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oreinforcement geometry on the
physical and structural properties of whey protein
concentrate/omega-3 rich oil/TiO2 nanocomposite
films†

Lina Maŕıa Rodŕıguez Pineda,‡a Dritan Siliqi, ‡b Virginia Borroni,a Lucas Guz,c

Francesco Scattarella, b Cinzia Giannini,b Roberto Jorge Candal,c

Davide Altamura*b and Maŕıa Lidia Herrera *a

Whey protein concentrate (WPC)/omega-3 rich oil/TiO2 nanocomposite films were prepared by casting

as a bio-based alternative to petroleum-based plastics. The effect of adding Tween 20 and/or TiO2

nanoreinforcement in two geometries, spheres or nanotubes (NTs), on the physical properties and

structure was investigated. The initial emulsions were monomodal systems, where the maximum

value of the main peak decreased with the addition of Tween 20. The addition of Tween 20 also

increased the transparency of the films, while the presence of TiO2 reinforcement helped block light,

with nanotubes having less effect in the visible range compared to nanospheres. In comparison to

the control, the Young's modulus (E) increased with the addition of spherical TiO2 nanoparticles at

a concentration of 0.2% when the formulation included Tween 20. The addition of nanotubes at

0.1% and 0.2% also enhanced the tensile and mechanical properties. The film containing 0.2%

nanotubes exhibited the highest E, storage (E0), and loss (E00) moduli, along with the shortest

elongation at break (3b) among all the films. Structural analyses using SEM, EDS, and SAXS revealed

that TiO2 nanospheres were prominent on the surface, particularly at the bottom of the film, while

nanotubes were integrated into the bulk region of the film, forming part of the matrix. The structural

description provided in this manuscript allows for the conclusion that the enhanced physical

properties of nanotube-reinforced films were due to their distribution within the film matrix, which

was dependent on geometry. The film reinforced with 0.2% nanotubes demonstrated potential for

food packaging.
Sustainability spotlight

Biopolymer lms have gained attention due to the harm caused by non-degradable petroleum-based plastics to marine life and the environment. Protein-based
packaging is biodegradable, safer for marine life, and more eco-friendly. Finding biodegradable alternatives supports UN Goal 14 (life below water) and Goal 13
(climate action). The chosen protein, a waste product from the cheese industry, promotes circular economy principles in line with Goal 12 (responsible
consumption and production). The oil used is rich in omega-3 fatty acids, supporting Goal 3 (good health and well-being). The research team, consisting of
European and South American researchers with 45% women, aligns with Goals 5 (gender equality) and 17 (partnerships for the goals).
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Introduction

Films based on biopolymers have drawn much attention in the
last two decades because of the marine life damage and envi-
ronmental pollution caused by non-degradable plastics based
on petroleum. Biopolymers, in contrast, may be degraded in the
environment by microorganisms or through natural physical,
chemical, and biological processes.1 Food-grade biopolymers
such as proteins, carbohydrates or lipids have been used to
formulate lms for packaging because they are considered safe
and renewable materials.2
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Whey protein concentrate (WPC) is a by-product of cheese
production. The whey that is a waste formed on a large scale
when milk is coagulated is ltered to obtain a powder with high
protein concentration. Thus, proteins are recovered for animal
feed or to produce protein supplements. WPC consists of
a mixture of globular proteins, including a-lactalbumin, b-
lactoglobulin, serum albumin and immunoglobulins. Due to its
solubility in water, gelation ability, emulsication and foaming
properties, and lm-forming performance, WPC was used to
formulate nanocomposite lms for different applications such
as preservation of refrigerated meat,3 coating sunower seed
kernels,4 so cheese,5,6 and tomato packaging,7 to name a few.

Films prepared from emulsions had the advantage of having
two phases: a hydrophilic matrix and a hydrophobic discon-
tinuous phase. The hydrophobic phase may act as a carrier for
bioactive, antioxidants, or antimicrobial compounds. Different
essential oils proved to be successful in delaying food spoilage
and deterioration when used to formulate composite lms with
WPC.4–8 Those lms, with a complex two-phase matrix, effec-
tively diffuse the essential oil within each food system, which is
considered of high relevance.8 In this way, the lms containing
bioactive compounds or essential oils in formulation can have
active packaging characteristics.5 In this study, we selected
a commercial concentrate prepared from sh oil as a lipophilic
phase because consumers appreciate omega-3 fatty acid rich
food, and especially food supplemented with docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA) of marine origin.
Besides, it is believed that a diet rich in DHA and EPA may have
health benets such as protection against arrhythmias and
atherosclerosis.

Biopolymer-based lms have poorer tensile, mechanical and
barrier properties and worse UV-vis light barrier performance
than plastic lms which may limit the application in food
packaging.9 Addition ofmetal oxides to different composite lms
with the aim of overcoming these disadvantages has been
investigated. As an approved food contact material and food
additive, with quantities not exceeding 1% foodweight, by the US
Food and Drug Administration (FDA), TiO2 nanoparticles are
widely used as a polymer ller because of their easy preparation,
low cost, non-toxicity, stability in the polymer matrix, antimi-
crobial activity against fungal and bacterial strains, and UV
barrier properties.3,10,11 Themigration of TiO2 nanoparticles from
the composite lm into the food that they are in contact with was
reported to be negligible, which makes it safe for food packaging
applications.10,11 On a lab scale studying lamb meat, packed in
a cellulose nanober/whey protein matrix containing 1% TiO2

and 2% rosemary oil prepared by casting, the measured
concentration coming from the packaging was very low, and well
below the FDA recommended limit.3 Migration analysis in
different food simulants performed following EU standards on
chitosan/TiO2 nanocomposite lms prepared on a laboratory
scale led to the same conclusion. Migrated titanium was in
a negligible amount, lower than 5.44 × 10−4% of the total tita-
nium in the chitosan matrix, which means that most of the
titanium was retained in the polymer matrix.12 The migration of
TiO2 nanoparticles was also investigated in lms reinforced with
spherical TiO2 nanoparticles, with an average diameter of 10–
744 | Sustainable Food Technol., 2025, 3, 743–758
40 nm, and a matrix composed of thermoplastic starch/
polybutylene adipate-co terephthalate, prepared by blown-lm
extrusion, a method easier to scale-up.13 According to the
report, migration was mainly dependent on the hydrophilicity of
the simulants, being higher for the more hydrophilic simulants.
For lms with TiO2 concentrations between 1 and 5%, the re-
ported total migration values ranged from 0.2 to 1.3 mg dm−2.
The amounts released were lower than those allowed by the FDA,
making these lms promising for food applications.13 In this
study, the selected concentrations of TiO2 nanoparticles were
very low, which reduces concerns regarding toxicity.

In most of the reports published in the literature, nano-
reinforcements have a geometry of spheres. One of the main
reasons for using TiO2 P25 to improve the physical properties of
biopolymer-based lms is that it is commercially available.
However, the reinforcement geometry is a main issue and there
are only a few reports addressing the subject. Studies using whey
protein nanobrils proved that TiO2 in the shape of nanotubes
not only showed greater antibacterial activity than TiO2 spherical
nanoparticles, but also increased interactions with whey protein
nanobrils, highlighting the relevance of reinforcement geom-
etry.14 Our previous studies formulating lms with sodium
caseinate agreed with those conclusions. Data showed that
nanotubes performed better as reinforcements than nano-
spheres regarding mechanical and tensile properties.15 Given the
literature reports, it is worth investigating the effect of nano-
reinforcement geometry on lms with matrices formed from
globular proteins of cheese whey concentrate.

The aim of the present work was to study the effects of TiO2

added in two different morphologies (spheres or tubes) on the
structure and physical properties of WPC/TiO2 nanocomposite
lms prepared from O/W emulsions formulated with
concentrated-from-sh oil rich in the omega-3 fatty acids EPA
and DHA.
Materials and methods
Starting materials

Whey protein concentrate (WPC) was purchased from Arla Food
Ingredients S.A. (Buenos Aires, Argentina). It contained 80.5 ±

0.9% protein, 7.2 ± 0.6% lactose, 6.6 ± 0.3% ash, 1.8 ± 0.2%
lipids, and a moisture content of 3.9 ± 0.3%. Analytical grade
Tween 20, Mg(NO3)2, and glycerol were obtained from BIO-
PACK® (Buenos Aires, Argentina). Titanium dioxide (TiO2),
anatase phase with particle size < 25 nm, was purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). NaOH and HCl were
obtained from Merck (Nueva Jersey, EE.UU). Nutra Smart Fish
Oil (Spes S.A., Santiago, Chile), a commercial food supplement
rich in omega-3 fatty acids (16.600 mg/100 mL) with 14.000 mg/
100 mL of EPA and DHA, was purchased in a local supermarket.
For all experiments, deionized water (18 MU; Milli-Q Water
System, Millipore Corporation, Billerica, MA, USA) was used.
Nanotube synthesis

An alkaline hydrothermal process reported by Sayahi et al.
(2021) and Samriti et al. (2022), withminor changes, was used to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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synthesize nanotubes (NTs).16,17 An exact weight of 420 mg of
titanium dioxide was mixed with 25 g of a 10 M NaOH aqueous
solution in a steel-Teon autoclave reactor with a capacity of 50
mL. Once sealed, the device was placed in an oven at 200 °C for
24 h. Aer this time, consecutive washes of the product were
carried out with distilled water using an ultracentrifuge (Sigma
3-18K, Sigma Laborzentrifugen GmbH, Germany) operated at
10 000 rpm (11 068 g) for 10 min per cycle, until the pH of the
washing solution was less than 10. The washed solid was
immersed in 100 mL of a 0.2 M HCl aqueous solution under
gentle stirring for 48 h at room temperature. Subsequently, new
washes were carried out to eliminate the HCl, the rst three with
distilled water and the following with a 1% Tween 20 aqueous
solution until reaching a pH greater than 6. The NTs were kept
submerged in 20.85 g of a 1% Tween 20 aqueous solution and
refrigerated until use. To verify the synthesis, the morphology of
the NTs was observed by scanning electron microscopy (SEM,
Quanta 200, FEI, Hillsboro, TX, USA).
Film preparation

The lms were prepared from conventional oil-in-water (O/W)
type emulsions. A concentration of 7.5% WPC, 6% glycerol, and
2% sh oil by weight was used. In some samples, Tween 20 was
incorporated at concentrations of 0.05% or 0.1%, and TiO2

nanoreinforcements in the form of spheres or nanotubes (NTs) in
contents of 0.1% or 0.2% by weight, as shown in Table 1. These
NT concentrations were the highest that could be added and still
obtain homogeneous lms when observed with the naked eye.

The rst synthesis step consisted of preparing an aqueous
protein solution by slowly adding an exact amount (13.4 g of
80% protein powder per 100 g) of WPC to water with constant
stirring. The solution was then stirred for an additional 30 min.
Aer the solution was prepared, the pH was adjusted to 8 using
0.5 M NaOH. The protein solution was heated at 85 °C for
20 min to denature the protein and expose its functional
groups. Once the solution was cooled, water was added to
maintain the mass balance of the solution.

To prepare a coarse emulsion (droplet diameter > 5 mm) in
the case of the control sample, 6 g of glycerol was dissolved in
22 g of water under stirring for 5 min. Then, 70 g of the WPC
solution was added to glycerol solution and stirred for 20 min.
Finally, 2 g of sh oil was added (to complete a total of 100 g),
Table 1 Composition of emulsions expressed in weight percentagesa (%

Sample WPC Glycerol Fish oil

Control 7.50 6.00 2.00
Control 0.05T20 7.50 6.00 2.00
Control 0.1T20 7.50 6.00 2.00
0.1TiO2 7.50 6.00 2.00
0.2TiO2 7.50 6.00 2.00
0.1TiO20.05T20 7.50 6.00 2.00
0.2TiO20.1T20 7.50 6.00 2.00
0.1 NT 7.50 6.00 2.00
0.2 NT 7.50 6.00 2.00

a T20: Tween 20; NT: nanotubes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
and systems were homogenized using a high-speed mixer with
the dispersion tool S 18N-10G (Ultra-Turrax® IKA® T18 Basic,
IKA Labortechnik, Janke & Kunkel, GmbH & Co., Staufen, Ger-
many), operated at 15 000 rpm for 1 minute. The cycle was
repeated 4 times with 1 minute intervals. Samples were kept in
an ice bath during processing to prevent heating.

For the samples containing TiO2 in the form of nanospheres,
an emulsion was prepared as in the control and the reinforce-
ment was added in the corresponding amount aer the rst
homogenization step with a high-speed mixer (0.1 or 0.2%). For
samples with Tween 20, the content of water in glycerol solution
was different than that of the control emulsion since an
aqueous solution of Tween 20 was also added. In this way, the
total amount of water in the formulation remained the same for
all samples (Table 1). When the emulsions contained Tween 20,
TiO2 was added at 0.1% (5 g of 1% Tween 20 aqueous solution,
the nal concentration of Tween 20 in the formulation was
0.05%) or at 0.2% (10 g of 1% Tween 20 aqueous solution, nal
concentration of Tween 20 was 0.1%). For 0.05% Tween 20
sample, glycerol was dissolved in 17 g of water while for 0.1%, it
was dissolved in 12 g. The emulsions with TiO2 in spherical
shape were stirred for 30 min before continuing with homoge-
nization by ultrasound.

The control and spherical-TiO2 coarse emulsions were further
homogenized to obtain conventional emulsions (droplet diame-
ters from 200 nm to 5 mm). Samples were placed in a cell with
water recirculating from a bath to maintain the temperature
below 20 ± 1 °C. Ultrasound was applied for 20 min using
ultrasonic liquid processing equipment (Vibra Cell VC750, Sonics
& Materials, Inc., Newtown, CT, USA), equipped with a 13 mm
diameter and 136 mm tip length, at an amplitude of 30%.

In the case of samples with reinforcement of TiO2 in NT
form, aer nishing ultrasound treatment, 5 g (0.1%) and 10 g
(0.2%) of 1% Tween 20 aqueous solution was added. Then,
emulsions were stirred for 30 min. NTs were added aer the
second step of homogenization because sonication breaks the
NTs diminishing their length.

Finally, to obtain the lms, 8 g of the emulsion were placed
in polystyrene dishes with a diameter of 6 cm and dried in an
oven at 30 °C for 15 h. Subsequently, the lms were stored for 3
days in desiccators with a controlled atmosphere at a relative
humidity (RH) of 53%, using a supersaturated solution of
magnesium nitrate (Mg(NO3)2). Then, lms were characterized.
)

Water Tween 20 Spheres NTs

84.50 — — —
84.45 0.05 — —
84.40 0.10 — —
84.50 — 0.10
84.50 — 0.20
84.45 0.05 0.10
84.40 0.10 0.20
84.35 0.05 — 0.10
84.20 0.10 — 0.20

Sustainable Food Technol., 2025, 3, 743–758 | 745
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Characterization of emulsions and
reinforcements
Droplet size distribution

The particle size distribution of the starting systems was deter-
mined using a laser diffraction particle size analyzer (Shimadzu
SALD-3101, Shimadzu Corporation, China) with a dispersion unit
model SALD-MS30 from the same manufacturer. To recirculate
water, the pump was set at a ow rate of 2500 cm3 min−1. Light
scattering patterns were interpreted with the Fraunhofer diffrac-
tion and Mie scattering theories. The refraction index for calcu-
lations was 1.5. To characterize the curves of number of droplets
vs. diameter (mm), three parameters were selected: the mean
diameter, the width of the distribution (difference from the 90th
and 10th percentiles), and the number of particles exceeding 1
mm in diameter (% Vd>1). Determinations were conducted in
triplicate and values reported are mean and standard deviations.

TiO2 nanoparticle morphology and size

TiO2 nanoparticles were characterized by scanning electron
microscopy (SEM) with a FEG-SEM (Supra 40, Zeiss, Oberko-
chen, Alemania), operated at 3 kV. Prior to imaging, a well-
homogenized drop of nanoparticle solution (0.417 g of nano-
tubes in 20.85 g of Tween 20 solution) was diluted in distilled
water (1/10 dilution), placed in a sample holder and sputter-
coated with a gold layer, due to its low conductivity. The
images were processed using the ImageJ soware (Free so-
ware, National Institutes of Health, USA).18 At least 300 nano-
particles from 10 images were measured and histograms were
plotted for both spheres and tubes.

Characterization of films
Water vapor permeability (WVP)

The WVP of the lms was determined following the guidelines
of the ASTM E96-00 standard with slight adaptations.15 The
permeation cell employed was constructed from polyacrylate
and featured a lid composed of two parallel plates. It also
contains an internal compartment to place the desiccant. To
maintain a relative humidity (RH) of 0% at room temperature,
20 g of dehydrated silica gel were placed within this compart-
ment. The lm, approximately 3.5 cm in diameter, was sealed
between the two parallel plates positioned at the top of the cell,
with rubber O-rings used to ensure a secure seal around the
edges. Each plate contained a circular aperture, 2.2 cm in
diameter, and was fastened in place with four screws.

The cells were placed in a desiccator containing a supersat-
urated aqueous solution of Mg(NO3)2 to maintain a RH of 53%.
The external atmosphere of the desiccator was divided from the
inside zone of the cell by the lm. Water vapor passed through
the lm into the silica gel, increasing its mass over time. Cell
mass was recorded every 24 h for 10 days. The WVP (g h−1 m−1

Pa−1) was calculated using the following equation:

WVP ¼ WVT� e

P0 �HR
(1)
746 | Sustainable Food Technol., 2025, 3, 743–758
where WVT is the transport of water vapor through the lm,
calculated as WVT=m/A, wherem is the slope of the increase in
mass as a function of time (measured in grams per hour, g h−1)
and A is the area of the lm exposed to water vapor (measured in
square meters, m2); e is the lm thickness (measured in m); and
P0 is the saturation vapor pressure of water at 25 °C
(3169.9 Pa).

Average values were obtained from 10 thickness measure-
ments and used in the WVP calculations. Tests were performed
in triplicate with three different lms and results were
expressed as mean and standard deviation.
Water content

The humidity content was determined by weighing an exact
amount of sample (∼0.5 g) and drying it in an oven at 60 °C for
5 h, until constant weight is achieved. Then, humidity content
was calculated as follows:

WCð%Þ ¼ mi �mf

mi

� 100 (2)

where mi is the initial mass of the sample and mf is the mass at
the end of the assay. Experiments were done in triplicate with
three different lms, and results were expressed as mean and
standard deviation.
Water solubility

Solubility was determined using the methodology reported by
Yu et al. (2023) with minor changes.19 Films were dried at 60 °C
until a constant weight was achieved. Samples were placed in
beakers with 50 mL of bidistilled water and were kept at
ambient temperature for 24 h. The remains of the lms (not
dissolved under these conditions) were dried at 60 °C for 16 h
and the weight was determined. Solubility in percentage was
calculated as follows:

WSð%Þ ¼ m1 �m2

m1

� 100 (3)

where m1 is the initial mass of the dried sample and m2 is the
mass of the dried remaining lm at the end of the assay.
Colour measurement

CIELab coordinates (L*, a* y b*) were measured using a colour
portable reader (CR-20, Konica Minolta, Ramsey, USA) on the
top surface of lms. The light source was a xenon lamp. For
white calibration, a standard illuminant (D65) was selected,
performing measurements with an observation angle of 10°, in
a random way, on 10 points of the top surface. For each
formulation, experiments were run in triplicate evaluating three
different specimens. Results were average and mean values
were used to calculate colour difference (DE), which is dened
as the numerical distance between two colours within the
CIELab space and is calculated using the following equation:

DE = ((DL*)2 + (Da*)2 + (Db*)2)1/2 (4)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Opacity

Data were collected in a spectrophotometer (Shimadzu UV –

2401PC, Shimadzu Corporation, China). Films were cut into
2 cm × 5 cm rectangles for analysis. Absorbance was measured
at 600 nm through an optical path (b) of 1 cm wide and 3 cm
height. The thickness of the lm was measured with a manual
digital micrometer (Asimeto, Hong Kong, China). Opacity of the
lms was calculated according to Zhang and Rhim (2022) with
the following equation:10

A ¼ Abs 600 nm

bðmmÞ
where A is the opacity and b is the thickness of the lm. Two
lms were evaluated in triplicate and results were expressed as
mean and standard deviation.
UV-visible light transmission

The light transmittance of the lms was measured with an UV-
vis spectrophotometer (Shimadzu UV – 2401PC, Shimadzu
Corporation, China) in the range of 200 to 800 nm using air as
a reference.20 The lm sample was cut into 50 mm × 30 mm
strips and then placed on a sample grid. Three measurements
on three different lms were done and the results were
expressed as the mean value and standard deviation.
Tensile properties

Uniaxial tensile parameters were evaluated with a dynamometer
(Instron 5982, Instron, Norwood, USA). The Young's modulus
(E), tensile strength (sb), and elongation at break (3b), were
calculated from stress–strain curves. Tests were performed at
a crosshead speed of 10 mm min−1 and a temperature of 25.00
± 0.01 °C. The selected method was the standard test method
for tensile properties of plastics using microtensile specimens
(ASTM D1708). For the tests, specimens in the shape of the
letter H were cut from the lms with a metal template.
Dimensions were 3.8 cm wide, 1.5 cm high and a central bar
0.5 cm high and 2.2 cm wide. Ten samples obtained from at
least three different lms were analysed. Results were reported
as mean and standard deviation.
Dynamic mechanical analysis

Storage (E0) and loss (E00) moduli were measured with a dynamic
mechanical analysis machine (DMA) using a DMA 8000 (Perki-
nElmer, Chicago, USA) with controlled temperature and RH
chamber. The temperature was set at 25 °C. A RH of 53% was
selected. The experiments were performed in tension mode and
within the linear viscoelastic range. Experiments were run
applying a strain of 0.05%. Modulus values were obtained from
a frequency scan of 1 to 10 Hz. The lms were placed in the cell
and samples were held using tensile test clamps. Rectangular
samples with 40 mm length and 8 mm width were cut. The
width was measured with a calliper and the thickness with
a manual digital micrometre (Asimetro, Hong Kong, China).
Assay results are reported as the average of ten samples coming
from at least three different lms.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fourier transform infrared spectroscopy

The functional groups of lms were analysed by Fourier
Transform Infrared Spectroscopy (FTIR) using an IR spec-
trometer (IR Affinity-1, Shimadzu, Tokyo, Japan), performing
40 scans with a resolution of 4 cm−1. Background was cor-
rected to eliminate the interference of humidity and CO2 using
the soware provided with the equipment (IR Solutions, v. 1.5).
Data were drawn and evaluated using the soware OriginPro
(8.5.0 V90E, Origin Lab Corporation, Northampton, MA, USA).
Spectra were recorded in duplicate analysing two different
lms.
Microstructural analysis
Scanning electron microscopy (SEM)

Films were cut in rectangles of 2 × 2 mm. Both, top and bottom
faces were placed on carbon tape. Then, samples were metal-
lized using gold and were observed with an environmental
scanning electron microscope (ESEM), (FEI ESEM, Quanta 200,
FEI, Hillsboro, TX, USA). Images were taken with a magnica-
tion of 2500×. SEM images were analysed using Texture image
analysis by using the Gray Level Co-Occurrence Matrix (GLCM)
and FracLac plugin of ImageJ v 1.54k (National Institutes
Health, Bethesda, MD, USA).18 Images were converted from RBG
colour to grayscale to be analysed. The selected parameters were
Energy, Contrast, Homogeneity, Entropy, Lacunarity and
Fractal dimension. Regarding nanoreinforcement distribution
in lms, the compositional mapping performed on the top and
bottom faces of samples containing TiO2 was done using energy
dispersive spectroscopy (EDS) with an EDS (Oxford SDD X-Act,
Oxford Instruments NanoAnalysis, Bucks, UK) operated under
2 × 10−5 Pa vacuum and with an electron beam acceleration of
20 keV. Data were acquired with the AZTecOne system.
Small angle X-ray scattering (SAXS)

SAXS measurements were performed in a laboratory SAXS
instrument, (Xeuss 2.0, Xenocs, France). The X-ray wavelength
for all runs was 1.542 Å (Cu source). SAXS and WAXS were
measured simultaneously. For WAXS studies, a 100 K Dectris
Pilatus 2D detector was used while for SAXS analysis a 200 K
Dectris Pilatus 2D detector was employed. Sample to detector
distances were 158.33 mm and 3790.09 mm for WAXS and
SAXS, respectively. With q = (4p/l) sin(q) = 2p/d being the
scattering vector modulus, 2q the scattering angle, and d the d-
spacing, the scattering intensity was collected in the q-range
0.0026 to 0.1105 Å−1, for SAXS experiments, and in the q-range
0.8574 to 2.5812 Å−1, for WAXS experiments. The SAXS
patterns were recorded with exposure times of 100 seconds and
a resting time of 1 min. Samples were scanned horizontally in
16 consecutive spots with the last four spots located outside
the sample, for 16 vertical lines. A total area of 16 mm2 per
sample was scanned, with a lateral step size of 0.25 mm,
including a 4 mm2 empty region for data normalization and
monitoring of primary beam uctuations. The transmitted X-
ray intensity was obtained at the end of the SAXS and WAXS
measurements during 1 s per spot in the same area. For each
Sustainable Food Technol., 2025, 3, 743–758 | 747
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Table 2 Distribution parameters calculated from the particle amount
vs. diameter curves

Sample Mean diameter (mm) % Vd>1mm (%) Width (mm)

Control 0.719 � 0.019a 17.333 0.637
Control 0.05T20 0.579 � 0.005b 12.937 0.726
Control 0.1T20 0.562 � 0.009b 7.314 0.511
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sample, the 2D SAXS and WAXS patterns and the X-ray trans-
mitted (unscattered) beam intensity were obtained. The
images were generated by using the SUNBIM soware, avail-
able at http://www.ba.ic.cnr.it/sowareic/sunbimweb/.21

Normalization of the scattering data to the transmission
coefficient (T), and calculation of the relative density/
thickness distribution (log T) were carried out by using the
SUNBIM tools as discussed in Scattarella et al., 2021.22
Statistical analysis

One-way ANOVA analysis was used to determine signicant
differences among samples. Pairs of mean values were
compared with Tukey's test. The selected a was 0.05.
Results and discussion
Droplet size distribution of the initial systems

Fig. 1 shows the particle size distribution for the control sample
and the control with addition of two amounts (0.05 and 0.1%) of
Tween 20. As may be observed, all distributions were almost
monomodal, presenting a main population that represented
a percentage greater than 90% of the total. The maximum value
of themain peak shied to the le for addition of Tween 20. The
calculated parameters of the distribution are reported in
Table 2. The % Vd>1mm signicantly decreased when Tween 20
was present in the formulation, indicating the strong interac-
tions among protein molecules and Tween 20. A similar effect
was reported when disaccharides such as trehalose or sucrose
were present in sodium caseinate-stabilized emulsion formu-
lations. The presence of small molecules with a free OH−

modied protein functionality at the interface and led to
a decrease in droplets size. These molecules may work as
coadjuvants helping the protein to coat oil droplets or may
Fig. 1 Particle size distribution for the control emulsion and control
with Tween 20 (T20) at 0.05 and 0.1%.

748 | Sustainable Food Technol., 2025, 3, 743–758
change the quality of water as a solvent enhancing protein
performance as an emulsier.
Nanotube characterization

Fig. 2 shows the SEM images of TiO2 nanoparticles. The image
on the le corresponds to spheres (a) and the one on the right to
tubes (b). The morphologies found in Fig. 2a and b proved that
tube synthesis was successful. Fig. 2 also reports the histograms
of the sphere diameter (c), the tube diameter (d) and the tube
length (e). Statistical analyses are shown in the ESI (Tables S1–
S3).† As shown in Fig. 2c, for reinforcement in spherical shape,
the histogram corroborated manufacture specications. The
mean value of particles was 22.08 ± 5.07 nm.

In the case of tube diameter (Fig. 2d), the most frequent
diameter was 0.14 mm, and the mean diameter was 0.18 ± 0.09
mm. Around 83% of the diameter values were below 0.30 mm,
showing a fair homogeneity of the nanotubes in this dimension.

Data reported in Fig. 2e showed that most of the nanotubes
had a length between 2.26 and 25.84 mm, with amean of 12.34±
4.50 mm, and a mode of 10.28 mm. Although tubes are nano in
one dimension, the length in the microns excluded them from
toxicity concerns.
Film characterization

Water vapor permeability (WVP), water content (WC), and
water solubility (WS). Table 3 summarizes thickness and WVP
among other lm properties. Addition of reinforcement in the
low concentrations selected in this study did not signicantly
modify solid content and, therefore, as expected, differences
among lm thickness were within the experimental error. Thus,
the differences found in WVP were most likely due to differ-
ences in lm structure. When Tween 20 was added to the
control sample at the lowest concentration (0.05%), WVP
slightly increased. This result showed that Tween 20 strongly
interacted with protein, which was expected, given that Tween
20 is a surfactant. The fact that the value increased indicated
negative interactions most likely because the matrix structure
was disrupted as observed in other systems.15

As the content was not high enough, changes did not occur
on the whole matrix, and therefore, the barrier to water vapor
was less efficient than the one of the control lm. At the higher
concentration used (0.1%), however, the distribution was more
homogeneous and there were no signicant differences in WVP
values with the control lm. The same behaviour was found for
the lm with TiO2 in spheres that did not contain Tween 20. At
the lower concentration the reinforcement weakened the water
barrier while at the highest concentration there were no
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of TiO2 nanoparticles, (A) spheres, (B) tubes, and histograms of sphere diameter (C), of the tube diameter (D) and of the tube
length (E).

Table 3 Water vapor permeability (WVP), film thickness (t), water content and water solubility for all filmsa

Film t (mm) WVP (g Pa−1 h−1 m−1) × 107 WC (%) WS (%)

Control 0.41 � 0.04a 8.96 � 0.35a,b,c 11.76 � 1.25a 48.57 � 1.92a

Control 0.05T20 0.44 � 0.03a 10.56 � 0.71d,e 11.26 � 1.49a 48.93 � 2.31a

Control 0.1T20 0.45 � 0.06a 9.67 � 0.53c,d 11.09 � 0.95a 50.29 � 3.00a

0.1TiO2 0.43 � 0.03a 10.82 � 0.45d,e 11.26 � 1.49a 47.35 � 3.77a

0.2TiO2 0.43 � 0.07a 7.69 � 0.08a,b 10.93 � 1.61a 47.72 � 1.55a

0.1TiO20.05T20 0.40 � 0.09a 7.40 � 0.26a 10.89 � 1.28a 48.10 � 3.22a

0.2TiO20.1T20 0.50 � 0.02a 8.91 � 0.19b,c 11.13 � 1.20a 47.72 � 1.55a

0.1 NT 0.40 � 0.04a 10.09 � 0.79c,d 11.32 � 1.22a 48.10 � 3.22a

0.2 NT 0.43 � 0.05a 11.81 � 0.78e 11.38 � 0.74a 47.53 � 1.69a

a T20: Tween 20; WC: water content; WS: water solubility; data in the same column with the same capital letter are not signicantly different
(p < 0.05).
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signicant differences with the control lm. For spherical
reinforcement, WVP values improved when the lm also con-
tained Tween 20. The lm with 0.2% NTs had the highest WVP
value of all lms prepared, showing signicant differences with
the control, suggesting a different organization of the building
blocks of the matrix. However, WVP values for all samples were
close and in the order of the ones reported in the literature for
other systems.11

Water content and solubility showed no signicant differ-
ences among samples (p < 0.05), indicating that these properties
were not signicantly affected by the presence of Tween 20 and
© 2025 The Author(s). Published by the Royal Society of Chemistry
nanoreinforcements at the selected concentrations (Table 3).
TiO2 and Tween 20 were used in very low amounts that did not
change the hydrophilicity of the lms. The average water
content considering all formulations was 11.22%, which was
half the content reported for starch lms and the average
solubility was 48.26%, which was twice the solubility reported
for those starch nanocomposites.20 However, similar values
were found for systems with a protein/carbohydrate matrix such
as sodium caseinate/guar gum/TiO2/cumin essential oil
composite lm.23
Sustainable Food Technol., 2025, 3, 743–758 | 749
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Table 4 CIElab coordinates (L*, a*, b*), total color change (DE) for different effects, and opacity for all films

Film

Color (CIELab) DE

Opacity (mm−1)L* a* b* T20 TiO2 Geometry

Control 78.45 � 1.40a 0.50 � 0.15a 16.75 � 1.09a 2.19 � 0.17a

Control 0.05T20 78.00 � 2.21a 0.42 � 0.19a 18.52 � 2.37a 1.83 1.64 � 0.08a

Control 0.1T20 78.39 � 2.28a 0.38 � 0.28a 18.37 � 2.83a 1.62 1.92 � 0.29a

0.1TiO2 81.11 � 0.93a 2.04 � 0.40b 27.17 � 0.69b 10.86 5.30 � 0.15b

0.2TiO2 82.34 � 1.60a 2.33 � 0.76b 25.32 � 1.71b 9.58 6.36 � 0.08c

0.1TiO20.05T20 81.02 � 1.46a 1.78 � 0.84b 26.18 � 3.72b 8.34 7.31 � 0.15d

0.2TiO20.1T20 81.64 � 0.66a 1.99 � 0.66b 26.39 � 2.55b 8.81 5.36 � 0.09b

0.1 NT 79.06 � 3.40a 1.28 � 0.71a 25.02 � 4.88b 6.64 2.32 4.73 � 0.55b

0.2 NT 83.54 � 0.75b 0.85 � 0.56a 23.58 � 2.07b 7.35 3.55 5.31 � 0.31b

Fig. 3 UV-vis transmittance spectra of all films.
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Colour and opacity of lms. Table 4 summarizes CIELab
coordinates, total colour changes and opacity for all lms.
Addition of Tween 20 did not modify parameter L*. In contrast,
compared to the control lm, addition of nanotubes of TiO2 in
an amount of 0.2% signicantly increased parameter L*. These
lms were whiter than the control. Formulations with Tween 20
had the same redness (parameter a) than the control lm. For
lms with spherical nanoparticles of TiO2 (0.1TiO2, 0.2TiO2,
0.1TiO20.05T20, and 0.2TiO20.1T20), parameter a* signicantly
increased. However, when the reinforcement had nanotube
geometry, parameter a* remained unchanged, indicating the
relevance of geometry on the colour of lms. The parameter
b* signicantly increased upon the addition of TiO2. The lms
were yellower than the control for both TiO2 concentrations and
both reinforcement geometries, spheres or tubes. Tween 20 had
no effect on parameter b*. In agreement with the parameter's
changes, total colour change due to Tween 20 was low. TiO2

lms showed signicant total colour changes compared to their
corresponding controls, being higher for spherical TiO2 rein-
forcement lms. Opacity of lms was not modied by the
addition of Tween 20. On the other hand, TiO2 reinforcement
signicantly increased opacity, being higher for spheres than
nanotubes. Selecting a geometry of nanotubes for the rein-
forcement could be an advantage since in some food applica-
tions less colour and opacity could be desirable. However,
values of opacity were suitable in all cases and lower than the
ones reported for other systems in the literature. For lms
based on sodium caseinate solution, opacity values ranged from
7.26 to 18.00 mm−1, whereas for whey protein isolate-based
lms plasticised with varying concentrations of Apis mellifera
honey, the opacity values ranged from 14.51 to 16.02 mm−1.15,24

UV- visible light transmission

Fig. 3 reports the UV-vis transmittance spectra of all lms. The
control lms transmitted light above 300 nm, with the lms
containing Tween 20 exhibiting the greatest transparency.
Films incorporating spherical particles of TiO2 were highly
effective in blocking light in the range of 200 to 800 nm, with
transmitted light remaining below 1%. Consistent with the
signicant changes observed in colour and opacity compared to
the control lms, the lms containing spherical particles of
TiO2 also altered the ability to block light, demonstrating
750 | Sustainable Food Technol., 2025, 3, 743–758
excellent blocking efficiency across the 200 to 800 nm range.
While lms containing nanotubes were also effective in block-
ing UV light, some transmission occurred in the 500–800 nm
range, particularly when the nanotube concentration was 0.1%.
From the results reported in Fig. 3, it may be noticed that Tween
20 increased the transparency of lms while TiO2 reinforcement
helped block light, with nanotubes having less effect in the
visible zone than nanospheres.
Tensile and mechanical properties

Table 5 summarizes the tensile andmechanical properties of all
lms calculated from the experimental data shown in Fig. S1
and S2.† Compared to the control, the Young's modulus E
increased by addition of spherical TiO2 nanoparticles at 0.2%
concentration when the formulation had Tween 20
(0.2TiO20.1T20). It is likely that Tween 20 enhanced interactions
among protein molecules leading to a more elastic structure.
The lms with nanotubes at the two concentrations selected in
this study also had higher E than the control, with the lm
containing 0.2% nanotubes having the highest E modulus and
the shorter elongation at break (3b) of all lms. The highest
effect of nanotubes showed the relevance of reinforcement
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Tensile and mechanical properties for all filmsa

Film E (MPa) sb (MPa) 3b (%) E0 (Mpa) E00 (Mpa)

Control 7.25 � 0.92a 0.66 � 0.08a,d 67.61 � 15.40a,b 9.46 � 1.34a 2.58 � 0.43a

Control 0.05T20 5.86 � 0.91b 0.54 � 0.06b 63.95 � 15.27a,b 9.70 � 1.27a 2.46 � 0.32a

Control 0.1T20 6.34 � 0.75a,b 0.58 � 0.06a,b,c 68.87 � 15.23a,b 9.72 � 1.20a 2.57 � 0.19 a

0.1TiO2 6.44 � 0.66a,b 0.63 � 0.04a,c,d 73.26 � 11.40a 9.21 � 1.58a 2.45 � 0.48a

0.2TiO2 6.57 � 0.36a,b 0.61 � 0.07a,b,c 66.66 � 15.37a,b 10.20 � 1.30a 2.77 � 0.42a

0.1TiO20.05T20 6.44 � 0.37a,b 0.56 � 0.08b,c 60.56 � 15.55a,b,c 10.45 � 1.54a,b 2.90 � 0.41a,b

0.2TiO20.1T20 8.31 � 0.77c 0.71 � 0.09d 68.08 � 14.23a,b 10.36 � 1.56a 2.89 � 0.26a

0.1 NT 9.98 � 0.92d 0.71 � 0.08d 55.58 � 13.59c 12.52 � 2.28b,c 3.48 � 0.63b,c

0.2 NT 11.70 � 0.79e 0.72 � 0.10d 45.74 � 8.80c 13.79 � 1.29c 3.85 � 0.45c

a Young'smodulus: E; the ultimate strength: sb; elongation at break: 3b; storagemodulus: E0, and loss modulus: E00. E0 and E00 weremeasured at 1 Hz.
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geometry. These lms also contained Tween 20 that strongly
interacted with the building blocks of the protein structure.
Films reinforced with nanotubes also showed better mechanical
properties than the other lms, with E0 and E00 being signi-
cantly higher than those of the control. Addition of nanotubes
improved the tensile and mechanical properties of lms at the
low concentrations used, with E and E0 values being close to the
ones reported for protein-based lms with spherical reinforce-
ments at higher concentrations.11
FTIR analysis

Fig. 4 reports FTIR spectra expressed as absorbance vs. wave-
numbers for all lms. Signal assignments were done consid-
ering data reported in the literature.1,25 In all spectra, the signal
at 3291 cm−1, attributed to amide A in the literature, was broad.
This band is typical of proteins and corresponds to N–H
stretching. The signal that appeared at 2926 cm−1 was also due
to N–H stretching and was assigned to amide B. The signal at
2850 cm−1 was due to CH–CH2 stretching of carbon chains of
oil. The maximum absorbance of the three signals and their
positions showed no signicant differences among samples.
Fig. 4 Fourier Transformed Infrared (FTIR) spectra expressed as
absorbance vs. wavenumbers for all samples obtained using attenu-
ated total reflectance mode.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The signal at 1751 cm−1 was assigned to the C]O groups of
oil. The signal was less intense for lms with Tween 20 and
nanoreinforcements, especially for nanotubes, indicating that
oil was more encapsulated in the lm matrix when Tween 20
was added and when the lms were reinforced. The signal at
1645 cm−1, corresponding to amide I (C]O group), also
diminished when Tween 20 and reinforcements were added,
indicating strong interactions among components. The lower
intensity of the band may also indicate the formation of cova-
lent bonds between Tween 20 OH− and C]O groups.

However, if the reaction occurred, it did not take place on
a large scale, considering the changes in signal intensity. The
signals at 1536, 1389, and 1239 cm−1 were attributed to N–H
(amide II), COO−, and C–N (amide III) stretching, respectively.
There were no signicant differences in position and intensity
for these bands among samples. The signals that appeared at
1106 and 1036 cm−1 are characteristic of primary and secondary
alcohols and correspond to C–O stretching in C–OH bonds.26,27

These signals did not change signicantly, reinforcing the
hypothesis that crosslinking between protein and Tween 20 did
not occur to a great extent in WPC-based lms as was reported
for sodium caseinate.15 WPC proteins have a globular nature
with a spherical structure induced by their tertiary structure.
For this reason, in WPC proteins the functional groups are less
exposed than in disordered proteins such as sodium caseinate
and showed less tendency to form ester functions with Tween
20 than sodium caseinate.
Film structure and nanoreinforcement distribution by SEM

Fig. 5 reports SEM images of the upper and lower surfaces of
lms containing Tween 20, reinforced with 0.2% TiO2 nano-
spheres (0.2TiO20.05T20) or 0.2% TiO2 nanotubes (0.2 NT). The
control samples, consisting of lms reinforced with spheres but
without Tween 20, and those containing Tween 20 along with
0.1% nanoreinforcement in either spherical or tubular forms,
are shown in Fig. S3–S5,† respectively. The control lms
exhibited smooth surfaces devoid of cracks or protruding
features (Fig. S3†). Images in Fig. 5, S4, and S5† showed that, in
comparison to the control, the reinforced lms displayed
signicant structural differences. The surfaces exhibited
distinct characteristics resulting from the interactions between
the matrix and the reinforcement. TiO2 nanospheres were
Sustainable Food Technol., 2025, 3, 743–758 | 751
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Fig. 5 SEMmicrographs of the upper surface (A and B) and lower surface (C and D) of films reinforced with nanospheres (A and C) or nanotubes
(B and D). Scale bar 30 mm. Inset 10 mm. EDS signals from films reinforced with nanospheres (E) or nanotubes (F). Upper trace corresponds to the
upper surface and lower trace to the lower surface. Scale bar 30 mm.
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prominent on the surface, particularly at the bottom of the lm.
The images revealed spherical objects covering the entire
surface (Fig. 5a and c). Conversely, nanotubes were integrated
into the bulk region of the lm, forming part of the matrix
(Fig. 5b and d). Fig. 5e and f present the results of evaluating the
distribution of TiO2 nanoparticles on the upper and lower
surfaces using EDS. The distributions indicated that the upper
surfaces of both the nanosphere (Fig. 5e) and NT (Fig. 5f)
752 | Sustainable Food Technol., 2025, 3, 743–758
reinforced lms contained no TiO2, suggesting that most of the
reinforcement was situated on the bottom surface or in bulk.
The intensity of the signals from the bottom surface of TiO2

nanotube lms (Fig. 5f) was signicantly lower than that of the
TiO2 nanospheres (Fig. 5e), indicating that there was a different
distribution of reinforcement depending on geometry. Fig. S6a–
c† show cryofracture images for nanotube-reinforced lms
revealing the complete thickness of the lm. It is evident from
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the images that the reinforcement is located within the inner
part of the lm, interconnecting the building blocks of the
matrix (Fig. S6c†). The differences in signal intensities
measured on the bottom surface, as shown in Fig. 5e and f, and
the cryofracture images reported in Fig. S6† conrmed that
nanotubes were incorporated within the thickness of the lms,
reinforcing the bulk zone of the matrix, whereas the spheres
were located on the bottom surface. This structural difference
between nanospheres and NT-reinforced lms led to differ-
ences in mechanical and tensile properties as measured by
DMA and tensile tests.

Table 6 reports the texture parameters of lms calculated
from images shown in Fig. 5 and S3–S5.† The texture of an
image is dened as the local variation in brightness between
one pixel and another, arranged in different greyscales or within
a small area. Image texture has been utilised for pattern iden-
tication to characterise the arrangement of the basic constit-
uents of a material's surface in systems such as fried batters.28,29

Structure analysis parameters such as fractal dimension has
been employed to measure irregularities in an image, estimate
roughness, and segment textures, among other applications.
This is because structural changes on the surface of a material
with different formulations lead to variations in surface
roughness, corresponding to different fractal dimension
values.29 Lacunarity is a parameter that complements fractal
dimension in image analysis, as it measures how the data lls
the space. Energy, homogeneity, contrast, and entropy are other
parameters that contribute to texture image analysis. The
energy parameter relates to uniformity; the higher the value, the
more homogeneous the structure. The same applies to the
homogeneity parameter. Conversely, higher contrast values
indicate a more heterogeneous surface with more differentiated
areas. Entropy is associated with the disorder of the surface;
thus, the higher the entropy, the greater the heterogeneity.30
Table 6 Textural parameter calculated from SEM images for all filmsa

Film Energy (×10−4) Contrast Homogen

Control Upper 53.3 � 6.5A 21.0 � 1.3A 23.5 � 0.
Lower 54.2 � 6.7A 20.4 � 0.8A 24.0 � 0.

Control 0.05T20 Upper 50.4 � 1.9A 25.5 � 0.5A 21.8 � 0.
Lower 45.8 � 5.1A 23.1 � 1.3A 22.6 � 0.

Control 0.1T20 Upper 44.0 � 8.0A 22.8 � 0.2A 22.6 � 0.
Lower 38.5 � 8.3A 28.2 � 3.8B 21.0 � 1.

0.1TiO2 Upper 61.5 � 8.9A 16.0 � 0.4A 35.0 � 0.
Lower 15.6 � 5.1B 51.8 � 5.5B 20.0 � 0.

0.2TiO2 Upper 15.0 � 5.0A 40.8 � 0.2A 17.6 � 0.
Lower 5.8 � 0.4B 82.9 � 6.8B 12.7 � 0.

0.1TiO20.05T20 Upper 6.8 � 0.8A 19.7 � 1.1A 24.2 � 0.
Lower 33.3 � 4.9B 64.0 � 4.4B 15.0 � 0.

0.2TiO20.1T20 Upper 20.4 � 1.1A 41.7 � 0.9A 15.5 � 0.
Lower 7.1 � 0.3B 54.6 � 3.1B 18.2 � 0.

0.1 NT Upper 17.0 � 4.0A 55.6 � 2.3A 16.7 � 0.
Lower 11.7 � 4.0B 46.8 � 2.4B 15.5 � 0.

0.2 NT Upper 22.5 � 4.5A 27.8 � 1.7A 23.1 � 2.
Lower 18.2 � 4.2A 26.2 � 0.9A 21.9 � 0.

a T20: Tween 20; across a column and in each individual sample the s
signicantly different (p < 0.01).

© 2025 The Author(s). Published by the Royal Society of Chemistry
The values obtained indicated that the Control and Control
0.05T20 samples did not show signicant differences between
both surfaces, suggesting that the texture was homogeneous
(Table 6). However, the lm containing 0.1% Tween 20 (Control
0.1T20) exhibited heterogeneity, with differences in contrast
and entropy between the upper and lower surfaces. Further-
more, the upper surface of this sample was signicantly
different from the control in all parameters (p < 0.01). In other
words, adding Tween 20 at the highest concentration tested
(0.1%) to the control resulted in heterogeneity in the surface
texture of the lm.

As can be observed from Table 6, the parameters of lms
containing TiO2 in both geometries—spheres and tubes—differ
from those of the corresponding controls (p < 0.01). The pres-
ence of TiO2 in the form of nanospheres resulted in substantial
differences in the texture of the upper and lower surfaces of the
lms, with this effect being most pronounced in the lm con-
taining 0.2% TiO2. Signicant heterogeneity is observed on the
lower surface where the particles are deposited, as evidenced by
the highest contrast and entropy values alongside the lowest
homogeneity and energy values. For lms containing 0.1% TiO2

and Tween 20, the differences with the corresponding control
were smaller for the upper surface than for the lower surface.
The inclusion of Tween 20 in the lm with 0.2% TiO2 enhances
the homogeneity, bringing the parameters' values for the upper
and lower surfaces closer.

In contrast to the effects of addition of nanospheres, the
incorporation of nanotubes into the lms resulted in smaller
differences in texture between the upper and lower surfaces.
This is particularly evident in the lms with 0.2% nanotubes,
which did not display signicant differences in most textural
parameters. In fact, these values were very similar to those of the
respective control (Control 0.1T20), especially for the upper
surface. The parameters of the nanotube-reinforced lms
eity (×10−2) Entropy Lacunarity (×10−2) Fractal dimension

1A 5.6 � 0.1A 16.8 � 0.2A 1.49 � 0.03A
5A 5.6 � 0.1A 14.7 � 0.5A 1.43 � 0.02A
1A 5.7 � 0.1A 15.7 � 0.2A 1.43 � 0.02A
4A 5.8 � 0.1A 18.1 � 0.2A 1.42 � 0.07A
1A 5.7 � 0.1A 8.22 � 0.4A 1.56 � 0.02A
0A 6.1 � 0.3B 13.3 � 0.3B 1.44 � 0.03B
1A 5.4 � 0.1A 24.6 � 0.9A 1.45 � 0.06A
6B 6.8 � 0.1B 8.4 � 0.9B 1.49 � 0.08B
1A 6.4 � 0.0A 10.4 � 0.1A 1.52 � 0.03A
1B 7.6 � 0.2B 3.22 � 0.03B 1.57 � 0.03B
4A 6.1 � 0.1A 11.2 � 0.1A 1.47 � 0.04A
2B 7.7 � 0.1B 3.78 � 0.04B 1.51 � 0.05B
1A 6.7 � 0.1A 5.52 � 0.01A 1.60 � 0.03A
6B 7.6 � 0.1B 2.93 � 0.01B 1.56 � 0.03B
4A 6.9 � 0.2A 8.83 � 0.07A 1.46 � 0.03A
3A 7.2 � 0.1B 7.53 � 0.07A 1.45 � 0.04A
5A 6.5 � 0.2A 8.82 � 0.05A 1.52 � 0.04A
3A 7.2 � 0.2B 6.98 � 0.08A 1.45 � 0.04B

ame capital letter indicates that the upper and lower values are not
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exhibited signicant differences compared to those of the
nanosphere-reinforced lms (p < 0.01). In the case of lms
containing 0.2% TiO2, the differences with the corresponding
control were smaller for the nanotubes than for the nano-
spheres, on both the upper and lower surfaces. These ndings
agreed with those shown in Fig. S6,† which illustrates that the
nanotubes are integrated within the structure of the matrix
while the nanospheres are located at the lower surface (Fig. 5e).
Structure by X-ray analysis

Scanning X-ray microscopy with both scattering (in the small and
wide-angle ranges-SAXS and WAXS, respectively) and absorption
contrasts was employed to study the lateral variation of the
structural/morphological properties in the lms. The lateral
spatial distribution is intended within the lm plane (while being
averaged across lm thickness), thus providing complementary
information to cross-SEM characterization (which on the contrary
is sensitive to the distribution across lm depth). SAXS micros-
copies were obtained by integrating and reporting on a colour
scale the total SAXS intensity measured by the detector at each
point on the sample. The presence of crystalline nanotubes was
assessed by comparing the averaged WAXS prole from the 0.2%
NT sample with the 0.2% TiO2 sample (0.2TiO20.01T20, Fig. 6):
weaker and slightly shied peaks were detected from the nano-
tubes, although the main peak was found to be very close for
nanospheres and nanotubes. To obtain higher precision, the
crystalline phase of the nanospheres was veried by tting the
whole X-ray Diffraction (XRD) prole collected in 2q geometry, by
using the Program EXPO (Fig. S7†).31

The anatase was identied as the only crystalline phase in
the sample, with the derived unit cell parameters: a = 3.78248;
b = 3.78248; c = 9.50680; a = b = g = 90.000°, based on the
Fig. 6 Representative WAXS profiles from samples containing 0.2%
nanospheres or nanotubes, averaged over the whole sample area
scanned in the X-ray microscopy experiments. To plot the WAXS
microscopies in Fig. 7 and S8,† the diffracted intensity was integrated in
the angular ranges marked by dotted and dashed lines as mainly
representative of the matrix and nanoparticle signal, respectively.

754 | Sustainable Food Technol., 2025, 3, 743–758
9008213.cif le of the Crystallography Open Database (COD)
[http://www.crystallography.net/].

WAXS microscopies were obtained by integrating the dif-
fracted intensity only in a given q-range, relevant either to the
main diffraction peak of the nanoparticles (spheres or tubes) or to
the wide amorphous peak of the matrix, as shown in Fig. 6.
WAXS, SAXS and absorption (n) microscopies reported in Fig. 7
are relevant to the same samples studied in the SAXS micros-
copies of Fig. 8; WAXS, SAXS and absorption (n) microscopies
reported in Fig. S8† are relevant to the same samples studied in
the SAXS microscopies of Fig. S9.†More details of the histograms
reported in Fig. S9† are reported in Fig. S10.† The maps obtained
in the two different ranges show a similar lateral distribution of
nanoparticles andmatrix, proving that both components are well
intermixed. Any visible gradient occurs in both components, as
well as in the transmitted intensity (IT) maps and in the corre-
sponding relative density/thickness maps (n), indicating regions
with overall density or thickness variation without segregation of
eithermoiety. Given the full correspondence among SAXS, WAXS,
and absorption microscopies, a quantitative statistical analysis
based on image processing was carried out only on the SAXS and
absorption microscopies, as explained in the following.

Fig. 8 presents 2D images illustrating the spatial distribution
of X-ray intensity for the Control, Control with the highest
Tween 20 concentration (Control 0.1T20), lm reinforced with
0.2% TiO2 nanospheres (0.2TiO20.1T20), and lm reinforced
with 0.2% TiO2 nanotubes (0.2 NT). The SAXS intensity (ISAXS) is
displayed in the le column, the transmitted intensity (IT) in the
second column, the normalized ISAXS/IT maps in the third
column, and a histogram of ISAXS/IT values on the right. The
microscopies for the remaining lms are reported in Fig. S9.†
The IT maps depict the lateral variation of the X-ray absorption
coefficient. ISAXS images were divided by the corresponding
transmission coefficient maps (as in our previous articles)22 to
facilitate the observation of differences in scattering contrast
independently of the local material absorption.

The distribution histograms of the ISAXS/IT values obtained
from the relevant images are reported in the fourth column of
Fig. 8. All the histograms together are shown in Fig. S10.† The
values of the statistical parameters calculated from the histo-
grams of all lms are summarised in Table S4.† It is evident that
the control exhibited a very narrow distribution (range = 7040),
with 88% of the data falling within the interval 225 520 to 228
000 (mode = 225 520, Table S4†). This suggests a very homo-
geneous distribution of the dispersing elements in the evalu-
ated area, as depicted in the image. These results are consistent
with observations from the SEM images, where the control
samples exhibited smooth surfaces without pores or cracks
(Fig. S3†). The addition of 0.05% Tween 20 did not alter the
distribution (mode= 233 830); however, it did broaden it (range
= 13 630). This indicated a strong interaction between the
protein and Tween 20, which agreed with the results obtained
from the FTIR analysis. When the concentration of Tween 20 is
increased to 0.1%, the ISAXS/IT values decrease signicantly
(mode = 150 870), with the highest value of the distribution
(maximum = 161 170) being still lower than that in the control
mode. The image exhibited a greater colour variation, reecting
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 2D spatial distribution of the X-ray intensity. From the left: IWAXS/T in the amorphous q-range, IWAXS/T in the main peak q-range, ISAXS/T in
the full q-range, and n. For all maps the background signal (blue area) has been subtracted. (A–D) Control, (E−H) Control 0.1T20, (I–L)
0.2TiO20.1T20, (M–P) 0.2 NT. Scale bar 1 mm length.
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a more dispersed distribution of the data (range = 33 190). This
suggests that Tween 20 modied the structure of the protein
matrix, and that the strength of the interactions depended on
the concentration. These ndings also indicate that some of the
structural elements of the matrix produce SAXS signals, and
hence are hundreds of nanometers in size.

The addition of TiO2 nanoparticles in the form of spheres
reduced the ISAXS/IT value and increased the dispersion of the
data compared to the control. Furthermore, in the distribution
corresponding to the lm reinforced with 0.2% TiO2 nano-
spheres, another peak appears between 191 000 and 196 000,
representing 25% of the data. When these samples were
prepared with Tween 20, the dispersion of the data decreased,
suggesting that Tween 20 mitigated the disruptive effect of the
nanospheres on the protein matrix.

The behaviour of the NT-reinforced lms demonstrated
signicant differences compared to the nanosphere-reinforced
© 2025 The Author(s). Published by the Royal Society of Chemistry
lms. There was an increase in scattered intensity, particu-
larly noticeable in the lm containing the highest concentration
of NTs. Additionally, in the sample with 0.1% NTs, the presence
of two populations can be observed, with the dominant one
(∼60%) exhibiting values close to those found for the control
with Tween 20 (242 500–255 000). This suggests that the primary
effect on the homogeneity of the structure was attributed to
Tween 20, while the concentration of NTs remained too low to
produce signicant structural changes.

In contrast, for the lm containing 0.2% NTs, the ISAXS/IT
histogram shied to higher values. Although two populations
were still observed, they were less distinctly dened. This suggests
that the presence of NTs at this concentration modied the
structure more signicantly, consistent with the SEM results
indicating that the nanotubes were located within the matrix. At
a concentration of 0.2%, the interactions with the protein/Tween
20 matrix were stronger, leading to a more homogeneous
Sustainable Food Technol., 2025, 3, 743–758 | 755
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Fig. 8 2D spatial distribution of the X-ray intensity. From the left: scattering (ISAXS), transmitted intensity (IT), normalized ISAXS/T maps, and
histogram of ISAXS/T values. The right side of each map (blue region in the ISAXS image) corresponds to measures in the no sample region. (A–D)
Control, (E–H) control 0.1T20, (I–L) 0.2TiO20.1T20, (M–P) 0.2 NT. Scale bar 1 mm length.
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structure, as evidenced by increased dispersed intensity across all
evaluated areas and greater continuity in the values.

The SAXS/WAXS/absorption microscopy results highlighted
the importance of the lm composition, particularly the Tween
20 content and the morphology of the nanoreinforcement,
which was distributed differently in the protein matrix
depending on whether the reinforcements were spheres or NTs.
The nanoreinforcements varied signicantly in size and inter-
acted with the matrix in distinct ways, enhancing or worsening
its physical properties based on the nature of the interactions
(positive or negative) between the components.
Conclusions

Whey protein concentrate, omega-3 rich oil, and TiO2 nano-
composite lms were successfully prepared. The structure of
the lms was characterised using advanced techniques, and the
756 | Sustainable Food Technol., 2025, 3, 743–758
distribution of the nanoreinforcements and their effects on the
lm structure were analysed. This is of great signicance, as the
lm's structure strongly inuenced its physical properties.
These properties were modied by the formulation, as well as
the geometry and concentration of the nanoreinforcements.
Tween 20 interacted strongly with the protein, reducing the
droplet size of the discontinuous phase in the initial systems,
and demonstrating cooperative interactions with the nano-
reinforcements in the lms. The geometry of the reinforcement
played a crucial role in the mechanical and tensile properties.
Nanotubes were incorporated within the bulk of the matrix,
proving to be more effective in enhancing the storage modulus
(E0), loss modulus (E00), and Young's modulus (E) than the
nanospheres. In contrast, the nanospheres were primarily
located on the surface of the lm, resulting in a more hetero-
geneous structure that better blocked light. The lms contain-
ing 0.2% nanotubes exhibited the best physical properties of all
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the lms studied, making them promising materials for food
packaging applications.

Data availability

The data supporting this article have been included as part of
the ESI.†

Author contributions
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