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Keywords Abstract

Titanium dioxide, This study aimed to create a novel biodegradable film by

Sargassum tenerrimum, incorporating biosynthesized titanium dioxide (TiO3)

Nanocomposite, ] . . . ]

Fucoidan nanoparticles into a zein/fucoidan matrix for food
packaging applications. TiO, nanoparticles were
synthesized using Sargassum tenerrimum extract and
confirmed using UV-Vis spectroscopy and dynamic light
scattering (DLS). The antioxidant activity was assessed by

Article info DPPH assay, showing an ICs, value of 0.347 mg/mL. The
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mechanical properties. Zein films exhibited the highest

values for solubility, elongation at break, oxygen

permeability, and tensile strength, whereas the lowest

values were recorded for the Zein + 5% Fucoidan + 2.5%
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This article is an open access article results confirmed interplays between TiO, nanoparticles
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Attribution  (CC ~ BY) license nanocomposite matrix. The study acknowledges that
(https://creativecommons.org/license . i i
s/by/4.0/). further investigations are needed to assess long-term

storage stability and performance in real food systems.
This study introduces a novel bioactive nanocomposite
film with enhanced barrier and mechanical properties,
distinguishing it from conventional biodegradable films.
The Zein + 5% Fucoidan + 2.5% TiO, nanocomposite was
identified to have the optimal formulation, demonstrating
superior performance and having potential for application
in food preservation.
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Introduction

The expanding concerns about the
environment are due to plastic damage and
the growing demand for safe, sustainable
food packaging, and have driven extensive
research into biodegradable and bioactive
films. Among various biopolymers, zein—
a hydrophobic protein derived from corn—
has attracted attention because of its great
ability in forming films, water vapor barrier
features, and UV resistance, making it
suitable for packaging moisture-sensitive
foods (Dukuzeyesu et al., 2020). However,
pure zein films are often brittle and lack
sufficient antimicrobial activity, which
limits their real usages within the food
industry (Qu et al., 2019). To manage these
impediments, analysts have investigated
the incorporation of bioactive
polysaccharides like fucoidan, a sulfated
polysaccharide extracted from brown algae,
into protein-based matrices. Fucoidan is
recognized for its potent antioxidant and
antimicrobial features, attributed to its high
sulfate quantity and radical scavenging
capacity. Incorporating fucoidan into edible
films not only enhances their flexibility and
mechanical strength but also imparts
bioactive functionalities that can inhibit
microbial growth and oxidative degradation
on food surfaces. For instance,
gelatin/fucoidan films have demonstrated
improved thermal stability, antioxidant
activity, and antibacterial properties,
supporting their application as bioactive
edible films in food packaging (Pouralkhas
et al., 2023). Similarly, zein/fucoidan
nanoliposome systems have shown superior
encapsulation efficiency, physicochemical
stability, and enhanced antioxidant activity,
further validating the potential of fucoidan

in functional packaging frameworks (Chen
et al., 2024). Thus, the present paper aims
to fabricate and characterize a novel
zein/fucoidan nanocomposite film
incorporated with green-synthesized TiO:
nanoparticles.

In addition to biopolymer blending, the
integration of inorganic nanoparticles such
as titanium dioxide (TiO2) has emerged as a
promising approach to further enhance the
physicochemical and antimicrobial
properties of edible films. TiO: is well-
known for its photocatalytic properties.
Under UV irradiation, they generate
reactive oxygen species (ROS), which are
highly effective in inactivating a wide range
of bacteria (Li ef al., 2025). Adding nano-
TiO: to biopolymer films such as
PVA/cellulose

nanocrystals significantly ~ improves

zein/chitosan or

mechanical potency, water vapor and UV
barrier properties, and antibacterial activity,
confirming its value in active packaging
(Qu et al., 2019; Nguyen and Lee, 2022).
Notably,  highly  dispersible  TiO:
nanoparticles have been shown to increase
the tensile strength and thermal stability of
zein-based  films, while  providing
important antibacterial impacts against both
Gram-negative and Gram-positive
bacteria—especially under UV light (Qu et
al., 2019). Despite these advances, the
specific combination of zein and fucoidan
with TiO: nanoparticles remains largely
unexplored. While several investigations
have studied the impacts of TiO2 on the
properties of protein- or polysaccharide-
based films, and others have examined the
bioactivity of fucoidan-containing films,
there is a clear research gap regarding the
synergistic effects of all three components
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in a single nanocomposite system (Chen et
al., 2024). No reports have systematically
zein/fucoidan/TiO-
nanocomposite films for their structural,

evaluated

antioxidant, and antimicrobial performance
in food packaging applications. We
hypothesize that the synergistic
combination of hydrophobic zein, bioactive
fucoidan, and photocatalytic TiO. will
enhance  the film’s  UV-blocking,
antimicrobial, and mechanical properties,
offering a sustainable and multifunctional

solution for dynamic food packaging.

Materials and methods

Materials

Sargassum tenerrimum (brown algae) was
collected from the shores of the Persian
Gulf and authenticated by a marine botanist
at the Herbarium of the Faculty of Science,
University of Tehran, Iran. Corn flour was
sourced from Gulha Food Industry, Iran.
All  laboratory chemicals, including
analytical-grade ethanol, acetone, calcium
chloride, and other reagents, were bought
from Merck, Germany, and there was no
further purification of the chemicals when
used.

Preparation of fucoidan from Sargassum
tenerrimum algae

To extract fucoidan, the collected algae
were thoroughly washed using distilled
water in order to clear sediments and
foreign materials. The cleaned algae were
shade-dried at ambient temperature
(25£2°C) for 48 h and subsequently
powdered using an electric mill. A total of
20 g of dry algal powder was suspended in
200 mL of 80% (v/v) ethanol and stirred for
2 h magnetically at 300 xg at room

temperature (25+2°C) to clear pigments
and proteins. The suspension was then
filtered, and the residue was washed with
acetone and centrifuged at 5000 xg at 4°C
for 10 min. The dried algae were extracted
with distilled water at a ratio of 1:20 (w/v)
for 2 h at 65°C with continuous shaking at
200 xg and centrifuged at 5000 xg at 4°C
for 10 min. The supernatant was collected,
concentrated under decreased pressure
using a rotary evaporator at 40°C, and
mixed with the same amount of 1% (w/v)
calcium chloride solution. The combination
was incubated overnight at 4°C to
precipitate alginate. After centrifugation at
5000 xg for 10 min, the supernatant was
treated with 30% (v/v) ethanol and stored
overnight at 4°C. To precipitate fucoidan,
the supernatant was further mixed with
70% (v/v) ethanol and incubated overnight
at 4°C, then centrifuged for 10 min at 5000
xg. Sequentially, we used ethanol and
acetone to wash the precipitated fucoidan
and dried it at room temperature
(Govindaswamy et al., 2018).

Preparing zein

To extract zein, 50 g of dried corn flour was
suspended in 500 mL of 70% (v/v)
preheated ethanol solution (60°C) and
stirred magnetically at 300 xg in an
Erlenmeyer flask equipped with a cold-
water condenser to minimize ethanol loss.
The extraction was carried out for 2 h in a
water vapor bath. The mixture was
centrifuged at 5000 xg for 10 min and the
supernatant was collected. The ethanol was
removed from the supernatant using a
rotary evaporator at 40°C, and the zein was
dried under vacuum and stored at 4°C
(Shukla et al., 2000).
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Biosynthesis of titanium dioxide (TiO:)
nanoparticles from Sargassum tenerrimum
extract

Preparation of Algal Extract: Algal cultures
were centrifuged for 10 min at 2500 xg to
obtain algal biomass. We washed the
biomass twice with distilled water and then
dried it for 24 h in a 60°C oven. One gram
of dried algal powder was boiled at 100°C
in 10 mL of double-distilled water for 15
min in a 100 ml Erlenmeyer flask. The
extract was filtered through Whatman No.
1 filter paper and cooled to room
temperature. Biosynthesis Reaction: For
the biosynthesis of TiO: nanoparticles, 10
mL of the algal extract was combined with
90 mL of 1 mM titanium(IV) oxysulfate
solution (prepared by dissolving TiOSOa4 in
distilled water and modifying the pH to 2.0
with 1 M HCI). The combination was
stirred magnetically at 300 xg and
maintained at 80°C for 4 h under reflux
conditions. We monitored the pH of the
reaction mixture and maintained it at 2.0
throughout the synthesis. The color change
from pallid yellow to white displayed the
formation of TiO: nanoparticles. The
mixture was then left to cool to room
temperature and centrifuged for 15 min at
10,000 xg to collect the nanoparticle
precipitate. We washed the precipitate 3
times with distilled water and 2 times with
ethanol to remove unreacted materials and
dried it in an oven for 12 h at 80°C.
Eventually, we calcined the dried powder in
an electric furnace for 2 h at 400 °C to
obtain crystalline TiO. nanoparticles
(Vasanth et al., 2022; Alarif et al., 2023).

Characterization of TiO: nanoparticles
Visible-ultraviolet (UV-Vis) spectroscopy
The optical properties of the synthesized
TiO: nanoparticles were studied using a
Shimadzu UV-2600 spectrophotometer
(Japan), which was calibrated using a blank
cuvette with distilled water before each
measurement. After the reaction mixture
color changed to white, the absorption
spectrum was recorded in the range of 200—
800 nm at room temperature, with a scan
speed of 400 nm/min and a spectral
bandwidth of 1 nm. Every sample was
analyzed in triplicate (n=3), and the mean
value was reported (Rathod and Waghuley,
2015).

Zeta potential analysis and dynamic light
scattering (DLS)

The hydrodynamic diameter and zeta
potential of the colloidal TiO2 nanoparticles
were assessed by applying a Malvern
Zetasizer Nano ZS (Malvern Instruments,
U K), calibrated with polystyrene latex
standards (100 nm, Malvern). We diluted
the samples to 0.1 mg/mL with deionized
water and sonicated them for 10 min before
measurement. Each  measurement  was
carried out 3 times (n=3), and the mean
value was noted (Ragheb et al., 2017).

Antioxidant activity assessment via DPPH
free radical scavenging

The antioxidant activity of biosynthesized
Ti0O:2 nanoparticles was evaluated using the
DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical scavenging assay. A 0.1 mL sample
was mixed with 3.9 mL of DPPH
methanolic solution (0.025 g/100 mL) and
incubated in the dark at room temperature
for 60 min. Absorbance at 515 nm was
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measured using a UV-Vis
spectrophotometer (UV-1800, Shimadzu,
Japan). Quercetin served as the positive
control, and methanol was used as the
blank. DPPH radical scavenging (%) was
calculated using the following formula
(Eq. 1):

% Inhibition=100%(A¢—A) / Ao

Where, Ao is the absorbance of the control
and A is the absorbance of the sample at

515 nm (Lafka et al., 2011).

Preparation of zein/fucoidan
nanocomposite containing TiO:
nanoparticles

Under constant stirring for 15 min at 300 xg
at room temperature (25+£2°C), zein (4%
w/v) was dissolved in distilled water. Then
we added glycerol as a plasticizer at 30%
(w/w) of zein and stirred for an additional
10 min. Fucoidan was added at
concentrations of 0%, 2.5%, and 5% (w/v)
relative to the total solution volume. After
that, we homogenized the composite
solutions for 30 min, applying a high-speed
magnetic stirrer (IKA, Germany) at 500
xg. Ti02 nanoparticles were incorporated at
an ultimate concentration of 0.5% (w/v)
and dispersed by ultrasonication (Sonics
Vibra-Cell, USA) at 20 kHz for 10
min. The resulting mixtures (15 mL each)
were cast into circular plastic plates
(diameter: 9 cm) and dried for 24 h at 25°C.
We peeled the films that were dried
manually and stored them in a desiccator
with 50% relative humidity at 25°C until
subsequent analysis. All film formulations
were prepared in triplicate (n=3). The
treatments studied are summarized in Table
1.

Table 1: The treatments studied in the present

study.
Treatment Treatment description
code
Ze Zein film

Ze/2.5 Fu Zein/Fucoidan (2.5%) composite
Zein/Fucoidan (5 %) composite

Zel5 Fu Zein/Fucoidan (2.5%)
Zel2SFul o nocomposite containing 2.5%
2.5TiO; P T

TiO»

Characterization of zein/fucoidan/TiO:
nanocomposite films

Thickness measurement

Applying a digital micrometer (Mitutoyo,
Japan) with an accuracy of 0.001 mm, the
film thickness was measured. Three
measurements were taken at different
locations on each film, and the mean value
was used for subsequent
calculations (Alizadeh-Sani ef al., 2021).

Solubility

We specified film solubility by placing pre-
weighed film samples (2 cmx2 cm, initial
dry weight) in a desiccator with calcium
chloride (0% relative humidity) for 24 h,
followed by immersion in 100 mL
deionized water for 24 h at room
temperature. Samples were gently agitated
for 10 min every 4 h. Next, the undissolved
film fragments were filtered, dried at 30°C
to a constant weight, and subsequently
weighed. The solubility (%) was then
calculated using the following formula
(Maizura et al., 2008):

% solubility = (initial film dry weight - final
film dry weight) / (initial film dry weight)
x 100
Every measurement was done three times
(n=3).
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Water vapor permeability (WVP)

We measured water vapor permeability
according to ASTM E96 and sealed glass
vials (diameter: 2 cm) containing 3 g
anhydrous calcium chloride with the film
samples and put them in a desiccator with
55% relative humidity (magnesium nitrate
saturated solution) at 25°C then, we
weighed the vials at 2-hour intervals for 24
h using a digital balance (accuracy: 0.0001
g). The gradient of the weight gain is in
contrast with the time curve and was used
to compute the WVTR, i.e, water vapor
transmission rate and WVP was computed

as.
WVTRXX
PX AR

Water vapor permeability =

WVTR: Water vapor penetration rate in
g/m?; X: film thickness in meters; P: pure
water vapor pressure at °C 25 in pascals;
AR: humidity discrepancy between in and
out of the vial in percentage. All tests were
performed in triplicate (n=3)

Oxygen permeability

Oxygen Permeability was measured based
on ASTM D3985-05. Films (area: 5 cm?)
were mounted in diffusion cells at 25°C and
50% relative  humidity. Oxygen
permeability coefficients were determined
using a coulometric sensor (Mocon Ox-
Tran 2/21, USA) with 21% oxygen as the
test gas and H2/N2 as the -carrier
gas. Steady-state ~ measurements ~ were
recorded, and permeability coefficients
were  calculated  considering  film
thickness. Each sample was tested in
triplicate (ASTM, 2002).

Mechanical properties

Mechanical properties were assessed by a
texture analyzer (Stable Micro Systems
TA.XTplus, UK) equipped with a 1 kN load
cell. At a crosshead speed of 50 mm/min,
we tested the film strips (150%50 mm).
There were five replicates tested for each
film type (n=5). Then we computed
elongation at break (%) and tensile strength
(MPa) based on ASTM D882-08
(ASTM, 2002).

Antibacterial activity of TiO: nanoparticle-
containing composites

Preparation of bacterial inoculum
Aeromonas  hydrophila, Pseudomonas
aeruginosa, Yersinia enterocolitica, and
Vibrio cholerae strains were obtained from
the Iranian Biological Resource Center and
cultured on brain heart infusion (BHI) agar
at 35+2°C. Bacterial suspensions were
prepared by adjusting the optical density at
600 nm to 0.1 (almost 1x107 CFU/mL)
using a Milton Ray spectrophotometer
(USA), which was calibrated with a
standard blank before use. The
concentration of the cell was confirmed
through plate counting on nutrient agar.

Disk diffusion assay

100 pl of bacterial suspension was
inoculated onto the Mueller-Hinton agar
plates and spread evenly. Composite film
disks (diameter: 10 mm, thickness: 0.1 mm)
were sterilized by UV irradiation for 30 min
and placed at the center of each plate. For
24 hat 37°C, plates were incubated. We
measured the diameter of the inhibition
zone by applying a digital calliper
(accuracy: 0.01 mm) and analysed it with
Image] software (version 1.46r). A
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standard antibiotic disk (gentamicin, 10 pg)
was applied as a positive control. Every
assay was performed three times (n=3)
(Rezaeigolestani et al., 2017).

Fourier transform infrared spectroscopy
(FTIR)

A Bruker Tensor 27 FTIR spectrometer
(Germany) equipped with a ZnSe ATR cell
was used to record FTIR spectra. The
milled composite samples were placed
straight on the ATR crystal, and spectra
were obtained within the range of 4000—
400 cm™, utilizing a resolution of 4 cm™,
and averaging 64 scans for each
sample. Instrument calibration was
performed wusing a polystyrene film
standard (Jiang et al., 2020). Every
measurement was carried out three times
(n=3).

Scanning electron microscopy (SEM)

We analyzed the morphology and
elemental composition of the films by
applying a Tescan Vega3 SEM (Czech
Republic) operated at 15 kV. Samples (2x2
cm) were fixed in 2.5% glutaraldehyde for
2 h, rinsed with acetonitrile, air-dried, and
sputter-coated with a 10 nm gold layer
(Quorum Q150R ES, UK). Calibration was
performed wusing a  copper  grid
standard (Tongnuanchan et al., 2012).

Differential scanning calorimetry (DSC)

We analyzed thermal properties by
applying a Mettler Toledo DSC
3+(Switzerland). Almost 4 mg of every
sample was sealed in an aluminium pan and
heated from 0 to 200°C at a rate of
10°C/min in a nitrogen atmosphere (flow
rate: 50 mL/min). We  performed
instrument calibration using indium and

zinc standards. Tg, i.e., the glass transition
temperature, was specified from the
inflection point of the heat flow curve
(Abdollahi et al., 2013). Every
measurement was done three times (n=3).
Analysis of the statistics

All experimental data are presented as
mean + standard deviation (SD) based on a
minimum of 3 independent replicates
(n=3), except for mechanical testing, where
five replicates (n=5) were used. Statistical
analyses were performed utilizing SPSS
version 26.0 (IBM, USA). To compare
means among various treatments, ANOVA,
i.e., one-way analysis of variance, was
applied. The assumptions of normality and
homogeneity of variances were assessed
using the Shapiro-Wilk test and Levene’s
test, respectively, before performing
ANOVA. When significant differences
were discovered (p<0.05), means were
distinguished through Duncan’s multiple
range test. A considerable level of p<0.05
was considered for all statistical tests.

Results

UV—vis  spectroscopy  analysis  of
biosynthesized TiO: nanoparticles

The UV—Vis absorption spectrum of TiO:
nanoparticles biosynthesized using
Sargassum tenerrimum extract (I mM)
showed a distinct SPR, i.e., surface
plasmon resonance band in the limit of
383+1.5 nm (Fig. 1), which is consistent
with the typical absorption range reported
for TiO2 nanoparticles (380—400 nm). This
absorption confirms the successful
formation of TiO2 nanoparticles using the
algae extract.
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Biosynthesized TiO: nanoparticles particle
size distribution

The dispersion of the biosynthesized TiO:
nanoparticles, according to the particle size,
was determined using DLS, i.e., the
dynamic light scattering technique (Table
2; Fig. 2). The results showed a relatively

1
;:‘ 0.9
s 0.8
£ 0.7
£ 0.6
| .
n
2 .
<« 0.3
0.2
0.1
0
100 300

uniform size distribution, indicating the
homogeneity of the  nanoparticles
produced. This uniformity contributes to
the stability and potential functionality of
the nanoparticles for various applications.

500 700

Wave lengh (nm)

Figure 1: UV-Vis absorption spectrum of TiO: nanoparticles biosynthesized using Sargassum tenerrimum
extract (1 mM titanium(IV) oxysulfate, pH 2.0, 80°C, 4 h). The surface plasmon resonance (SPR)
peak at 383 + 1.5 nm confirms nanoparticle formation. Measurements were performed in
triplicate (n=3) using a Shimadzu UV-2600 spectrophotometer (200-800 nm, scan speed 400

nm/min).
Table 2: Results of particle size distribution by DLS method.
. . Amount

Particle size (nm) (%)
Peak (1) 21.06 0.2
Peak (2) 24.36 43
Peak (3) 28.21 86.6
Peak (4) 32.67 7.8
Peak (5) 37.84 1.1

.
=

Volume (%)
[l [
= =

[y
=

100 1000

Size (d.nm)

Figure 2: Particle size distribution of biosynthesized TiO: nanoparticles determined by dynamic light
scattering (DLS) using a Malvern Zetasizer Nano ZS. Samples were diluted to 0.1 mg/mL and
sonicated for 10 min before measurement. The narrow distribution indicates high uniformity.
Data represent the mean of three replicates (n=3).
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Antioxidant activity

The antioxidant potential of green-
synthesized TiO: nanoparticles using
Sargassum tenerrimum was assessed via
the DPPH radical scavenging assay. The
nanoparticles exhibited a moderate
antioxidant activity, with an ICso value of
0.347mg/mL. This suggests that the
synthesized nanoparticles possess effective
free radical scavenging capability,
potentially suitable for active packaging
applications.
Physicochemical and mechanical
properties of film samples

Thickness

No significant difference was observed in

the thickness among the film formulations
(»>0.05) (Table 3).

Water solubility

The highest water solubility was observed
in the Ze sample, while the lowest was
recorded in Ze/5Fu/2.5TiO2 (p<0.05)
(Table 3).

Water vapor permeability

Ze films showed the highest WVP, whereas
Ze/5Fu/2.5Ti0: exhibited the lowest value
(p<0.05) (Table 3).

Oxygen permeability

The Oxygen Permeability was significantly
higher in Ze films and lowest in
Ze/5Fu/2.5Ti0:2 (p<0.05) (Table 3).

Table 3: The results of thickness, solubility, and permeability to oxygen and water in the film samples.

Solubility in Water =~ Permeability to  Permeability to Water

[ Downloaded from jifro.ir on 2026-07-12 ]

Sample Thickness (mm) (%) Oxygen (meq/kgO2) Vapor (g:s'"Pa”’-m™)
Ze 0.155+0.01 a 2.05+0.10a 441+0.07a 0.99+0.01 a
Ze/2.5 Fu 0.155+0.01 a 1.77£0.03 b 430+0.10a 0.94+0.00b
Ze/S Fu 0.157+0.01 a 1.65+0.10b 4.00£0.10b 0.88+0.02d
Ze/2.5 Fu/2.5 TiO, 0.157+0.01 a 1.00+0.08d 393+£0.05b 0.83+0.00 ¢
Ze/S Fu/2.5 TiO, 0.157+0.01 a 144+0.03¢c 4.00+0.10b 091+0.01c¢

Different lowercase letters (a, b, ¢, d) indicate significant statistical differences (p<0.05).

Ze: Zein film, Fu: Fucoidan

Elongation at break (EAB)

Ze and Ze/2.5Fu films demonstrated the
lowest EAB, while Ze/2.5Fu/2.5TiO: had
the greatest flexibility (p<0.05) (Table 4).

Tensile strength

TS was lowest in Ze and Ze/2.5Fu films,
and highest in Ze/2.5Fu/2.5TiO: (p<0.05)
(Table 4).

Young’s modulus
The highest YM was observed in Ze and
Ze/2.5Fu films (p<0.05) (Table 4).

Antimicrobial —activity (inhibition zone
diameter)

The nanocomposite films’ antimicrobial
activity was evaluated based on the
diameter of the inhibition zones (mm)
formed around the film discs (Table 4). The
lowest antimicrobial effect was observed in
Ze and Ze/2.5Fu films, while the largest
inhibition zones were recorded for
Ze/5Fu/2.5Ti0a, followed by
Ze/2.5Fu/2.5TiO2 (p<0.05).
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Analysis of FTIR, i.e. fourier transform
infrared

The FTIR spectra (Fig. 3) confirmed the
characteristic functional groups of zein and
fucoidan in  the respective  film
formulations. It was evident that the
hydrogen bonds were formed and that there
were physical interactions between zein

and fucoidan, indicating successful
incorporation into an organic composite
structure. Additionally, the spectra revealed
peaks corresponding to TiO: nanoparticles,
confirming their presence in the
nanocomposite films.

Table 4: Inhibition zone diameters (mm) of nanocomposite samples against different bacteria.

Sample Vibrio Yersini'a' Aeromon'as PseudO{nonas
cholerae enterocolitica hydrophila aeruginosa
Ze 5.00+0.00d 5.00+0.00d 5.00+0.00d 5.00+0.00d
Ze/2.5 Fu 5.33+£0.70d 5.66+0.70d 5.33+0.70d 5.00+0.70d
Ze/5 Fu 6.66+0.72 ¢ 6.33+0.72 ¢ 6.66+0.72 ¢ 5.66+£0.72 ¢
Ze/2.5 Fu/2.5 TiO, 9.66+£0.72b 10.33+0.72b 9.66+£0.72b 7.66+£0.72b
Ze/5 Fu/2.5 TiOs 13.33£0.72 a 1433+£0.72 a 13.33£0.72 a 11.00+0.72 a

Different lowercase letters (a, b, ¢, d) indicate significant statistical differences (p<0.05).

Ze: Zein film, Fu: Fucoidan

Zein /5%Fuc/2.5%TiO2
Zein /2.5%Fuc/2.5%TiO2

Transmittance (%)

0

Zein /5%Fuc
Zein /2.5%Fuc

Zein
«%@Vv‘\“fi

=
(@]

© =z O

© z O

S I

O-H/N-H ©

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 3: FTIR spectra of zein-based films: (a) pure zein, (b) Ze/2.5Fu, (¢) Ze/5Fu, (d) Ze/2.5Fu/2.5TiO:,
and (e) Ze/5Fu/2.5TiO:. Spectra were recorded using a Bruker Tensor 27 spectrometer (4000—
400 cm™, 4 cm ™ resolution, 64 scans). Shifts in peaks (e.g., 1650 cm™ for C=0 and below 800 cm™
for Ti—-O) indicate hydrogen bonding and TiO: incorporation. Measurements were performed in

triplicate (n=3).

Differential scanning calorimetry (DSC)
analysis

The DSC thermograms of the samples are
presented in Figure 4. The pure zein film
displayed a glass transition temperature
(Tg) at approximately 37.79°C, followed

by an endothermic peak in the range of
120-150°C, likely related to the
evaporation of residual solvents and water.
The incorporation of fucoidan and TiO:
nanoparticles (except in the Ze/5 Fu/2.5
TiO: sample) resulted in a noticeable
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growth in both the glass transition
temperature and the endothermic peak
temperature. These changes indicate
stability of the
nanocomposite films. Among the samples,

Ze/2.5 Fu/2.5 TiO: exhibited the highest

improved  thermal

attributed to the
synergistic effect of fucoidan at optimal

thermal  stability,

concentration and TiO2 nanoparticles.

Zein /5%Foc/2.5%TiO2
Zein /2.5%Foc/2.5%TiO2
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Figure 4: DSC thermograms of zein-based films: (a) pure zein (Tg = 37.79°C), (b) Ze/2.5Fu (Tg = 39.55°C),
(¢) Ze/SFu (Tg = 58.99°C), (d) Ze/2.5Fu/2.5Ti0O: (Tg = 59.01°C), and (e) Ze/5Fu/2.5TiO: (Tg =
36.09°C). Measurements were conducted using a Mettler Toledo DSC 3+ (0-200°C, 10°C/min,
nitrogen atmosphere). The decrease in Tg for Ze/SFu/2.5TiO: suggests phase separation. Data

represent the mean of three replicates (n=3).

Scanning electron microscopy (SEM)
analysis

The SEM micrographs of the samples are
shown in Figure 5. The pure zein film
displayed an even surface with no visible
secondary phases, indicating the high purity
of the film. Upon incorporation of 2.5%
(w/w) fucoidan, small particles appeared on
the film surface with an average diameter of
0.46+£0.23 um. Increasing the fucoidan
concentration to 5% resulted in the
formation of slightly larger particles
(0.55+0.31 um), although the difference

was not statistically significant due to
overlapping standard deviation values. The
addition of Ti0O2 nanoparticles significantly
altered the surface morphology. In the
Ze/2.5 Fu/2.5 TiO: sample, the average
particle size increased to 1.624+0.94 um,
while in the Ze/5 Fu/2.5 TiO: sample, it
reached 2.03+1.46 um. These changes
confirm the successful incorporation and
dispersion of TiO2 nanoparticles within the
film matrix, though with some degree of
repletion.
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Figure 5: SEM micrographs of zein-based films: (a) pure zein (smooth surface), (b) Ze/2.5Fu (particles:
0.46+£0.23 pum), (c) Ze/5Fu (particles: 0.55+£0.31 pm), (d) Ze/2.5Fu/2.5TiO: (particles: 1.62+0.94
pm), and (e) Ze/SFu/2.5TiO: (particles: 2.03+1.46 pm). Images were obtained using a Tescan
Vega3 SEM at 15 kV after gold coating. Particle size increase with TiO: indicates organic-
inorganic composite formation. Scale bar: 5 pm.
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Discussion

In the present study, the surface plasmon
resonance (SPR) absorption band of
biosynthesized TiO:
appeared in the span of 383+1.5 nm,

nanoparticles

confirming  their  formation.  TiO:
nanoparticles typically exhibit absorption
between 380—400 nm, depending on their
size, shape, and dispersion in aqueous
solution (Santhoshkumar, 2014). The
observed SPR band in this study falls
within this expected range, supporting the
successful green synthesis of TiO: using
Sargassum  temerrimum  extract. A
spectrophotometer enables the quantitative
tracking of nanoparticle formation; an
increase in the characteristic absorption
peak over time indicates nanoparticle
generation during incubation. Similarly,
Ahmad et al. (2020) reported a peak at 400
nm using mint leaf extract, and
Santhoshkumar et al. (2020) observed a
peak at 380 nm using guava extract.
Dahoumane et al. (2016) proposed that
macromolecules, particularly
polysaccharides, may contribute to the
stabilization = and  regeneration  of
nanoparticles.

Dynamic Light Scattering (DLS) measures
the hydrodynamic diameter of particles by
analyzing fluctuations in scattered light
intensity, which are caused by Brownian
motion. This technique accounts for the
solvent layer surrounding the particles,
resulting in a measured size larger than the
core size observed with methods like
Transmission Electron Microscopy (TEM).
Particle aggregation can further increase
the reported size, as DLS may interpret
clusters as larger single particles. DLS data
are commonly presented in three

distributions: intensity, which weights
larger particles more heavily; volume,
which shows the relative volume of
particles; and number, which counts
particles across sizes. These distributions
are crucial for assessing polydispersity and
suspension  stability, aiding in the
optimisation of synthesis and application
processes (Santos et al., 2018). In this
study, DLS analysis displayed a narrow
particle size distribution in the synthesized
nanoparticles, indicating high uniformity.
This uniformity is particularly important
for applications such as food packaging or
aquaculture, where size-dependent
properties  like  colloidal  stability,
permeability, or active agent delivery
efficiency are critical. For instance, in food
packaging, uniform particle size can
enhance barrier properties, while in
aquaculture, it can improve nutrient or drug
delivery. The precise characterization
afforded by DLS confirms the high quality
of the nanoparticle preparation and
underscores the technique’s importance in
nanotechnology research, especially when
combined with careful sample preparation
and consideration of factors like particle
shape and concentration (Filippov et al.,
2023).

The antioxidant activity of green-
synthesized TiO: nanoparticles using
Sargassum tenerrimum was evaluated by
the DPPH radical scavenging assay,
revealing an ICso value of 0.347 mg/mL.
This result demonstrates a moderate
antioxidant potential when compared to
Ti10:2 nanoparticles synthesized using other
plant extracts. For instance, Rani et al.
(2022) reported a significantly lower 1Cso
value of 0.0758 mg/mL for TiO:
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nanoparticles synthesized with Kigelia
africana leaf extract, indicating a stronger
radical scavenging ability. Similarly,
Blessymol et al. (2024) found that TiO:
nanoparticles derived from Curcuma longa,
Myristica  fragrans, and Kaempferia
galanga exhibited dose-dependent
antioxidant activity, with Curcuma-based
nanoparticles  showing the highest
efficiency, attributed to the rich phenolic
content of the extract. These comparisons
suggest that the antioxidant efficiency of
TiO2 nanoparticles largely depends on the
phytochemical profile of the plant extract
used during synthesis. The TiO:
nanoparticles obtained from Sargassum
tenerrimum  exhibit a  competitive
antioxidant capacity, positioning them as
promising candidates for application in
active food packaging systems aimed at
reducing oxidative spoilage.

Our findings indicate that no significant
statistical difference was seen in the
thickness of the film samples. The
thickness of the film is also a factor that
determines many mechanical and physical
features of the film and affects the
mechanical features and also the water
vapor permeability of the films (Galdeano
et al., 2013). The thickness of the films
depends on the dry substance of the
solution, the primary amount of solution
per unit area, the speed of pouring the
solution on the surface and the drying
conditions. It seems that the differences in
those parameters were negligible in film
production (da Silva et al., 2012;
Marismandani  and  Husni,  2020).
Pouralkhas et al. (2023), in the preparation
of biodegradable films with fucoidan and
fish gelatin extracted from Sargassum

tenerrimum, stated that the average
thickness of the layers varied from 0.12 to
0.147 mm.

Results indicate that the highest solubility
in water was observed in Ze, and the lowest
solubility in water was found for Ze/5
Fu/2.5 TiO2 (p<0.05). Water Solubility is a
significant factor in food packaging. Higher
solubility indicates greater degradability
and less resistance to water. Conversely,
solubility affects the release rate of
functional compounds (de Souza et al.,
2024).

The presence of TiO: nanoparticles can
increase the structural stability of the films
due to their crystalline structure and
physical properties (Xiao et al., 2022). This
stability can lead to a decrease in solubility
because less material dissolves in the
medium, thereby increasing the film's
resistance to water. The incorporation of
TiO2  nanoparticles can  enhance
intermolecular bonds in the film matrix,
reducing permeability to water vapor and
other liquids (Li et al., 2023). The
improvement in mechanical strength and
barrier properties observed in the
zein/fucoidan/T102 nanocomposite films is
consistent with previous studies on
biopolymer-based packaging films, which
report enhanced performance due to the
incorporation of functional additives (Nair
et al., 2023). While the reduction in
solubility improves water resistance, it may
also affect the release kinetics of active
agents,  potentially  limiting  their
bioavailability on food surfaces. This dual
effect should be further investigated,
considering the balance between barrier
properties and functionality in active
packaging systems. Unexpectedly, some
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nanocomposite  films may  exhibit
heterogeneous nanoparticle distribution,
which can locally affect solubility and
performance; therefore, microstructural
characterization is recommended to better
understand these effects (Xiao et al., 2022).
In this study, the highest permeability to
water vapor was found for Ze, and the
lowest permeability to water vapor was
observed in Ze/5 Fu/2.5 TiO. Packaging
materials should have the minimum
permeability to water vapor as much as
possible to curb the exchange of moisture
between the environment and food.
Transferring water vapor from films is
dependent on the permeability and
solubility of water molecules in the film
matrix (Long et al., 2023). The more
intermolecular hydrogen bonds between the
chains and strong covalent crosslinks in the
polymer structure, the greater the cohesion
of the polymer matrix. Therefore, the
cohesion and integrity of the film increase
and its sensitivity to moisture penetration
reduces (Li et al., 2019; Ponnusamy and
Mani, 2022). Titanium oxide nanoparticles
can reduce water vapor permeability by
creating stronger bonds between polymer
chains and increasing the density of the film
matrix. By strengthening the structure of
the polymer, these nanoparticles prevent
moisture from entering the film and, as a
result, maintain the quality of packaged
food. Also, the presence of TiO:
nanoparticles can lead to the creation of
physical barriers against the movement of
water molecules, which also helps to reduce
permeability. He et al. (2017) stated that the
addition of TiO: nanoparticles reduced the
permeability of the film to water vapor.
Meindrawan et al. (2020) contended that

the addition of zinc oxide nanoparticles at
the rate of 3% caused an important
reduction in the transfer to water vapor of
gelatin bionanocomposite film containing
chitin and zinc oxide nanoparticles.

In this paper, the Ze film demonstrated the
greatest oxygen permeability, whereas the
Ze/5 Fu/2.5 TiO:2 composite exhibited the
lowest permeability. Controlling gas
permeability is vital for maintaining food
quality, as it reduces the loss of volatile
compounds and prevents the ingress of
environmental gases such as oxygen and
carbon dioxide (Ponnusamy and Mani,
2022). Titanium dioxide nanoparticles
enhance the polymer network by forming
strong crosslinks that increase film density
and reduce free volume, thereby limiting
oxygen diffusion. This densification also
correlates with improved mechanical
strength, which supports the barrier
function of the films (Ponnusamy and
Mani,  2022).  Additionally,  TiO:
nanoparticles act as physical obstacles
within the matrix, creating tortuous
pathways for gas molecules and further
decreasing permeability (Li et al., 2019).
Althogh the effectiveness of this barrier is
related to the uniform dispersion of
nanoparticles, agglomeration can create
defects that increase gas permeability, an
aspect requiring careful optimization
during film fabrication. Although these
results align with prior studies (Ponnusamy
and Mani, 2022), discrepancies in oxygen
barrier performance may arise from
differences in  nanoparticle content,
crosslinking degree, and processing
methods.  Thus,  optimizing  these
parameters is essential to maximize the
films’ protective  properties  without
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adversely affecting flexibility or other
functional traits.

The mechanical features of packaging
materials are very significant, especially for
preserving foods from the environment and
knowing little information about the
mechanical indicators (tensile strength and
percentage of length increase at the moment
of rupture) of biodegradable biofilms for
designing the packaging process and
predicting their ability are very important in
maintaining their integrity during their use
as packaging material (Ghasemlou et al.,
2011). For this reason, in the current
research, tensile strength (TS: strength),
Young's modulus (YM: stiffness), and
elongation at break (EAB: flexibility) of the
film samples were investigated. Former
studies have indicated that the interactions
of composite films together with the
structural order affect their mechanical
properties (Ezati and Rhim, 2020).

In the present study, the lowest elongation
at break (EB) was observed for Ze and
Ze/2.5 Fu films, while the highest EB value
was recorded for the Ze/2.5 Fu/2.5 TiO:
nanocomposite. Elongation at break, a
critical mechanical property for polymeric
materials, reflects a film’s ability to deform
plastically before fracture and is expressed
as the percentage increase in length relative
to the original dimension. This parameter
significantly influences material
performance in applications requiring
flexibility, such as food packaging (Dey et
al., 2021). These findings align with studies
on polysaccharide-protein composites. For
instance, Pouralkhas et al. (2023) reported
that incorporating fucoidan into fish gelatin
films extracted from Sargassum
tenerrimum reduced tensile strength from

27.27 to 3.46 MPa, highlighting the trade-
off between strength and flexibility in
biopolymer composites. Similarly,
Kariminejad et al. (2018) demonstrated that
increasing Si0O: nanoparticle content (0—
1.5%) and polyvinyl alcohol ratio in
gelatin-PVA films enhanced elongation at
break, emphasizing the role of nanoparticle
dispersion  and  polymer-nanoparticle
interactions in improving flexibility. The
superior flexibility of the Ze/2.5 Fu/2.5
TiO: film suggests that TiO- nanoparticles
act as plasticizing agents at optimal
concentrations, reducing brittleness while
maintaining structural integrity. This
behavior is consistent with nanocomposite
studies showing that well-dispersed
nanoparticles  can  mitigate  stress
concentration points and improve ductility
(Maillard et al., 2012° Gupta and Norkey,
2024).

In the present study, Ze and Ze/2.5 Fu films
exhibited the lowest tensile strength, while
the Ze/2.5 Fu/2.5 TiO2 nanocomposite
demonstrated the greatest tensile strength.
Elongation at break (EB) denotes the ability
of a material to deform before rupture.
Recent studies have shown that excessive
nanoparticle loading or agglomeration can
deteriorate tensile strength by disturbing
the polymer matrix structure (Bhatnagar et
al., 2024). Overall, these findings confirm
that the mechanical properties of
nanocomposite films depend strongly on
nanoparticle type, concentration, dispersion
quality, and interactions with the polymer
matrix. Optimizing these factors is essential
to maximize tensile strength and film
performance for packaging food and other
applications.
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The Young's modulus, an indicator of film
stiffness, was found to be highest for Ze and
Ze/2.5 Fusamples. Young's modulus, or the
modulus of elasticity, describes the
relationship between strain and stress in
linear elastic solids below the yield
strength, where Hooke's law is applied and
the elastic modulus remains constant. It
quantifies the force required to deform an
elastic material (Kosky et al., 2021). These
findings align with studies demonstrating
that uniform nanoparticle distribution and
strong polymer-nanoparticle interactions
enhance the mechanical strength of
nanocomposites (Hashemi ez al., 2015). For
instance, Rostami Abolwardi et al. (2023)
investigated  polyvinyl alcohol and
hydroxypropyl methyl cellulose coating
films with varying nano-silver
concentrations (1000, 2000, and 4000
ppm). They observed that nano-silver
addition up to 2000 ppm did not
significantly affect Young's modulus.
However, a higher concentration (4000
ppm) resulted in a reduction in Young's
modulus, weakening the films, possibly due
to nanoparticle aggregation disrupting the
polymer matrix. This highlights the
significance of optimizing nanoparticle
concentration to gain the desired
mechanical properties.

Recent improvements in the expansion of
zein-based nanocomposites have
demonstrated significant improvements in
mechanical, barrier, and bioactive features,
making them promising candidates for
active food packaging usages. The
incorporation of natural polysaccharides
such as fucoidan into zein matrices
enhances film strength and antioxidant
capacity through intermolecular hydrogen

bonding and synergistic effects (Garavand
et al., 2024). For instance, Garavand and
colleagues  (2024)  comprehensively
reviewed  zein  nanoparticles  and
highlighted their potential to improve water
vapor barrier and mechanical features,
which are critical for preserving food
quality. Moreover, titanium dioxide (TiO2)
nanoparticles have been widely discussed
for their antimicrobial properties due to
their photocatalytic activity that generates
reactive oxygen species capable of
disrupting bacterial cell walls (Zhang et al.,
2017; Khan et al., 2020). Recent studies
have confirmed that TiO: nanocomposites
incorporated into  biopolymer films
effectively inhibit common foodborne
pathogens like Escherichia coli and
Staphylococcus aureus, while
simultaneously  enhancing mechanical
strength and reducing moisture
permeability (He ef al., 2017; Lin et al.,
2020). The synergistic integration of zein-
fucoidan  biopolymers  with  TiO:
nanoparticles offers a multifunctional
approach to active packaging by combining
improved mechanical and barrier features
with potent antioxidant and antimicrobial
activities. This aligns with the current trend
in nanotechnology-enabled packaging of
food, aiming to increase shelf life and
ensure  safety  while  maintaining
environmental sustainability (Li ef al.,
2023). However, despite promising
laboratory-scale results, further research is
necessary to evaluate the scalability, cost-
effectiveness, and long-term stability of
these nanocomposites in real-world
packaging conditions. Furthermore, it is
important to acknowledge the limitations of
the current study. The antimicrobial activity
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was evaluated in controlled laboratory
conditions, which might not fully represent
the actual food packaging environment.
Future studies should focus on testing the
efficiency of these films in actual food
systems and under industrial processing
Additionally,
analyses and life cycle assessments would

conditions. economic
provide a noteworthy understanding of the
feasibility of commercial applications.

Attenuated total reflectance fourier
(ATR-FTIR)
spectroscopy was used to investigate the

transform infrared

molecular interactions and chemical
structures within the zein-based films and
their composites. The characteristic
absorption peaks observed in the spectra
correspond to specific functional groups
present in the film components, in line with
the former studies (Liu et al., 2022). A
broad absorption band between 3000 and
3600 cm'is ascribed to the stretching
vibrations of O—-H and N-H bonds, which
exist in both zein and fucoidan structures
(Piaietal.,2011; Dai et al., 2016). The pure
zein film exhibited the most intense peak in
this region, primarily due to its abundant
amine groups. Upon the incorporation of
fucoidan and TiO: nanoparticles, a
noticeable decrease in peak intensity and
narrowing of the band were observed. This
change suggests the formation of hydrogen
bonds between the amine groups of zein
and the hydroxyl groups of fucoidan, which
restricts vibrational freedom and indicates
strong intermolecular interactions. Similar
hydrogen bonding interactions have been
reported in zein-polysaccharide composites
(Lin et al., 2020; Liu et al., 2022). The
summits observed in the 2750-3000
cm ' range correspond to the asymmetric

and symmetric stretching vibrations of C—
H bonds in methyl and methylene groups
(Nandiyanto et al., 2019). These peaks
were more pronounced in the pure zein
sample compared to the composites,
reflecting the higher relative content of C—
H bonds in zein (Luo et al., 2011; Ali et al.,
2014). The reduction in intensity in
composite  films  indicates  partial
replacement or interaction of zein’s
hydrophobic groups with fucoidan and
TiO.. A distinct peak near 1650 cm™ is
associated with the carbonyl (C=0)
stretching vibration in zein (Hao et al.,
2020). This summit remained relatively
stable with increasing the concentration of
the fucoidan but shifted to higher
wavenumbers and decreased in intensity
upon TiO2 nanoparticle addition. This shift
indicates the interactions between TiO-
nanoparticles and  carbonyl/carboxyl
groups via coordination or hydrogen
bonding, which is consistent with the
previous reports on TiO:-biopolymer
interactions (Lin ef al., 2020; Xiao et al.,
2022). The summit near 1500
cm ' corresponds to the bending vibration
of N—H bonds and the stretching vibration
of aromatic C=C bonds present in zein and
fucoidan (Perumal et al., 2018; Sadat and
Joye, 2020). This peak shifted to higher
wavenumbers  with  increasing TiO:
concentration, confirming interactions of
Ti10:2 nanoparticles not only with carbonyl
and carboxyl groups but also with
fucoidan’s  functional  groups. The
absorption band between 900 and 1150
cm ' corresponds to  the  stretching
vibrations of C-OH and C-N
bonds (Perumal et al., 2018). The shift of
the minimum peak towards higher
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wavenumbers in fucoidan-containing films
indicates hydrogen bonding between
fucoidan’s polar groups and zein’s amino
groups, reinforcing the composite network.
A new peak appearing below 800 cm™ in
films containing TiO: nanoparticles is
attributed to the stretching vibration of Ti—
O bonds, confirming the presence of TiO2
within the nanocomposites (Chougala et
al., 2017). Analogous observations were
reported by Lin et al. (2020) in gelatin-
chitosan-TiO2-Ag composite films, where
TiO: enhanced
interactions. The FTIR results confirm the

intercomponent

successful insertion of fucoidan and TiO:
nanoparticles into the zein matrix. The
spectral shifts and intensity changes
demonstrate strong physical interactions
and hydrogen bonding between zein and
fucoidan, and coordination interactions
involving TiO:> nanoparticles. These
molecular interactions contribute to the
formation of a stable organic-inorganic
composite, which underlies the improved
physicochemical properties of the films.

The thermal properties of pure zein and its
composite films containing fucoidan and
TiO2 nanoparticles were evaluated by
differential scanning calorimetry (DSC).
The DSC thermogram of pure zein displays
a glass transition temperature (Tg)
at 37.79°Cand an endothermic peak
at 127.50°C,  corresponding to the
evaporation of bound water and residual
solvents. These values are lower than those
accounted for pure zein in the literature
(Wang et al., 2014), maybe because of the
plasticizers or residual moisture in the film,
which reduce intermolecular interactions
and thus lower Tg. With the addition of
2.5% fucoidan, Tg increases

to 39.55°C and the endothermic peak shifts
to 129.25°C. This moderate increase
suggests that fucoidan interacts with zein
chains, possibly through hydrogen
bonding, leading to a more stable and less
mobile polymer network (Liu ef al., 2020).
Increasing the fucoidan content to 5%
results in a further rise
in Tg to 58.99°C and the endothermic peak
to 149.42°C. This significant increase
indicates enhanced intermolecular
interactions and improved thermal stability,
as fucoidan acts as a cross-linker,
reinforcing the zein matrix. Similar effects
have been reported for polysaccharide-
protein composites (Periyasamy et al.,
2025). Adding 2.5% TiO: nanoparticles to
the Zein/2.5% Fucoidan film leads to a
remarkable increase in Tgto 59.01°C and
the endothermic peak to 150.86°C. This
suggests a synergistic effect between
fucoidan and TiO2, where TiO:
nanoparticles further limit the mobility of
polymer chains and enhance the thermal
resistance of the film. The making of
hydrogen bonds between zein, fucoidan,
and TiO, as well as possible physical cross-
linking, contribute to this improvement
(Xiao et al., 2022). Interestingly, in the
Zein/5% Fucoidan/2.5% Ti0:2
sample, Tg drops  t0 36.09°C and  the
endothermic peak to 130.06°C. This
decrease may be attributed to the excessive
amount of fucoidan, which could lead to
phase separation or aggregation, reducing
the effective interaction between zein and
the additives. The excess fucoidan may not
participate in network formation, resulting
in a less stable structure (Gelaw and
Sarojini, 2020). The Zein/2.5%
Fucoidan/2.5% TiO: film demonstrates the
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highest Tg and endothermic peak,
indicating optimal thermal stability due to
balanced  interactions  among  all
components. Excess fucoidan (5%) in the
presence of TiO: appears to disrupt the
composite network, reducing thermal
stability, which is consistent with literature
reports that excessive polysaccharides can
lead to aggregation and weaker matrices
(Liu et al., 2020). The overall increase in
Tg and endothermic peak with moderate
additive levels is attributed to enhanced
hydrogen bonding and physical cross-
linking, while excessive additive content
leads to phase separation and reduced
stability (Liu et al., 2020). The DSC
analysis reveals that the incorporation of
fucoidan and TiO: nanoparticles can
significantly enhance the thermal stability
of zein-based films, provided that the
additive concentrations are optimized. The
best performance was observed for the
Zein/2.5% Fucoidan/2.5% TiO: sample,
while excessive fucoidan in the presence of
Ti0: led to reduced stability due to phase
separation or aggregation effects.

Examining SEM, i.e., scanning electron
microscopic images, provides a critical
understanding the microstructure of zein-
based films and their composites, revealing
the interactions between components and
their effects on film morphology and
properties. The pure zein film exhibits a
smooth and homogeneous surface with no
visible secondary phases, indicating high
purity and excellent film-forming ability.
This study corresponds with findings by
Shankar and Rhim (2018), who accounted
for similar surface uniformity in chitosan
films, highlighting the importance of a

crack-free, compact surface for mechanical
integrity.

he addition of fucoidan at 2.5 wt% and 5
wt% resulted in the formation of discrete,
light-colored particles on the film surface,
with average sizes of 0.46 + 0.23 um and
0.55 £ 0.31 um, respectively. Though there
is a little growth in particle size with higher
fucoidan content, the increase is
statistically insignificant, suggesting stable
dispersion within the zein matrix. This is
consistent with Liu et al. (2020), who
demonstrated that fucoidan stabilizes zein
nanoparticles through electrostatic and
hydrogen-bonding interactions, resulting in
uniform globular nanostructures averaging
120-150 nm. The larger particle sizes
observed in our SEM images likely reflect
aggregation at the microscale during film
casting, which is common in composite
films. Fucoidan’s presence is famous for
enhancing antimicrobial and antioxidant
activity (Periyasamy et al., 2025), and its
uniform dispersion without significant
aggregation is crucial to maintaining film
integrity and functionality. The non-
significant size increase indicates effective
compatibility and interaction between zein
and fucoidan, supporting the formation of a
stable composite matrix. The addition of
2.5 wt% Ti0:2 nanoparticles markedly alters
the film morphology. Particle sizes increase
substantially to 1.6240.94 pum and
2.03+1.46 pm for samples with 2.5% and
5% fucoidan, respectively. This over
threefold increase compared to fucoidan-
only films suggests the making of an
organic-inorganic composite structure on
the film surface. Xiao et al. (2022) similarly
reported that TiO:. nanoparticles reduce
porosity and enhance tensile strength and
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barrier properties by forming physical
connections within the polymer matrix. The
aggregation tendency of TiO2
nanoparticles, as indicated by the high
standard deviations, reflects challenges in
achieving homogeneous dispersion, which
is a common issue in nanocomposite
fabrication. The formation of larger particle
clusters may enhance UV-blocking and
antimicrobial properties (Gelaw and
Sarojini, 2020) but could potentially
compromise mechanical flexibility if not
well controlled. Therefore, optimizing
nanoparticle dispersion methods is essential
to balance these effects. Our findings are
consistent with the literature demonstrating
that fucoidan acts as a stabilizing agent for
zein nanoparticles, promoting uniform
dispersion and enhancing bioactive
properties (Liu et al., 2020; Periyasamy et
al., 2025). The insignificant growth in
particle size with fucoidan addition
suggests strong molecular interactions that
prevent excessive aggregation. Conversely,
Ti0O2 nanoparticles significantly influence
film morphology by forming larger
composite structures, corroborating results
by Xiao et al. (2022) and Gelaw and
Sarojini (2020). However, the
heterogeneity that was observed indicates
that  dispersion  techniques  require
refinement to avoid compromising film
uniformity. Unexpectedly, while TiO:
addition improves barrier and mechanical
properties (Xiao et al., 2022), its effect on
particle size heterogeneity highlights a
trade-off that must be managed. Future
work should focus on advanced dispersion
methods, such as ultrasonication or surface
modification of nanoparticles, to enhance
compatibility and reduce aggregation. The

SEM analysis reveals that fucoidan
incorporation into zein films results in well-
dispersed particles without significant size
increase, supporting stable composite
formation and enhanced functional
properties. Adding TiO: nanoparticles leads
to larger particle clusters indicative of
organic-inorganic composite formation,
improving certain film properties but
introducing heterogeneity. These findings
align well with current literature and
emphasize the importance of optimizing
nanoparticle dispersion to maximize film
performance.

Conclusion

In this study, titanium oxide nanoparticles
were successfully biosynthesized
using Sargassum tenerrimum extract and
incorporated into zein/fucoidan
nanocomposite films. Characterization
techniques including, UV-Vis
spectroscopy, FTIR, DSC, and XRD
confirmed the formation of nanoparticles
and their interactions with the polymer
matrix. The nanoparticles exhibited
significant antioxidant activity
(IC50=0.347 mg/mL), which contributed to
enhanced functional properties of the films.
Although there were no significant
statistical differences in film thickness
among samples (p>0.05), the zein-based
film  demonstrated  superior  water
solubility, water vapor permeability,
elongation at break, oxygen permeability,
and tensile strength compared to the Ze/5
Fu/2.5 TiO2 nanocomposite, which
demonstrated the lowest values. These
findings highlight the complex influence of
TiO: incorporation on the film properties.
However, some limitations should be
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acknowledged. The study did not assess the
long-term stability or the antimicrobial
influence of the nanocomposite films under
real food storage conditions, which are vital
for practical usage. Furthermore, the
potential effects of nanoparticle migration
and safety aspects were not evaluated and
warrant further investigation. From a
practical standpoint, the enhanced UV-
blocking, antioxidant, and mechanical
properties suggest that these
nanocomposite films could serve as
promising active packaging materials to
extend the shelf life of perishable foods.
Their biocompatibility and eco-friendly
synthesis further support their industrial
relevance. For future research,it is
recommended to explore the antimicrobial
performance of these films against specific
foodborne  pathogens, assess their
biodegradability and safety in food contact
scenarios, and optimize nanoparticle
loading to balance functional properties
with mechanical integrity. Overall, this
study contributes to the field by
demonstrating a green synthesis approach
to the T102 nanoparticles and their effective
incorporation into bioactive nanocomposite
films, providing a foundation for
developing sustainable and multifunctional
food packaging solutions.
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