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Abstract: Bio-nanocomposite films were prepared using chitosan, gelatin, and varying
concentrations (0, 0.5, 1.0, 2.0, and 5.0 wt%) of nanoparticulate titanium dioxide (TiOz) in acetic acid
via the casting process. The incorporation of TiO2 nanoparticles into bio-chitosan films resulted in
enhanced ultraviolet absorption and improved physical, mechanical, and electrical properties.
Moreover, bio-chitosan films with added TiO: exhibited antimicrobial properties, enhancing the
preservation of packaged products by preventing the growth of microorganisms. The bio-
nanocomposite films with 1.0 wt% TiO:2 demonstrated an electroactive response, bending at low
electrical field strengths (250 V/mm), while the reference sample without added TiO: bent at a higher
electrical field strength (550 V/mm). This suggests their potential use in electroactive actuator
applications, where controlled bending or movement is required. Among the various TiO:
concentrations tested, bio-chitosan nanocomposite films with 0.5% and 1.0 wt% TiO: (Formulas 7 and
8) demonstrated favorable characteristics. These films (Formulas 7 and 8) exhibited an appealing
appearance, absence of tear marks, low bulk density (0.91 + 0.04 and 0.85 + 0.18 g/cm?), satisfactory
electomechanical response properties at 250 V/m (17.85 + 2.58 and 61.48 £ 6.97), low percentage of
shrinkage (59.95 = 3.59 and 54.17 + 9.28), high dielectric constant (1.80 + 0.07 and 8.10 * 0.73), and
effective UV absorption compared to pure bio-chitosan film without and with gelatin (Formulas 1
and 6).

Keywords: biofilms; contact angle; nanoparticle; electroactive actuator; casting process

1. Introduction

Chitosan is a biodegradable natural polymer composed of N-acetyl-2-amino-2-deoxy-D-
glucopyranose (acetylated unit) and 2-amino-2-deoxy-D-glucopyranose (deacetylated unit), with
repeating units connected by {3-(1—4)-glycosidic bonds [1,2]. Sharing similarities with hyaluronic
acid and glycosaminoglycans (GAGs), which are components of the cartilage extracellular matrix
(ECM) [3], chitosan possesses a linear polymer structure and contains amino groups in its
polysaccharide composition. Derived from the deacetylation of chitin [4,5], chitosan exhibits a
positive charge due to the presence of amino groups, making it a polyelectrolyte within a pH range
of 2-6 [6,7]. The structure of chitosan includes functional groups such as amino (-NH.), hydroxyl (-
OH), and acetyl (-COCHs) groups. Kumar et al. [7] reported that the amino (-NH) groups in chitosan
become protonated upon dissolution at pH 6 or below, forming cationic amine groups (-NHs*). This
protonation increases intermolecular electric repulsion, resulting in a polycationic, soluble polymer.
Several mechanisms have been proposed to explain the antimicrobial activities of chitosan, with the
most widely accepted being:

1. Electrostatic interaction with microbial membranes: The positively charged amine groups in
chitosan interact with negatively charged microbial cell membranes, altering their barrier properties.
This interaction leads to leakage of intracellular contents and ultimately causes cell death, as reported
by Hosseinnejad & Jafari, 2018 [8].
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2. Chelation of metal ions: Chitosan exhibits chelating properties, selectively binding to metal
ions and inhibiting the activity of various metabolic enzymes by blocking their active centers. This
process reduces microbial growth.

3. Molecular weight influence: The antimicrobial activity of chitosan is also affected by its
molecular weight. High-molecular-weight chitosan forms an impermeable polymeric layer on
microbial cell surfaces, altering cell permeability and blocking nutrient entry. Conversely, low-
molecular-weight chitosan penetrates the cytosol, binds to cellular DNA, and interferes with mRNA
and protein synthesis, leading to cell death, as studied by Hosseinnejad & Jafari, 2018 [8] and Zheng
& Zhu, 2003 [9].

Furthermore, Sadaf Samimi, Gharaie et al. described chitosan as a linear, semicrystalline
polysaccharide derived from the deacetylation of chitin, the most abundant biodegradable natural
polymer after cellulose [10]. The degree of deacetylation (DD), defined by the content of free amino
groups in the polysaccharide, is used to differentiate between chitin and chitosan [8]. Chitosan
contains free amino groups, making it a positively charged polyelectrolyte within a pH range of 2 to
6. This property enhances its solubility compared to chitin. However, the high viscosity of chitosan
solutions complicates their electrospinnability [10]. Dynamic interactions between polymer chains—
such as entanglement, hydrophobic interactions, and hydrogen bonding—are crucial for reducing
fiber diameters to the nanoscale and ensuring continuous fiber formation. Renowned for its non-
toxicity, biocompatibility, and biodegradability, chitosan demonstrates various beneficial properties,
including antiviral, antioxidant, antibacterial, and anticancer activities. Moreover, its hydrophilicity
enhances interaction with cells [8-13]. Due to these characteristics, chitosan finds applications in
various industries such as food, cosmetics, and agricultural packaging, as illustrated in Scheme 1. It
is also widely used in medical applications such as tissue engineering, wound dressing, facial masks,
and drug delivery systems.

High voltage
source

4

-
-
-

Silicone oil

Sample
<— Copper

Scheme 1. Deflection measurement setup.

Titanium dioxide (TiO2), an inorganic compound, is particularly emphasized in its anatase form
due to its higher photocatalytic activity compared to the rutile and brookite structures [10-15]. With
exceptional properties stemming from its crystallinity [16-22], the anatase form presents a body-
centered tetragonal crystal structure, while rutile exhibits a primitive tetragonal crystal structure, and
brookite possesses an orthorhombic crystal structure [16]. As a metal oxide compound, TiO2
showcases remarkable properties, rendering it a versatile material with diverse applications [17-22].

Despite chitosan’s structural similarity to cellulose, consisting of -OH and -NH: groups, it
exhibits distinct properties such as polyelectrolyte behavior, optical properties, physicochemical
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properties, nanocrytallinity, and degradation [22]. The addition of TiO: nanoparticles increases
crystallinity in bio-chitosan naocrystal films, enhancing mechanical, thermal, optical, and physical
properties, including film morphology. Furthermore, TiO2 improves gas and solvent barriers,
biocompatibility, photocatalytic activity, UV light absorption, non-toxicity, eco-friendliness, and
biological-chemical inertness, finding applications in electronic, cosmetic, wound dressing, food
preservation, agricultural, healthcare, environmental remediation, and smart packaging industries
[23-27]. The combination of these properties makes TiOz a valuable material in various industries,
including cosmetics, healthcare, electronics, environmental remediation, and antimicrobial
applications [28-32]. However, while TiO: is known for its antimicrobial properties, it is essential to
consider its toxicity to bacterial cells when used as an antimicrobial agent. Evaluating cytotoxicity
and genotoxicity is crucial to ensure the safety of TiO2 [33-38]. Various studies have investigated TiO:
cytotoxicity, particularly on different cell lines. For instance, Gea et al. reported low cytotoxicity of
TiO2 on a non-tumorigenic lung epithelial cell line (BEAS-2B) using the WST-1 assay method,
suggesting minimal detrimental effects on viability [38]. Proquin et al. conducted a study on the
influence of TiO2nanoparticles on colorectal cancer cell lines and found no evidence of cytotoxicity
on tested cells using concentrations up tol00 pg/cm?, indicating no harmful effects within that
concentration range [39]. Given TiO2s numerous advantages, including biocompatibility,
antimicrobial properties, and photocatalytic activity, it has been widely chosen as an additive in
biopolymer films. Various biopolymers such as chitosan [17], starch [40], hydroxypropyl
methylcellulose [41], gelatin [42], and whey protein [43] have been combined with TiO: to develop
composite films with enhanced properties. Incorporating TiOz2's antimicrobial property into the
biopolymer matrix of chitosan nanocrystal films results in composite films with improved physical
strength and gas barrier properties. When added to bio-chitosan films for smart composite
packaging, TiO: extends shelf life and serves as a biosensor for harvested fruits [44,45].

Gelatin, a biopolymer acting as a gelling reagent and crosslinking agent, is commonly extracted
through the partial or complete hydrolysis of collagen. It is a cost-effective and readily available
material [46], derived from various animal byproducts such as pig skin, fish skin, pig and cattle bones,
and bovine hides. Possessing desirable mechanical, thermal, and barrier properties, along with
biocompatibility and non-toxicity, gelatin is suitable for producing film packaging in the food,
agricultural, and medical industries [47,48]. Exhibiting water-binding ability, good film and foam-
forming properties via the casting process, and emulsifying properties, gelain’s usage is limited due
to its moisture sensitivity, rigidity, brittleness, and tendency to swell and disintegrate. To address
these limitations, gelatin is often combined with other biopolymers to modify the elasticity, rigidity,
and mechanical properties of biofilms [49].

The preparation of bio-nanocomposite films from chitosan, gelatin, and TiO2 nanoparticles can
be achieved through various methods such as casting, coating, electrospinning, and encapsulation
[45,46,50]. In the casting method, the biopolymers chitosan and gelatin are dissolved in a suitable
solvent, with TiO2 nanoparticles added as an additive to create a film-forming colloidal suspension.
This sol is poured into molds at room temperature, initiating chemical reactions involving hydrolysis
and condensation processes, such as the sol-gel process, resulting in the formation of semi-rigid films.
Once solidified, the films are removed from molds. The casting method, an innovative and relatively
simple process, offers the advantage of controlling composition and thickness by adjusting the
concentrations of biopolymer and TiO: nanoparticles. However, casting is just one method for
preparing bio-nanocomposite films, with coating, electrospinning, and encapsulation offering
different advantages depending on specific application requirements and desired film characteristics.

This study aims to develop a bio-nanocomposite film by incorporating titanium dioxide (TiO2)
into chitosan powder dissolved in acetic acid, with the addition of gelatin. The films were prepared
using casting and sol-gel processes, and their physical, mechanical, and electrical properties were
compared to those of pure chitosan films. Various characterization techniques, including X-ray
diffraction, contact angle analysis, ultimate tensile strength testing, and impedance analysis, were
employed to evaluate the films, with results presented and discussed in this report.
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2. Experimental

2.1. Materials

Chitosan powder, also known as poly (beta-(1,4)-D-glucosamine), with a purity exceeding 98%,
was purchased from Sandee Co. Ltd., Thailand. The chitosan powder, obtained through the
deacetylation process of chitin, is creamy white, odorless, and consists of fine, agglomerated particles
measuring 0.5 mm. Gelatin, a food-grade additive and gelling reagent, was procured from Imperial
Co. Ltd., Thailand. It exhibits a white-yellow color, has a fishy odor, and is in the form of a fine
powder with a particle size of 30 pm. The purified 100% titanium dioxide nanoparticles were
supplied by Ajax Finechem Co. Ltd., Thailand. Titanium dioxide is white, odorless, and exists as a
fine powder with particles measuring less than 10 nm. Acetic acid, with a purity of 99.85%, was
supplied by Nippon Co. Ltd., Thailand, and is of food-grade quality.

2.2. Instruments

An X-ray diffractometer (XRD; Philips, X'Pert) equipped with a VANTEC-1 detector and
double-crystal wide-angle goniometry was utilized to analyze the crystalline structure and phase
formation of raw materials (chitosan, titanium dioxide, and gelatin powder) as well as bio-chitosan
composite films. The scan speed during data collection was set to 2° 26/min, with a 20 increment of
either 0.05° or 0.03°. The scanning range extended from 0° to 80°. CuK« radiation, with a wavelength
(A) of 0.15406 nm, served as the X-ray source. The obtained peak patterns from the XRD analysis were
then compared and matched with standard peaks based on the International Center for Diffraction
Data (Joint Committee on Powder Diffraction Standards, JCPDS) to identify the patterns and
positions of crystalline phases present in both the powder and bio-nanocomposite films.

Fourier-transform infrared (FTIR) spectroscopy (Perkin Elmer, Bruker Alpha E) was employed
to assess the chemical functional groups of raw materials (chitosan and gelatin powder) and bio-
nanocomposite films. The FTIR analysis covered the range of 500-4,000 cm™ and was performed
using Attenuated Total Reflectance (ATR) mode. A bio-chitosan film without the addition of gelatin
and TiO: served as a reference for comparison with bio-nanocomposite films. The chitosan
nanocomposite films, both with and without the addition of TiO2, were analyzed and compared.

The UV-vis spectrophotometer (SHIMADZU, UV-1700 PharmaSpec) was employed to assess
the UV transmission properties of the bio-chitosan nanocomposite films. The analysis included
measuring the absorbance and transmittance of UV light at various wavelengths within the range of
200-1100 nm.

A Universal Testing Machine (UTM; HOUNSFEILD, H50KS) was used to assess the mechanical
properties of bio-chitosan nanocomposite films, both with and without the addition of titanium
dioxide nanoparticles. Properties examined included stress, strain, Young’s modulus, and tensile
strength. During tensile testing, the UTM applied a maximum load of 900 N at a fixed speed of 50
mm/min. The gauge length, representing the initial length of the film used for measuring strain, was
set to 50 mm. Each formulation underwent three tests, and average values with standard deviations
were reported.

Crosslink density was determined by immersing various samples in toluene solvent at room
temperature (ASTM D-6814-02). Samples, cut into squares (1 cm wide, 3-5 mm thick), were weighed
before and after swelling for 72 hours in toluene. Crosslink density was calculated using the Flory-
Rehner equations. Each formulation was tested with three samples, and average values with standard
deviations were reported.

An Impedance Analyzer (KEYSIGTH, E4980AL) or LCR meter measured electrical properties
of the material, including capacitance, electrical conductivity, dielectric constant, dielectric loss, and
electromechanical response. Testing covered electrical frequencies ranging from 500 to 20,000 Hz.
Each formulation was tested three times, and average values with standard deviations were reported.

A Contact Angle Analyzer (KYOWA, DM-CE 1; Tokyo, Japan) measured the contact angle
between a water droplet and the solid sample surface within 2000 ms. Each formulation underwent
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three tests, and average values with standard deviations were reported. The contact angle provides
information about the surface hydrophobicity or hydrophilicity of the samples.

A Scanning Electron Microscope (SEM; HITACHI, SU3500) was used to observe and
characterize the micro- and nanostructures of bio-chitosan fiber and membrane samples. To enhance
sample conductivity during imaging, a thin layer of gold was sputtered using a sputtering coater
(EDARWDS, Pirani 501). SEM images were captured at 10 kV acceleration voltage and magnifications
of 15,000 and 50,000 times.

Deflection measurements investigated the electromechanical response of chitosan composite
films under an electrical field. Deflections were recorded using photographs and video analysis with
a digital image analyzer (Panasonic M3000, Japan). Measurements were conducted at approximately
25°C. The setup involved suspending bio-chitosan nanocomposite films vertically between parallel
copper electrodes measuring 40 mm in length, 30 mm in width, and 1 mm in thickness. The entire
setup was immersed in a silicone oil bath, as illustrated in Schemes 1 and 2. In the experiment, a high
direct-current voltage was applied in non-contact mode with an electrode gap of 30 mm. Key
parameters of interest included displacement of the free bottom end of the samples (denoted as “d”),
sample length (1), and degree of bending (0). The degree of bending (0) was calculated using the
formula 6 = arctan (d/1) at various electrical field strengths ranging from 0 to 600 V/mm. All
measurements were conducted at room temperature, specifically 25°C.

d
® e o< No apply electric field

Applied electric field

Electrode

Scheme 2. Charge polarization arrangement of titanium dioxide (TiO2) in bio-chitosan composite films,

functioning as electroactive actuators or compliant electrodes before and after applying an electric field.

2.3. Preparation of Bio-Chitosan Film Composites with and without Gelatin Powder and Titanium dioxide
(TiO2) Filler for Hydrophobic, Hydrophilic, and Photoelectrical Conductivity Applications

The preparation of the bio-chitosan composite film samples involved ten different formulations,
as summarized in Table 1. The first and sixth formulas, referred to as Formulas 1 and 6, served as
reference films— with and without gelatin powder—for comparison with the other formulations.
Chitosan film was prepared by mixing chitosan powder in an acetic acid solution and forming it via
a sol-gel casting process, transitioning from sol to gel within a silicone mold, as shown in Scheme 3.
The critical chemical reactions of the sol-gel process are hydrolysis and condensation, which depend
on the composition of raw materials, aging temperature and time, pH, and the catalyst. Formulas 2,
3, 4, and 5 were chitosan composite films with 0.5, 1.0, 2.0, and 5.0 wt% titanium dioxide (TiO2)
nanoparticles added, respectively. Gelatin was not included in these formulations (Formulas 1-5).
Formula 6 consisted of chitosan and gelatin without the addition of titanium dioxide, serving as the
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reference for Formulas 7-10, which incorporated different amounts of titanium dioxide along with
gelatin. The purpose of using Formula 6 as the reference was to compare the properties and
performance of additional TiO2 nanopowder in the chitosan composite films (Formulas 7-10) to assess
the effects of adding titanium dioxide and gelatin on the film properties. Formulas 7-10 were chitosan
composite films with gelatin powder and 0.5, 1.0, 2.0, and 5.0 wt% titanium dioxide (TiOz),
respectively. It should be noted that when attempting to prepare chitosan composite films without
gelatin and with 2.0 and 5.0 wt% TiO, film formation was not successful due to phase separation
caused by the high amount of TiO: filler particles. Although Formulas 9 and 10, with 2.0 and 5.0 wt%
TiOz and gelatin powder, formed bio-chitosan composite films with a good appearance, the excess
TiO2 powder caused slight tear marks.

OH -
0 O Ho 2
1. HO 2.0 0
NH,
OH n

Chitosan
jjﬂ—?j—"—w-o—ﬂ—?j—ugw —
I I Vo (L o A5 W
2 ety S
Gelatin
Anatase {
3.
Ti4t 7N
o

Scheme 3. Preparation process of bio-chitosan/gelatin/TiO2 nanocomposite films.

Table 1. Formulation of bio-chitosan composite films.

Formula Formula Formula Formula Formula Formula Formula Formula Formula Formula

Samole 1 2 3 4 5 6 7 8 9 10
P 1Chi- 1CH-0Gel- 1Chi-0Gel- 1Chi-0Gel- 1Chi-0Gel- 1Chi- 1Chi-1Gel- 1Chi-  1Chi-  1Chi-
0Gel-0Ti  0.5Ti 1Ti 2Ti 5Ti  1Gel-0Ti 05Ti 1Gel-1Ti 1Gel-2Ti 1Gel-5Ti
Chitosan 1 1 1 1 1 1 1 1 1 1
powder (g)
Gelatin 0 0 0 0 0 1 1 1 1 1
powder (g)
TiO: (Wt%) 0 0.5 1.0 2.0 5.0 0 05 1.0 2.0 5.0
Aceticacid 80 80 80 80 80 80 80 80 80
1% (ml)

Remark: Formulas 1-5 serve as reference samples without the addition of gelatin powder. Formulas 6-10 consist
of biocomposite films incorporating nano titanium dioxide powder in conjunction with gelatin. Unfortunately,
Formulas 4 and 5 cannot be used to cast bio-chitosan films due to brittleness and cracking. Each formula was
prepared in 16 pieces for the purpose of characterizing and measuring their physical, mechanical, and electrical
properties. The encoded formula xChi-yGel-zTi represents the weights of chitosan powder (Chi), gelatin powder
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(Gel), and TiO:z (Ti). For example, 1Chi-0Gel-0Ti means 1 gram of chitosan powder, 0 grams of gelatin powder,
and 0 wt% of TiOz (or 1 g chitosan, 0 g gelatin, and 0 wt% TiOz).

2.4. Measurement of Crosslink Density in Bio-Chitosan Film Composites with Titanium Dioxide Filler for
Hydrophobic, Hydrophilic, and Photoelectrical Conductivity Applications

To evaluate the crosslink density of the bio-chitosan composite films, the toluene swelling
method and the Flory-Rehner equation were employed. It is important to note that the Flory-Rehner
equation assumes ideal behavior and may provide only an approximate estimation of the crosslink
density. For accuracy and standardized measurements, it is recommended to adhere to the guidelines
and specifications outlined in ASTM D-6814-02. The bio-chitosan composite film specimens were cut
into small pieces measuring 1x1 cm, with thicknesses ranging from 0.03 to 0.20 cm. Each specimen
was individually weighed using an analytical balance before swelling. The pre-weighed specimens
were then placed in suitable containers filled with toluene and allowed to swell for 72 hours at room
temperature to reach equilibrium swelling. The crosslink density was evaluated using the Flory-
Rehner equations (1) and (2):

o[-V 4V, + 27 ]

Y. (no-w)/2)]

M

4 20y
, r o ” Dryrubber / (Ie”s”.‘ Dryrubber
r= W

W
Dryrubber + {bsorbedsolvent

I)I dryrubber 1)

Solvent

2
where V. is the effective number of chains in a real network per unit volume (mol/cm?), V: is the
polymer volume fraction in the swollen network at the equilibrium, x:is the Flory-Huggins
interaction parameter for toluene in chitosan (17.92 at 25°C), and V1 is the molecular volume of the
solvent (toluene), D:W; approximately 106.3 cm? /mol.
nsity

3. Results and Discussion

3.1. Characteristics and Physical Properties of Chitosan Powder Embedded with Titanium Dioxide for
Preparing Bio-Chitosan Nanocomposite Films

Bio-composite films composed of chitosan, with and without the addition of titanium dioxide
(TiOz) nanopowder at 0, 0.5, 1.0, 2.0, and 5.0 wt% as an additive, along with gelatin powder as a
binder, exhibit a pleasing appearance, as illustrated in Figure 1 and detailed in Table 1. Formula 1
represents a pure chitosan biofilm without gelatin powder, serving as the reference film for
comparison with other formulations. It is described as transparent and visually appealing. Similarly,
Formula 6 serves as another reference film, where gelatin is added as a binder and crosslink agent to
the chitosan biofilm, also resulting in a transparent and visually appealing film.

Both Formulas 1and 6 exhibit transparency and a pleasing appearance. However, Formulas 2, 3,
4, and 5 are chitosan biofilms with different weight percentages of titanium dioxide (0.5, 1.0, 2.0, and
5.0 wt%) without gelatin, and Formulas 7, 8, 9, and 10 contain gelatin as a crosslink agent. These
formulations result in opaque films, as depicted in Figure 1d, le, 1g, 1h, 1i, and 1j. Unfortunately,
Formulas 4, 5, 9 and 10, which contained excess amounts of titanium dioxide (2.0 and 5.0 wt%,
respectively) with and without the addition of gelatin, were unable to form biofilms and displayed
undesirable properties. These formulations resulted in brittle films with cracking and segregation
issues.

All bio-chitosan composite films were characterized, and their physical properties—such as
swelling in water and ethanol, percentage of shrinkage, bulk density, and film appearance—were
measured and summarized in Table 2. Biofilms from Formulas 1 to 6 exhibited good swelling in
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water, indicating effective absorption in this solvent. Kumar, B. et al [51] reported that the swelling
index of chitosan swelling in water is 104%. However, biofilms from Formulas 7 and 8 showed
moderate swelling in water. The high content of TiOzin these samples may have influenced their
swelling behavior, as titanium dioxide (TiO2) is generally known for its water insolubility. TiO2 is a
white nanopowder with a refractive index of 2.49 and typically forms the anatase structure, a
tetragonal phase. This information is relevant to the characteristics of TiOzin the context of the bio-
chitosan composite films. All bio-chitosan composite films showed no swelling in ethanol, indicating
resistance to swelling or disintegration in this solvent. The addition of TiO:to the bio-chitosan films
resulted in a reduction in the percentage of shrinkage, suggesting that the presence of TiOz2enhanced
the dimensional stability of the films by decreasing their tendency to shrink. However, when high
amounts of TiO2 (2.0 and 5.0 wt%) were added slight tear marks were observed, implying that the
excessive TiO2 may compromise the film’s integrity, leading to structural deformation or damage.
The percentage of shrinkage was inversely proportional to the amount of TiO: added to the bio-
chitosan films, consistent with the mixture rule, as supported by the SEM results shown in Figure 2.
Bio-chitosan films from Formulas 1 and 6, used as references, exhibited clear, transparent films. In
contrast, bio-composites with added TiOz (Formulas 2, 3, 7, 8, 9, and 10) displayed visible TiO: particle
distribution within the bio-chitosan matrix. As the TiO: content increased, SEM images showed a
higher degree of TiO: distribution, consistent with the films" physical properties and appearance.
Excessive TiO: content nagatively affected dispersion, leading to brittleness and cracking,
particularly in Formulas 4 and 5. In contrast, Formulas 7 and 8 demonstrated smooth biofilm surfaces
without tears or fractures. Biocomposite films from Formulas 9 and 10 exhibited small crack,
fractures, and slight porosity on the film surface. SEM images at magnifications of 15,000 and 50,000
times revealed the adhesion and distribution of TiO2 nanoparticles within the bio-chitosan matrix,
consistent with the SEM results of TiO2 nanoparticles reported by Halawa, A.A. et al. [52].

Table 2. Characteristics and physical properties of bio-chitosan composite films, expressed as average values +

standard deviation (n = 3).

Percentage of
Film thickness Swellingin Swellingin shrinkage after Bulk density L.
Characteristics

Sample (mm) water ethyl alcohol drying (g/cm?)
(%)
Transparent, with
Formulal = o0 gor  BXeellent N Gwelling  88.25:215  148+0.32 a good
1Chi-0Gel-0Ti swelling appearance and
no tear marks
Opaque, with a
Formula 2 Excellent .
1CH-0Gel-0.5Ti 0.08 +0.02 swelling No swelling ~ 68.97 +7.99 0.86+0.15 good appearance
and no tear marks
Formula 3 Excellent Opaque, with a
1Chi-0Gel-1Ti 0.08 £ 0.01 swelling No swelling 67.60 + 3.58 0.89+£0.18 good appearance
and no tear marks
Transparent, with
Formula6 = 00 go1  Bxeellent o Gwelling 7722402 138+0.13 a good
1Chi-1Gel-0Ti swelling appearance and
no tear marks
Opaque, with a
Formula 7 Excellent .
1Chi-1Gel-0.5Ti 0.09 +0.01 swelling No swelling ~ 59.95+3.59 0.91+0.04 good appearance
and no tear marks
Opaque, with a
Formula 8 Excellent .
1Chi-1Cel-1Ti 0.09 £0.03 swelling No swelling ~ 54.17 +£9.28 0.85+0.18 good appearance
and no tear marks
Formula9 = 10 gop  Moderately (o veling 3163237 083:009  Opaquewith
1Chi-1Gel-2Ti swelling good appearance
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and minor tear

marks
Opaque, with a
Formula 10 Moderately . good appearance
1Chi-1Cel-5Ti 0.17 £ 0.01 swelling No swelling ~ 28.50 +2.35 0.90 +0.03 and minor tear

marks
Remark: Formulas 4 (1Chi-0Gel-2Ti) and 5 (1Chi-0Gel-5Ti) cannot form bio-chitosan films due to
cracking and brittleness. Formulas 1 and 6, serving as reference biofilms without the addition of nano titanium

dioxide powder, exhibit the highest percentage of shrinkage. The encoded formula xChi-yGel-zTi represents the
weights of chitosan powder (Chi), gelatin powder (Gel), and TiO: (Ti). For example, 1Chi-0Gel-0Ti means 1 gram
of chitosan powder, 0 grams of gelatin powder, and 0 wt% of TiO: (or 1 g chitosan, 0 g gelatin, and 0 wt% TiOz).
Index of chitosan swelling in water 104% [61].

a ‘ b) c
'\_.4 f |
I"J ¢ . _' ' :"','.';'-f-“ W
+3 10 nm)|

d) e f)

- e

Opaque film Opaque film
g) h )

Opagque film Opaque film

3

Note: Formulas 4 and 5 could not form biofilms due to brittleness.

Opaque film

Figure 1. Appearance of chitosan powder and bio-chitosan composite films with and without the addition of
TiO2 powder: a) Chitosan powder; b) Chitosan solution for sol-gel casting films; ¢) Formula 1 (bio-chitosan film);
d) Formula 2 (added 0.5 wt% TiOz); e) Formula 3 (added 1.0 wt% TiO2); f) Formula 6 (added gelatin powder and
0 wt% TiO2); g) Formula 7 (added gelatin powder and 0.5 wt% TiO2); h) Formula 8 (added gelatin powder and
1.0 wt% TiOz); i) Formula 9 (added gelatin powder and 2.0 wt% TiOz); and j) Formula 10 (added gelatin powder
and 5.0 wt% TiO2).
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) g1 ] h) h-1)

Figure 2. SEM micrographs of bio-chitosan composite films at magnifications of 15,000 and 50,000 times for: a
and a-1) Formula 1; b and b-1) Formula 2; ¢ and ¢-1) Formula 3; d and d-1) Formula 6; e and e-1) Formula 7; f
and f-1) Formula 8; g and g-1) Formula 9; h and h-1) Formula 10. Note: Formulas 4 and 5 could not form biofilms
due to brittleness.

The FTIR spectra of chitosan, gelatin, and bio-chitosan composite films were recorded in the
wavenumber range 500-4000 cm™? (Figure 3). The FTIR spectrum of raw chitosan showed
characteristic peaks corresponding to various chemical functional groups, including O-H (hydroxyl
groups), C-H (alkyl groups), N-H (amine groups), and C-O-C (ether linkages) at wavenumbers 3250,
2857-2922, 1585-1647, and 1063 cm, respectively. Gelatin, acting as a binder and crosslinking agent,
exhibited peaks related to different functional groups, including O-H, C-H, N-H, C-O, and C-N, at
wavenumbers 3279, 2854-2922, 1524-1629, 1403, and 1231 cm, respectively. The FTIR spectrum of
the bio-chitosan film without gelatin and TiO2 (Formula 1) displayed functional groups similar to
those of chitosan, such as O-H, -CHz, -CHs, N-H bending, and C-O-C, observed at wavenumbers
3183, 2876, 2920, 1537-1633, 1403, 1016, and 647 cm™, respectively. These findings are consistent with
previous studies by Knidri, H. El et al. [53], Laaraibi A. et al. [54], and Teli M. D. et al. [55]. In Formula
6, the bio-chitosan film displayed an additional peak around 1628 cm, corresponding to the amide I
band. Peaks around 1528 cm ! were attributed to N-H bending of the amide II bands, while peaks at
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1402 and 1240 cm? indicated C-H bending vibrations of -CH: groups. The amide III band,
encompassing C-O-C, C-N, and N-H groups, appeared at wavenumbers 1021-1068 cm!, suggesting
the formation of peptide bond interactions between chitosan and gelatin [56-58]. The FTIR spectra of
bio-chitosan films with TiO2, both with and without gelatin (Formulas 2, 3, 4, 5, 7, 8, 9, and 10),
exhibited small peaks corresponding to the Ti-O-Ti functional group. These peaks appeared at low
wavenumbers, approximately 504-523 cm? and 680 cm!, consistent with FTIR results reported by
Halawa A.A. et al. [52] and Spoiala, A. et al. [59]. When exposed to light and UV radiation, TiO:
nanoparticles incorporated into chitosan films can undergo structural changes, exhibiting behvior
similar to photocatalytic conditions that promote charges separation between O* and Ti*, producing
~O-Ti** [60]. The oxygen radicals generated from TiO: attacks C-H, C-C, C-O, C-N, and N-H bonds
within the chitosan structure, leading to regeneration, activation, and formation of Ti-O-CHs, Ti-O-
C, Ti-O=CHz, Ti-O-N, and Ti*-C bonds through photoexcitation at the film surface. The electrons are
then transported away from the Ti sites via the conduction band of TiO», reaching an intermediate
state, as confirmed by FTIR results. The chemical reaction efficiency of TiO2 bonding with chitosan
depends on factors such as particle size, particle shape, and the active sites of Ti. The proposed
reaction mechanism governing the formation of CHs-O-Ti, C-O-Ti, CH2=O-Ti, and N-O-Ti involves
both photolumination and water oxidation reactions. These observations suggest that the
combination of chitosan and gelatin results in a homogeneous, well-integrated film, as indicated by
the similar FTIR peaks present in both materials. Additionally, the incorporation of TiO: into the bio-
chitosan films leads to characteristic peaks related to Ti-O-Ti, Ti-O-CHs, Ti-O-C, Ti-O=CHz, and Ti-
O-N bonds.

The XRD peak patterns of the raw materials (chitosan, gelatin, TiO2) and the bio-chitosan
composite films, with and without gelatin and TiO2 powder, are presented in Figure 4. The XRD
pattern of the bio-chitosan film reveals a semi-crystalline structure, displaying two distinct crystalline
peaks at 26 angles of approximately 9.5° and 20°. These findings are consistent with previous XRD
results reported by Knidri, H. EL et al. [53], Kucukgulmez et al. [61] and Naghibzadeh et al. [62]. The
XRD pattern of gelatin also exhibits a semi-crystalline nature, with both amorphous and crystalline
regions. The amorphous region is represented by a broad peak around a 26 angle of 19.5°, while the
crystalline region displays a sharp peak at a 26 angle of 8.0°. These observations align with the XRD
results reported by Islam, Md A. A. et al. [63]. The XRD pattern of TiO: confirms its crystalline
structure, specifically the anatase crystal structure, in agreement with the JCPDS standard pattern no.
01-083-5914. The XRD patterns of the bio-chitosan composite films, including Formula 1 (chitosan),
Formula 2 (chitosan with 0.5 wt% TiOz), and Formula 6 (chitosan with gelatin), exhibited similar peak
positions at 26 angles of 9°, 12°, and 19°. These positions are consistent with the JCPDS no. 96-210-
1328, indicating that the biofilms are primarily composed of organic compounds such as carbon,
hydrogen, nitrogen, and oxygen. In contrast, the bio-chitosan composite films in Formulas 3, 7, 8, 9,
and 10 displayed sharp peaks at different positions corresponding to JCPDS no. 01-083-5914, with 26
angles of 10°, 25°, 39°, and 48°, respectively. These patterns suggest the presence of TiO2in these films,
indicating a crystalline structure consistent with the anatase phase.
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Figure 3. FTIR spectra of raw materials (chitosan and gelatin powder) and bio-chitosan composite films,
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measured across the wavenumber range of 500-4000 cm™'. Note: Formulas 4 and 5 could not form biofilms due

to brittleness.
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Figure 4. XRD patterns of raw materials and bio-chitosan composite films. Note: Formulas 4 and 5 could not

form biofilms due to brittleness and cracking.

A study was conducted on the wetting behavior of bio-chitosan composite films with varying
amounts of titanium dioxide (TiO2). The contact angle of water droplets on the bio-chitosan
composite films was measured at different time intervals, from to (initial time) to t2o00 (2000 ms), as
shown in Figure 5 and reported in Table 3. The contact angle serves as an indicator of wetting
behavior, influenced by the zeta potential and surface charge of TiO: particles on the biofilms.
Generally, high contact angles indicate non-wetting behavior, while low contact angles indicate
increased wettability. The study found that as the amount of TiO: in the bio-chitosan films increased,
the contact angle of water on the bio-composite films decreased. This indicates that the addition of
TiO: affects physical properties such as transparency, opacity, crystallinity, smoothness, porosity,
and hydrophilicity. These changes in wetting behavior have significant implications for applications
such as food packaging, wound dressings, cosmetics, and drug delivery, where hydrophobic or
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hydrophilic properties are critical. At to, the highest recorded contact angle was 103.98° + 6.35°, while
at too, the highest was 92.77° + 4.54°. In contrast, Formula 8 (5.0 wt% TiO2) exhibited the lowest
contact angle at to (69.72° = 6.54°) and at tao00 (40.56° + 4.17°). Additionally, the study references
previous work by Cui, Z. et al. [64], which reported that pure chitosan films typically have contact
angles ranging from 76° to 104°. This range suggests that pure chitosan films possess a hydrophobic
backbone, making them suitable for water-resistant applications such as packaging, coating, drug
release, and biofilms. The decrease in contact angle with TiOz2addition can be attributed to increased
surface roughness, crystallinity, and opacity, consistent with SEM results and findings reported by
Ling, Y. et al. [65]. This study highlights the potential for tailoring the hydrophilic/hydrophobic
properties of bio-chitosan composite films for specific applications through the incorporation of TiO-.

Table 3. Contact angle on the surface of bio-chitosan composite films, presented as average values + standard

deviation (measured three times).

Contact angle at Contact angle at Decreasing contact angle over
Sample t=0ms t=2000 ms time
(Degree, 9 (Degree, 2 (Degree/ms or %/ms)
Formula 1
1Chi-0Gel-0Ti 103.98 + 6.35 92.77 +4.54 0.58 £0.21
Formula 2
1CH-0Gel-0.5Ti 91.32+4.53 82.53 + 6.00 0.43 £0.07
Formula 3
1Chi-0Gel-1Ti 88.24 +3.63 80.08 +2.39 0.43 +£0.05
Formula 6
1Chi-1Gel-0Ti 93.34 +7.47 86.50 +4.42 0.54 £0.09
Formula 7
1Chi-1Gel-0.5Ti 80.34 +7.37 61.75 +4.55 1.44 +0.06
Formula 8
1Chi-1Gel-1Ti 79.23 £4.05 59.92 +5.68 1.47 +0.28
Formula 9
1Chi-1Gel-2Ti 73.16 +5.50 40.93 +5.17 1.48 +0.24
Formula 10 69.72 + 6.54 4056 +4.17 151 0.1

1Chi-1Gel-5Ti
Remark: Formulas 4 (1Chi-0Gel-2Ti) and 5 (1Chi-0Gel-5Ti) cannot form bio-chitosan films due to cracking and
brittleness. Formula 1 and 6, serving as reference biofilms without the addition of nano titanium dioxide powder,

exhibit the highest percentage of shrinkage. The encoded formula xChi-yGel-zTi represents the weights of
chitosan powder (Chi), gelatin powder (Gel), and TiOz2 (Ti). For example, 1Chi-0Gel-0Ti means 1 gram of chitosan
powder, 0 grams of gelatin powder, and 0 wt% of TiO2 (or 1 g chitosan, 0 g gelatin, and 0 wt% TiO2).

The crosslink density of chitosan composite films, measured in a toluene solution at 27°C, is
reported in Table 4. The study also includes calculations of the crosslink density (V.) and the volume
fraction of polymer in the swollen network at equilibrium with the pure solvent (V7), using Equations
1 and 2, respectively. According to the study, adding TiO: with gelatin to bio-chitosan films resulted
in good adhesion and increased crosslink density. This improvement is attributed to the unique
properties of TiOz2 nanoparticles, such as their small size, spherical shape, mechanical strength, UV-
light barrier properties, and thermal-optical-antimicrobial characteristics, as mentioned in reference
[66]. As the amount of TiO:2added to the bio-chitosan films increased, the crosslink density values
also rose. In contrast, pure bio-chitosan films exhibited the lowest crosslink density, reported as
2.263x102 mol/cm?. The study also discussed the percentage of shrinkage, approximately 88.25 +
2.15%, whereas Formula 8 had the lowest, reported as 28.50 + 2.35%. Overall, the study suggests that
the addition of TiOz2 nanoparticles to bio-chitosan films not only improves adhesion but also increases
crosslink density, reduced shrinkage, and decreased swelling. These findings highlight the potential
of TiO2-based composite films for various applications due to their enhanced properties.
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Figure 5. Contact angles of water droplets on bio-chitosan composite films after 2000 ms: a) Formula 1; b)
Formula 2; ¢) Formula 3; d) Formula 6; e) Formula 7; f) Formula 8; g) Formula 9; and h) formula 10. Note:

Formulas 4 and 5 could not form biofilms due to cracking and brittleness.

Table 4. Crosslink density of bio-chitosan composite films in toluene solution at 27°C.

Weight of link
Percentage of Bulk density Weight of dry e1st 0 Cross o
. . . absorbed density
Sample shrinkage of dry films films V: ”
%) (g/cm?) ) solvent x 10
(g) (Ve, mol/cm?®)
Formula 1
1Chi-0Gel-0Ti 88.25 +2.15 1.48 £0.32 0.0265+0.0025 0.0017 0.9013 2.263
Formula 2
1CH-0Gel-0.5Ti 68.97 +7.99 0.86 £0.15 0.0221+0.0020 0.0023 0.9604 4.162
Formula 3
1Chi-0Gel-1Ti 67.60+3.58 0.89+0.18  0.0256+0.0026 0.0008 0.9689 4.627
Formula 6 7722+4.02 138+013  0.0338£0.0018 0.0010 0.9550 3.912

1Chi-1Gel-0Ti
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Formula 7 50.95+359 0.91+0.04 0.0484+0.0072 0.0018 0.9624 4262
1Chi-1Gel-05Ti  ° >+~ S0 VA0S, : : :

Formula 8

ohgo 54174928 085018 0.0421:0.0059 0.0013 0.9706 4735
Formula 9

ChidGeo;  31:63%237 083009  0.0761:0.0139 0.0005 0.9938 7.677
Formulad0 = 0 o) 535 0004003  0.061140.0032 0.0006 0.9899 6.758

1Chi-1Gel-5Ti
Remark: Formulas 4 (1Chi-0Gel-2Ti) and 5 (1Chi-0Gel-5Ti) cannot form a bio-chitosan film due to cracking and
brittleness. Formulas 9 and 10 have high crosslink density and are prone to cracking due to the excessive addition

of nano titanium dioxide. The encoded formula xChi-yGel-zTi represents the weights of chitosan powder (Chi),
gelatin powder (Gel), and TiO: (Ti). For example, 1Chi-0Gel-0Ti means 1 gram of chitosan powder, 0 grams of
gelatin powder, and 0 wt% of TiOz (or 1 g chitosan, 0 g gelatin, and 0 wt% TiOz). Crosslink density measurement
was determined using the toluene-swelling method at room temperature (ASTM D-6814-02). The samples were
cut into squares (1 cm wide, 3-5 mm thick). The weight of the specimens was recorded before and after swelling

for 72 hours in toluene. Crosslink density was calculated using the Flory-Rehner equations (1) and (2): V, =

—[In(1-Vy)+ Vptx, V2 W dry fitm/Aensity ary it
[ rl 73 ; ekl 1) V} =w Y .fl T ry film (2) where V. is the effective number of chains
[Vl(Vr __r)] dry fitm , Wabsorbed solvent
z Ddry film Dsotvent

in the real network per unit volume (mol/cm?®), V+ is the volume fraction of polymer in the swollen network in
equilibrium with pure solvent (dimensionless), x1 is the Flory-Huggins interaction parameter for the polymer-
solvent interaction (17.92 for toluene in chitosan at 25°C), the density of toluene is 0.8670 g/cm?, and Vi is the
molecular volume of the solvent (toluene 106.3 cm®/mol). Highlight (Formulas 1 and 6) indicates the reference

biofilm samples without adding nano titanium dioxide powder to form bio-chitosan composite films.

3.2. Mechanical, Optical, and Electrical Properties of Bio-chitosan Composite Films

The mechanical properties of bio-chitosan films, including maximum load, tensile strength, and
Young’s modulus, were measured and are presented in Figures 6 and 7. The results suggest that the
addition of TiO: nanoparticles to the bio-chitosan films improves these mechanical properties
compared to pure bio-chitosan films. This observation is consistent with other measured physical
properties, such as nanostructure, SEM results, contact angle, crosslink density, and percentage of
shrinkage. These findings align with those reported by Zhang, X. et al. [67] and Vilela, C. et al. [68],
supporting the conclusion that TiO2 nanoparticles enhance the mechanical properties of chitosan
films. The incorporation of TiO: nanoparticles into bio-chitosan films positively affects their
mechanical performance, as evidenced by the measured physical properties and supported by related
studies. This suggests that TiO>-based composite films have the potential to exhibit superior
mechanical properties compared to pure bio-chitosan films, making them suitable for various
applications. Formula 8 exhibited the highest tensile strength, at 0.43 MPa, while Formula 1 showed
the lowest tensile strength, at 0.10 MPa. However, excessive amounts of TiO: can lead to brittleness
and cracking due to nanoparticle agglomeration and segregation.

The optical properties of bio-chitosan composite films, with and without the addition of TiO,
were measured and are presented in Figure 8. Formulas 1 and 6, which are biofilms without TiO,
exhibited high UV transmittance, reaching 90% in the wavelength range of 200-1000 nm. However,
the addition of TiO2 nanoparticles to the biofilms drastically reduced UV transmittance to less than
1.0%. This reduction is attributed to the efficient UV light absorption properties of TiO2 nanoparticles.
The incorporation of TiO2 nanoparticles makes bio-chitosan composite films suitable for a wide range
of applications, including cosmetics, biomedical products, food packaging, drug delivery,
agricultural crop packaging (smart packaging), environmental products, photoactivated films,
photocatalysts, and UV protection. Additionally, the presence of TiO: nanoparticles provides
antibacterial benefits through chemical mechanisms activated by UV light. This makes these films
useful in medical and dental products, as well as surgical instruments, to maintain sterility and
inhibit bacterial growth, as noted in reference [68]. Overall, the addition of TiO2 nanoparticles to bio-
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chitosan composite films significantly reduces UV transmittance, enhancing their suitability for
applications requiring UV protection, photocatalytic properties, and antibacterial effects under UV
exposure.
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Figure 6. Mechanical properties of bio-chitosan composite films: a) Maximum tensile load; and b) Tensile
strength. Values are presented as average + standard deviation (S.D.) Note: Formulas 4 and 5 could not form

biofilms due to cracking and brittleness.
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Figure 7. Tensile Young’s modulus of bio-chitosan composite films, presented as average + S.D. Note: Formulas

4, 5,9, and 10 could not form biofilms or be measured due to cracking and brittleness.
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Figure 8. UV transmisstance through bio-chitosan composite films: a) High transmittance values; b) Low

transmittance values. Note: Formulas 4 and 5 could not form biofilms due to cracking and brittleness.

The electrical properties of bio-chitosan composite films—specifically capacitance, dielectric
constant, electroactive response, and bending properties—are depicted in Figures 9 and 10 and
reported in Tables 5 and 6, respectively. The capacitance and dielectric constant of bio-chitosan
composite films with added TiO: slightly decrease with increasing frequency. This can be attributed
to the polarization of Ti* and O charges on the surface of the composite films, as illustrated in
Scheme 3. These results are consistent with those reported by Gaabour, L.H. [69]. As the amount of
TiOzin the bio-chitosan films increases, the capacitance and dielectric constant also increase. TiOzhas
reported capacitance values of approximately 90 F [70], 392 F [71], and 810 F [72], while chitosan
exhibits a high capacitance value of approximately 542.63 F, as reported by Anandhavelu, S. [70]. The
addition of TiO2 modifies the optical, mechanical, antimicrobial, and electrical properties of bio-
chitosan films, following the rule of mixtures [73,74]. Furthermore, the polarization of Ti* and O*
charges on the film surface enhances the electromechanical response of the composite films. When
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subjected to an electric field strength ranging from 0 to 550 V/mm at room temperature (27°C), the
films exhibit a higher electromechanical response than bio-chitosan films without TiOz, as shown in
Figure 10 and detailed in Table 6. This effect becomes more pronounced with higher TiO: content,
resulting in a reduction of the required electric field strength by approximately four orders of
magnitude compared to pure bio-chitosan films. This indicates that the addition of TiO2 enhances the
electromechanical response of bio-chitosan composite films under an electric field.

Table 5. Electrical properties and dielectric constant of bio-chitosan composite films measured at 27°C (n =3;

average + standard deviation) and at 500 Hz.

Sample Capacitance . .
x 1010 (F) Dielectric constant
Formula 1
1Chi-0Gel-0Ti 0.029 +0.062 1.54+0.22
Formula 2 0.033 +0.095 1.58 +0.54
1CH-0Gel-0.5Ti ’ - -0 £ U.
Formula 3
1Chi-0Gel-1Ti 0.284 % 0.011 3.33%0.13
Formula 6 0.129 +0.015 1.69 +0.17
1Chi-1Gel-0Ti ’ - 07 V.
Formula 7 0.197 +0.039 1.80 +0.07
1Chi-1Gel-0.5Ti ’ - -OU L U.
Formula 8
1Chi-1Gel-1Ti 1.550 = 0.150 8.10 £ 0.73
Formula 9 0.090 + 0.005 1.64+0.27
1Chi-1Gel-2Ti ’ - Oz x U
Formula 10 0.043 +0.003 2.01+0.70

1Chi-1Gel-5Ti
Remark: Formulas 4 (1Chi-0Gel-2Ti) and 5 (1Chi-0Gel-5Ti) cannot form a bio-chitosan film due to cracking and
brittleness; hence, they cannot be used to measure electrical properties. Formulas 9 and 10, on the other hand,

have high crosslink density and are prone to cracking due to the excessive addition of nano titanium dioxide.
The encoded formula xChi-yGel-zTi represents the weights of chitosan powder (Chi), gelatin powder (Gel), and
TiO2 (Ti). For example, 1Chi-0Gel-0Ti means 1 gram of chitosan powder, 0 grams of gelatin powder, and 0 wt%
of TiOz (or 1 g chitosan, 0 g gelatin, and 0 wt% TiOz).

Table 6. Electromechanical response properties of bio-chitosan composite films measured at 27°C (n =3; average

+ standard deviation) under an applied electric field strength ranging from 0 to 550 V/mm.

Formula  Formula Formula  Formula Formula Formula Formula Formula
1 2 3 6 7 8 9 10
1Chi-0Gel- 1CH-0Gel- 1Chi-0Gel- 1Chi-1Gel- 1Chi-1Gel- 1Chi-1Gel- 1Chi-1Gel- 1Chi-1Gel-
0Ti 0.5Ti 1Ti (Degree, 0Ti 0.5Ti 1Ti 2Ti 5Ti
(Degree, °) (Degree, °) °) (Degree, °) (Degree, °) (Degree, °) (Degree, °) (Degree, °)
0 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00=+0.00
25 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+£0.00 0.00+0.00 0.00+0.00 0.00<+0.00
50 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 3.31+0.17 0.00+0.00 0.00+0.00
100 0.00+0.00 3.37+1.04 5.92+0.22 0.00+0.00 4.64+0.98 4.61+258 4.65+0.85 5.23+1.76
150 264+033 460+1.65 9.07+0.89 3.65+0.01 6.70+1.74 497+0.65 5.16+0.33 5.64+3.33
200 4.02+1.65 557+150 10.44+0.73 4.23+0.76 9.00+1.56 32.25+356 6.21+1.65 6.42+3.65
250 403+1.00 722+230 18.96+3.83 4.62+0.83 17.85+2.58 61.4846.97 6.40+1.00 6.50+2.00
300 417+1.89 925+3.12 43.67+4.39 4.82+0.65 38.87+3.01 68.58+7.36 42.07+0.89 8.17+1.89
350 491+041 11.3743.71 54.63+4.16 525+0.01 59.06+3.91 72.81+5.57 50.09+2.10 10.29+2.41
400 528 +3.35 13.59+4.97 58.15+1.72 8.07+0.89 64.77+4.98 73.72+5.27 52.54+0.35 14.84+5.35
450 8.70+4.52 17.91+3.93 159.34+1.50 9.49+0.41 67.62+4.37 78.02+£2.56 56.70+5.52 19.70+7.52
500 13.58+3.51 65.88+5.02 62.61+2.23 13.8442.35 70.05+2.18 79.48+3.28 59.34+0.51 26.58+6.51
550 22.03+5.34 68.35+2.33 64.04+2.46 23.81+4.51 70.03+1.53 81.29+0.75 60.05+0.30 34.03+7.34

Electric
field
strength
(V/m)
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Remark: Formulas 4 (1Chi-0Gel-2Ti) and 5 (1Chi-0Gel-5Ti) cannot form a bio-chitosan film due to cracking and
brittleness; consequently, they cannot be used to measure electrical properties. Formulas 9 and 10 exhibit a
low electromechanical response attributed to their brittleness and tendency to crack. The encoded
formula xChi-yGel-zTi represents the weights of chitosan powder (Chi), gelatin powder (Gel), and
TiOz (Ti). For example, 1Chi-0Gel-0Ti means 1 gram of chitosan powder, 0 grams of gelatin powder,
and 0 wt% of TiO2 (or 1 g chitosan, 0 g gelatin, and 0 wt% TiO).
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Figure 9. Electrical properties of bio-chitosan composite films: a) Capacitance vs. frequency; and b) Dielectric

constant vs. frequency. Note: Formulas 4 and 5 could not form biofilms due to cracking and brittleness.
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Figure 10. Electromechanical response of Formulas 1, 2, 3, 6, 7, and 8 in bio-chitosan composite films, measured
from 0 V/mm to 550 V/mm: a) at 0 V/mm and b) at the onset of electromechanical response. Note: Formulas 4, 5,

9, and 10 did not exhibit an electroactive response due to excess TiOz, causing brittleness and cracking.

The electromechanical response at electric field strengths ranging from 0 to 550 V/mm varies
among different formulations. Formulas 1 and 6, without and with gelatin respectively, showed the
lowest electromechanical responses— 22.03° + 5.34° and 23.81° + 4.51° at 550 V/mm, respectively. In
contrast, Formulas 2, 3, 7, and 8, which contain TiO: nanopowder, exhibited significant
electromechanical responses, with bending angles of 68.35° + 2.33°, 64.04° + 2.46°, 70.03° + 1.53°, and
81.29° +0.75° at electric field strengths of 550, 500, 350, and 250 V/mm, respectively. Notably, Formula
8, with a high TiO:z content, demonstrated the best electromechanical response at a low electric field
strength of 250 V/mm, with a bending angle of 61.48° + 6.97°. In summary, the addition of TiO2
nanoparticles to bio-chitosan composite films significantly influences their electrical properties,
including capacitance, dielectric constant, and electromechanical response. The results demonstrate
the potential for tailoring and enhancing the optical absorption, mechanical strength, antimicrobial
activity, and electrical characteristics of bio-chitosan films for a wide range of applications.
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4. Conclusions

The integration of titanium dioxide into chitosan powder has been shown to impart desirable
characteristics and physical properties to the resulting bio-chitosan nanocomposite films. A
comprehensive analysis of their morphological, structural, and mechanical aspects provides a solid
foundation for understanding the potential applications of these advanced materials. The findings
contribute to ongoing research in the development of sustainable, high-performance biomaterials for
diverse industrial and biomedical purposes. Biochitosan composite films can be prepared by
incorporating chitosan with gelatin and titanium dioxide nanoparticles. These films exhibit favorable
physical, mechanical, optical, and electrical properties. They have an aesthetically pleasing
appearance, show minimal tear marks, demonstrate improved wetting behavior, and display a low
percentage of shrinkage. The biocomposite films also possess a high crosslink density, excellent UV
absorption, and enhanced tensile strength and Young’s modulus. However, it should be noted that
adding excessive amounts of TiO:z can be detrimental. The intercalation of TiO2 nanoparticles within
the chitosan matrix can lead to agglomeration, resulting in increased hardness, brittleness, and slight
tear marks. Nonetheless, one advantage of incorporating Ti* and O* charge polarization is improved
resistance to deformation, ensuring good electrical stability and a low electromechanical response
under an electric field. Based on the results obtained, bio-chitosan composite films are suitable for
various applications, including as biocomposite films or coating in the food, medical, pharmaceutical,
agricultural, and petrochemical packaging industries. Additionally, the antimicrobial properties of
TiO2 can help protect against microbial growth in the environment, owing to the photocatalytic
behavior of titanium dioxide, particularly under ultraviolet (UV) irradiation at both UV-A and UV-B
wavelengths.
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