)
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Despite the fact that the CS, CSTiO,, and
CSTZM films exhibited similar FTIR spectra
(Figs. 3a-f), the main changes observed during
storage of the CS-based films (CS, CSTiO;, and
CSTZM) were in the region of 1700 to 1250 cm
(Figs. 5a-f) for both storage temperatures [34, 53].
These results agree with those reported by Kam et
al. [53], who evaluated the effect of storage
conditions (3 weeks stored at 28 °C and 4 °C) on
the chitosan film structure and reported qualitative
differences in the FTIR spectra of CS films after
three weeks of storage (28 °C and 4 °C), mainly in
the region from 1655 cm™ to 1565 cm™. Accord-
ing to Kaewklin and Siripatrawan [23], changes in
the FTIR spectral profile are related to a matrix
alteration promoted by environmental conditions.

A deconvolution process in the Gaussian
components was performed to quantify the changes

Table 3

observed in the spectra of the CS-based films in
the region from 1700 to 1250 cm™, as suggested
by Mejenom et al. [54], who investigated the
structural changes of chitosan by the incorporation
of ammonium bromide in the FTIR spectral range
from 1750 to 1450 cm. Moreover, the deconvolu-
tion technique has been applied to investigate the
role of the —OH and —NH vibrational groups in
chitosan-montmorillonite composites in the region
from 3600 to 2800 cm by FTIR studies [34]. Ta-
ble 3 lists the values of the central frequencies of
the Gaussian components together with the inte-
grated areas of the CS, CSTiO,, and CSTZM films
stored at ambient and refrigerated temperatures and
their related changes during storage, considering
the day of preparation as day one and the end of
storage as day 28.

List of peak frequencies and integrated areas of the deconvoluted bands in the region 1700-1250 cm ™
for the chitosan-based films

Ambient storage (25 °C)

Refrigerated storage (4 °C)

Film Day 1 Day 28 Day 28
Peak (cm™?) Area (%) Peak (cm™) Area (%) Peak (cm™?) Area (%)

CS A 1649.15 7.43 1647.92 10.13 1648.94 12.22

B 1569.70 17.83 1567.77 22.75 1566.91 20.28

C 1458.75 11.65 1458.45 10.42 1458.53 10.71

D 1415.99 19.26 1415.29 19.83 1415.51 16.11

E 1378.13 3.29 1377.93 4.35 1378.43 2.87

F 1338.57 40.49 1336.05 32.49 1337.25 37.79

CSTiO2 A 1643.92 7.13 1646.04 11.02 1645.71 9.91
B 1558.53 26.37 1562.91 22.66 1561.48 25.52

C 1448.99 17.43 1457.82 10.89 1455.96 11.92

D 1409.41 13.76 1413.79 20.62 1412.68 18.75

E 1377.80 4.08 1377.24 3.87 1377.65 4.22

F 1338.79 31.20 1336.78 30.91 1336.80 29.65

CSTZM A 1645.89 8.36 1645.48 12.06 1644.32 9.51
B 1562.23 25.47 1562.53 24.35 1559.05 28.61

C 1453.93 9.13 1457.59 10.37 1452.05 13.89

D 1412.06 17.59 1413.31 21.19 1410.70 16.21

E 1377.84 4.83 1376.78 4.47 1377.85 4.85

F 1336.49 30.08 1334.99 27.53 1336.64 26.91

CS = Chitosan. CSTiO2= Chitosan + TiOz2. CSTZM = Chitosan + TiO2-ZnO-MgO

The deconvolution technique provides addi-
tional information about specific changes in the
polysaccharide structure promoted by environmen-
tal conditions [34]. By deconvolution of the area
band between 1700 and 1250 cm™, six components
(A to F) were observed for the CS, CSTiO,, and
CSTZM films. Lawrie et al. [55] reported that the
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1800-1200 cm™ region of the CS deconvoluted
spectra generates five components. In general, the
integrated area in components A to F of the CS-
based films with or without the added nanoparti-
cles was influenced by the storage conditions.
After 28 days of storage, an increase in the
integrated area of the components A (1649 cm™)
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and B (1569 cm™) of the CS film was observed in
both ambient (10.13 and 22.75 %, respectively)
and refrigerated (12.22 and 20.28 %, respectively)
storage in comparison with the film on the first day
(7.43 %). Branca et al. [34] argued that the area
increase in these regions is due to a dehydra-
tion/hydration process with a progressive weaken-
ing of the hydrogen bond that involves the loss of
water molecules. This phenomenon affects the
—CH stretching band, amide I, and amide Il of the
CS structure, which are sensitive to the for-
mation/rupture of hydrogen bonds [56]. Compo-
nent C (at 1458 cm™?, area of 11.65 %) and D (at
1415 cm, area of 19.26 %) did not show signifi-
cant changes throughout the storage period at am-
bient (10.42 and 19.83 %, respectively) and refrig-
erated (10.71 and 16.11 %, respectively) tempera-
tures. Components E (1378 cm™) and F (1338 cm™Y)
exhibited an area reduction at the end of storage in
ambient (4.35 and 32.49 %, respectively) and re-
frigerated (2.87 and 37.79 %, respectively) tem-
peratures compared to the film on the first day
(3.29 and 40.49 %, respectively), which is associ-
ated with a partial breakage of the intramolecular
and intermolecular interactions in the CHs group
(at 1378 cm™) as a consequence of the storage
conditions [57, 58].

In general, the CSTiO2 and CSTZM films
showed a displacement in the peak location (aver-
age of 10 cm™) of components A to D compared to
the CS film on the first day. Furthermore, changes
in the integrated area of the CS films were ob-
served due to the functionalization with TiO, and
TZM, with an increase in the A, B, C, and E com-
ponents, while D and F decreased. Changes in the
band intensity (mainly at 1405 cm™?) after incorpo-
ration of TiO, and TZM could be associated with
changes in the carboxylate group (-NHs;*~OOCH).
Furthermore, the addition of TiO, and TZM
nanoparticles promotes superficial hydrophobic
changes in the chitosan matrix [29].

The CSTiO; film (7.13 %) exhibited an in-
crease in the integrated area of component A (1643
cm) after 28 days of storage at ambient (11.02 %)
and refrigerated (9.91 %) temperatures. Rivero et
al. [56], in a deconvoluted CS film spectrum,
found an increase in the peak located at 1635 cm™,
which suggested that the inorganic filler was
chemically bonded to the polymeric matrix. Com-
ponent B (at 1558 cm™?, area of 26.37 %) exhibited
a decrease in the integrated area compared to am-
bient (22.66 %) and refrigerated (25.52 %) storage
after 28 days of evaluation. A reduction in the area
of component B could be associated with TiO,,
which may act as an anti-plasticizer agent absorb-

ing the available water molecules in the film, pro-
moting dehydration of the polymeric matrix during
ambient storage [59]. This phenomenon is signifi-
cantly lower during refrigerated storage, mainly by
environmental humidity [29]. On the other hand,
component C (at 1448 cm™, area of 17.43 %)
showed a decrease (10.89 and 11.92 %, respective-
ly); moreover, component D (at 1409 cm?, area of
13.76%) showed an increase in the integrated area
after storage at ambient (20.62 %) and refrigerated
(18.75 %) temperatures. These variations were as-
sociated with changes in the C—H functional group
as a result of the storage conditions [56]. Yamamo-
to et al. [60] suggested that conformational
changes promoted by water loss during storage
could exist. Moreover, components E (4.08 %) and
F (31.20 %) did not show significant changes due
to the storage conditions (ambient: 3.87 and 30.91
%, refrigerated temperature: 4.22 and 29.65 %,
respectively), associated with possible interactions
between the C—H group of CS and the TiO, nano-
particles that provide higher stabilization of the
carboxylate group than the CS film, thereby retard-
ing the hybrid film dehydration process [61, 62].

Similar trends were observed in the integrat-
ed area of CSTZM to that reported for the CSTiO;
film, which was attributed to the amount of TiO»
(90% wi/w) present in the ternary (TZM) mixed
oxide system [10]. Component A (at 1645 cm™)
showed an increase in the integrated area (8.36 %)
after 28 days of storage at ambient (12.06 %) and
refrigerated (9.51 %) temperatures. On the other
hand, component B (at 1562 cm™) decreased when
stored at ambient temperature (24.35 %) but in-
creased during storage in refrigeration (28.61 %).
Furthermore, components C (at 1453 cm™) and D
(at 1412 cm™) showed an increase in the integrated
area (9.13 and 17.59 %, respectively), while com-
ponent E (1377 cm™) did not show significant
changes. However, component F (1336 cm™) also
exhibited a reduction in the integrated area of ap-
proximately 3 % in both ambient and refrigerated
storage. These variations could be related to
changes in the chitosan structure promoted by the
storage conditions [56, 60].

Additionally, a multivariate statistical tool
like principal component analysis (PCA) was used
to estimate the interrelationship among CS-films
and their changes promoted by the storage
conditions. PCA has been employed for biopoly-
mer characterization [63]. Figure 6 shows the total
variance of 88 % that was explained in the first two
principal components (65.32 % for PC1 and 22.90
% for PC2).
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The main FTIR spectral (1700-1250 cm?)
changes of the CS-based films (with or without the
added nanoparticles) stored at ambient temperature
occur in the first 14 days of storage (with a re-
markable effect on day 7) and continue during the
evaluated time, which were associated with a de-
hydration process [37]. On the other hand, the CS
film stored at 4 °C exhibited reduced changes
through the storage period compared to the film
stored at ambient temperature. Kam et al. [53]
argued that the interaction between acetate ion and
the amino group (1565 cm™) of CS existed at day
1, but this interaction was less evident during
ambient storage, indicating a loss of the acetic acid
from the films during time of storage [64]. On the
other hand, CS films functionalized with TiO, and
TZM nanoparticles and stored at refrigerated tem-
peratures showed a retarded dehydration process
where the main changes occurred after 21 days of
storage. Kerch and Korkhov [28] mentioned that
low temperatures help to keep the structural
properties of CS-based films. Nonetheless, TiO,
and TZM nanoparticles can act as a reinforcement
agent in the chitosan matrix, which may lead to a
modification of the level of hydration in the hybrid
film [4, 63].
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3.3. Invitro release of TiO, and TZM from
chitosan matrix to the medium

The use of TiO; as a reinforcement agent of
polysaccharide-based materials to enhance its tech-
nological and functional properties for diversified
applications has increased in the last several years,
especially in the development of active packaging
materials for food and non-food purposes [1, 4, 5,
15]. On the other hand, due to direct contact of the
packaging materials, the possible liberation or
migration of TiO, from the polymer matrix to the
medium should be evaluated and quantified [65].
The kinetic profile of TiO, and TZM release from
the chitosan matrix is presented in Figure 7, and
their percentages of in vitro release are given in
Table 4.

In general, the migration behavior of TiO,
and TZM nanoparticles from a chitosan film at
ambient and at refrigerated storage could be ex-
plained using a first-order kinetic model (R? >
0.93). These results agree with those by Timotius
et al. [36], who reported that chitosan films
functionalized with curcumin showed a controlled
kinetic release in a concentration-dependent
response (R? from 0.987 to 0.996).
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Fig. 7. First-order regression model for the release rate of TiO2 and TZM nanoparticles from chitosan films
functionalized with TiO2 nanoparticles (CSTiO) and chitosan films functionalized
with TiO2-ZnO-MgO nanoparticles (CSTZM) at ambient (25 °C) and refrigerated temperatures (4 °C)

Table 4

In vitro release of TiO, and TZM nanoparticles
from the hybrid composite to the medium
after 24 h of evaluation

Sample film Temperature Migration R?
() (%)
CSTiO2 25 12.81 0.9396
CSTZM 25 7.00 0.9371
CSTiO2 4 3.27 0.9502
CSTZM 4 1.30 0.9627

CSTiO2= Chitosan + TiOx.
CSTZM = Chitosan + TiO2-ZnO-MgO

In vitro release of TiO2 and TZM from the
chitosan matrix to the medium was also calculated
according to the nanoparticles detected in the
phosphate buffer solution after a defined evalua-
tion time [65]. The migration ratio of the TiO and
TZM nanoparticles was dependent on the tempera-
ture evaluated. CSTiO; (12.81 %) and CSTZM (7
%) assessed at 25 °C exhibited higher release
amounts compared to the samples assessed at re-
frigerated temperatures (3.27 and 1.30 %, respec-
tively). These results could be attributed to the
swelling properties and hydration rates of CS
films, which may be influenced by the temperature
[36]. Moreover, the release of TiO, and TZM
nanoparticles includes the polymer degradation or
surface erosion, promoting a higher level of
migrated particles [66]. Lian et al. [64] reported
5.4 % migrated TiO, nanoparticles from a PVA-
CS-TiO film in a food simulant system after 11 h
of evaluation. Likewise, Alizadeh-Sani et al. [67]
observed that a low amount of TiO, was detected
in a meat product coated with a whey protein

isolate-cellulose-TiO, film. However, the detected
amount of TiO; (< 1 % of the total food weight)
followed the recommended safe dosage stipulated
by international regulations [13, 66, 67].

4. CONCLUSIONS

The effect of storage time and temperature
on chitosan-based films functionalized with TiO;
(CSTi0,) and TiO2-ZnO-MgO (CSTZM) nanopar-
ticles was investigated using FTIR spectroscopy.
This is the first report on the structural changes of
CSTiO; and CSTZM films promoted by the stor-
age conditions, to the best of our knowledge. In the
chitosan-based films, the main changes during
storage were detected in the region from 1700 to
1250 cm™ in a temperature-dependent response,
which are associated with changes in the carbox-
ylate group (-NHs;*—~OOCH) due to deprotonation
of the NH** groups formed during the development
of the film under acetic acidic conditions and to the
progressive weakening of the hydrogen bond that
involves a dehydration process in the CS-based
films. Principal component analysis showed that
films stored at ambient temperature showed re-
markable structural changes after 7 days compared
to the films stored at refrigerated temperatures,
which exhibited reduced changes after 21 days of
evaluation. Furthermore, there exists a low migra-
tion (< 13 %) rate of TiO, and TZM from the chi-
tosan matrix to the medium in a temperature-
dependent manner. Further studies are needed to
correlate the structural changes of CSTiO; and
CSTZM films during storage with their technolog-
ical and functional properties, which could limit
their potential applications.
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