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Abstract
In this study sodium caseinate �lm was produced and the effect of titanium oxide nanoparticles and
grape seed essence as factors that enhances �lm properties was investigated. For this purpose,
nanocomposite �lms based on sodium caseinate were modi�ed with different levels of nanoparticles of
0 to 1.5 % and grape seed essence at levels of 0 to 500 ppm based on the central composite experimental
design (CCD). The effects of these variables on physical/mechanical properties, water vapor permeability
and antioxidant properties were investigated. The morphology and chemical structure of different �lms
were evaluated by SEM and FTIR techniques. The results showed that the addition of titanium oxide
nanoparticles has improved the mechanical properties of the �lms. In this regard, �lms prepared from
1.5% and 500 ppm nanoparticles have the highest tensile strength. The results of scanning electron
microscopy test showed that the addition of nanoparticles led to the indirect penetration of water, which
reduced the permeability of the �lms to water vapor to 4.89 kg/m. The addition of grape seed essence
caused the antioxidant effects of the produced �lms, so that the �lms containing 250 ppm showed
antioxidant activity of 86.74%. Overall, the results showed that the addition of nanoparticles and grape
seed essence had positive effects on the physical and chemical properties of sodium caseinate.

1. Introduction
Today, food packaging is an important part of the global food industry, which is important in the world
due to increasing consumer demand for safe food, the shelf life of packaged food, and reducing costs. In
recent decades, with the introduction of new technologies such as active, intelligent packaging and even
nanotechnology into the �eld of food packaging, new and clear horizons have been created in this
industry. Conventional food packaging systems passively protect food by creating a barrier between the
food and its surroundings, while active food packaging is de�ned as a system that is not only able to act
as a barrier, but also by establishing a favorable relationship with the food protect the food. For example
active packaging by releasing the antimicrobial and antioxidant compounds in the food protects food.
The effects of this relationship usually cause food stability [1–6]. Oxidation of fats after the growth of
microbes is the most important cause of food spoilage. Fatty foods and foods containing unsaturated
fatty acids are the most susceptible to spoilage. Fat oxidation causes unpleasant odors and spoilage of
food and makes them inedible. In some cases, toxic aldehydes are formed and the breakdown of
unsaturated fatty acids destroys the nutritional properties [7–9]. One of the most notable developments
under the active packaging subset is the edible and degradable �lms. In the food industry, these
packages can control or prevent the reactions that occur inside the packages. Biocompatible packaging
based on food �lms has special importance due to its natural materials, and renewability [10 and 11].
Casein proteins are �brous proteins with a random spiral structure and are present in milk in the form of
micelles. Casein micelles are composed of components of casein, calcium phosphate, citrate and
magnesium. The use of biopolymer �lms is associated with limitations due to problems with their
performance, the inherent sensitivity to water and relatively low resistance, especially in humid
environments. Sodium caseinate is no exception to this general feature, and its hydrophilicity and poor
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mechanical properties in humid environments and insu�cient heat resistance and hardness have made
its application in the packaging industry di�cult [12]. Nanotechnology, and in particular nanomaterials,
has provided promising solutions to address some of the barriers to the application of biopolymers for
the packaging of food and beverages. Improved capabilities and new packaging concepts are made
possible by advances in nanomaterial production technologies. Nanometer-sized titanium dioxide is an
ideal photocatalyst, the most important reason for this property is its ability to absorb ultraviolet rays.
Titanium dioxide nanoparticles are known as a source of white pigment for polymers due to their very
high stability and relatively uniform absorption of visible light, and are used to improve the color of
packaging materials [13 and 14]. According to Zhou et al. (2009), the addition of titanium dioxide
nanoparticles in whey protein �lms can greatly improve the physical and mechanical properties of �lms
and increase their inhibition of water vapor [15]. To prolong the shelf life of food, synthetic antioxidants
are mainly added to them in industrial processing. The �ndings of nutritionists have shown that the
harmful side effects of these antioxidants have been recorded in food processing such as butylated
hydroxytoluene (BHT) and butylated hydroxyanisole (BHA). Today, in order to eliminate or reduce
chemical and synthetic compounds in food, much research has been done to replace chemicals with
natural compounds. Phenolic compounds and polyphenols are among the most important
phytochemical compounds that are considered as one of the sources of natural antioxidants due to the
hydroxyl group in their chemical structure. Essential oils and extracts of medicinal plants with
antimicrobial, anticancer, antioxidant and free radical scavenging capacity have a very high potential to
be used as new natural preservatives in the protection of raw foods [16].

Grape seed essential oil has a very mild �avor, which is mainly composed of triglycerides that contain
more than 90 − 80% of unsaturated fatty acids. This oil contains 14–15% oleic acid, 61–73% linoleic acid,
0.6% alpha-linolenic acid and about 10–18% palmitic acid and stearic acid. The essential oil of the kernel
contains 0.8–1.5% of non-saponi�able substances, which often consists of sterols and tocopherols and
has antioxidant properties and also contains proanthocyanidins, which are a group of bio�avonoid
antioxidants. Grape seed essential oil, like other vegetable oils such as palm and coconut, contains
natural sources of tocopherols and has a much higher antioxidant power, so despite its high saturation, it
is oxidative stable due to its above stabilizing compounds [17]. During the studies on the effect of grape
seed extract on bread, it was reported that the bread containing grape seed extract had a stronger
antioxidant power than the control sample, and increasing the level of grape seed extract strengthened its
antioxidant properties. As the amount of extract increases, the antioxidant power will also increase [18].

In another study, the effect of adding grape seed extract (1% w/ w) on the physical and microbial
properties of soy protein isolate �lm was investigated and the results showed that the participation of
grape seed extract in the composition of edible �lm increased thickness, perforation, tissue strength and
stability compared to control samples, and due to the presence of grape seed extract, Listeria
monocytogenes activity was prevented and the shelf life and safety of instant food products stored in
these �lms were improved [19].
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2. Materials And Methods
For �lm production, raw materials include sodium caseinate (99% purity) (Milad Khorasan Dairy Powder
Company), titanium oxide (98% purity) (Sigma-America), grape seed essence (Horticulture Department of
Urmia University), glycerol, tween 80 (Merck, Germany) and 2-2-diphenyl − 1- Picrylhydrazyl (DPPH)
(Sigma-America) were prepared. Other chemical compounds used in this study were prepared by Merck
and Aldridge companies and used without re-puri�cation.

2.1. Film production

To prepare the �lm, 4 g of sodium caseinate powder was dissolved in 50 ml of distilled water and stirred
for 2 hours at 56°C at 1200 rpm. Also, the titanium oxide solution was prepared (according to the Table 1)
in 50 ml of distilled water at 25°C and stirred at 1200 rpm. To produce the �lm, 50 ml of sodium caseinate
solution was added to the titanium oxide solution and stirred for one hour. Glycerol (50% by weight of
sodium caseinate) and 2 ml tween 80 were added to the above solution and stirred for half an hour.
Grape seed essence was added to the mixture (according to the Table 1) and stirred at 1200 rpm for 2
minutes. The �nal solution was poured onto a plate (10×10 cm) and dried at 25°C for 48 hours. The �lms
were stored in a desiccator at 25 ° C to prepare for analysis (Fig. 1). 

 



Page 5/27

Table 1
List of experiments based on CCD

Run A: TiO2 (%) B: Essence (ppm)

1 0.75 0

2 0 250

3 1.5 250

4 0.75 0

5 0 250

6 1.5 0

7 0.75 250

8 0 500

9 1.5 500

10 0.75 500

11 1.5 0

12 0.75 250

13 0.75 250

14 0 500

15 0.75 250

16 0.75 250

17 0 0

18 0 0

19 1.5 250

20 1.5 500

21 0.75 500

2.2. Film tests
2.2.1. Thickness measurement

To determine the thickness of the �lms, a micrometer (model- 25A-3109) with an accuracy of 0.01 mm
was used. Measurements were made at �ve different points in the �lm and then averaged. The calculated
average thickness was used to determine the tensile strength and water vapor permeability [20].
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2.2.2. Moisture content measurement

To measure the moisture content, the �lm samples (0.2 g) were �rst conditioned in a desiccator
containing magnesium nitrate for 48 hours and weighted (m1). Then each sample was dried in an oven
at 105°C and weighed after six hours (m2). The moisture content was determined in three replications.
The moisture content was calculated according to the following equation.

2.2.3 Measurement of solubility in water

To measure solubility, pieces of �lm were weighed at 105°C for 6 hours and then weighed (W1). In the
next step, the �lm was immersed in 50 ml of distilled water for 6 hours at 25°C and stirred at 250 rpm.
The solution was then passed through Whatman 4 �lter paper and completely dried in the oven and
weighed again (W2). The solubility was calculated by the following equation [21]:

2.2.4. Water vapor permeability (WVP)

Water vapor permeability was measured according to the ASTM E96-92 method used in the study of
Casariego o et al. (2009) [22]. For this purpose, special falcons with a diameter of 2 cm were used. 10 ml
of distilled water was poured into the falcons. A piece of �lm was placed on the Falcon lid and the lid of
the vial was closed. The falcons were then weighed and placed in a desiccator containing 24% salt.
Falcon weights were measured every 2 hours for 10 hours. The amount of water vapor transferred from
the �lms was determined by reducing the weight of the falcon. The Falcon weight loss curve was plotted
over time and after calculating linear regression, the slope of the resulting line was calculated. By dividing
the slope of the weight loss line of each vial to the surface of the �lm that was exposed to water vapor,
the water vapor transfer rate (WVTR) and water vapor permeability (WVP) were calculated according to
Equations 3 and 4. In Eq. 1, WVTR is the water vapor transfer rate (Kg/m2 s), L is the �lm thickness (m),
∆P is the relative water vapor pressure differences in Pa between the two sides of the �lm and A is the
�lm surface (m2).

2.2.5. Determination of antioxidant properties
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Siripatrawan et al. (2010) method was used to determine the antioxidant capacity of �lms through DPPH
free radical scavenging power [23]. The absorbance was recorded by a spectroscopy instrument (model
UV-2100 spectrophotometer) at 517 nm. The antioxidant capacity of the �lms was calculated as the
percentage of DPPH inhibition using Eq. 5. In this regard, Abs DPPH indicates the absorption of the control
sample and Abs �lm extract indicates the absorption of the sample containing �lm.

2.2.6. Measurement of mechanical properties of �lms

Mechanical tests were measured using a texture analyzer instrument (TA.XT Plus, Stable Micro Systems
UK) according to [ASTM-D882-91] standard [20]. Before performing the analysis, the samples were
conditioned in a desiccator containing magnesium nitrate at 25 ° C and 89.52% moisture for 24 hours.
Then, a sample of each �lm was cut in the form of dumbbells with dimensions of 8 × 0.5 cm and placed
between the two jaws of the device. The initial distance between the two jaws and the speed of
movement of the upper jaw were determined to be 30 and 0.833 mm, respectively, and the data were
recorded by a computer. Measurement factors include tensile strength (TS) and percentage of strain to
break point (STB) and the elongation of the �lms was measured and reported by the device.
2.2.7. Opacity

Visible light blocking properties in �lms were measured using the method of Jan et al. (2011) using a UV
spectrophotometer (211 UV-2100, USA) at the speci�ed wavelength. For this purpose, the �lm was cut in
1×4 cm dimension and their thickness was measured at �ve points along the �lm and then the �lm piece
was placed in a transparent wall inside the quartz cell of the device and the sample absorption rate was
recorded. The opacity of �lms was calculated by the following equation [24].

Where, A600 is the absorption rate at a wavelength of 600 nm and x is the average �lm thickness in
millimeters.
2.2.8. Measure the surface color of �lms

To measure the surface color, a colorimeter (Colorimeter Minolta model CR-410 Japan) was used. First,
the device was calibrated by a standard white screen. The �lms were then placed on a white plate and
their color was measured using a colorimeter. This device measures four wavelengths in the range of
visible area waves. The results include three color dimensions with quantitative indices L*, a* and b*,
which represent lightness (from L = 0 for black to L = 100 for white), green to red (a=-60 for green up to a 
= + 60 for red) and blue to yellow (b=-60 for blue to b = + 60 for yellow). Using the following equations, the
values of total color difference (∆E), whiteness coe�cient (WI) and chroma (C*), which show the amount
of gray color and imperfections of the �lm, were calculated.
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2.2.9. Scanning electron microscopy (SEM)

The microstructure of the produced �lms was examined by scanning electron microscope (Tescan Vegan-
3). In order to investigate the effect of titanium oxide nanoparticles on the microstructures of the
produced �lm, electron microscope images were prepared from the surface of the �lms. Imaging of the
samples was performed by scanning electron microscope with a use of 20 kW and at a magni�cation of
one micrometer.

2.2.10. Infrared spectroscopy (FTIR)
For IR spectroscopy, thin tablets with a thickness of less than one millimeter were obtained by mixing and
milling the �lm sample with dried potassium bromide in a ratio of 1:20 and applying a pressure of about
60 KPa for ten minutes in the tablet preparation machine. The FTIR spectra were analyzed in the range of
500 to 4000 cm− 1 with a resolution of 0.5 cm− 1.
2.3. Statistical analysis
In this study, to investigate the effect of titanium oxide (0 to 1.5%) and grape seed essence (0 to 500
ppm) on the physicochemical properties of the �lm, the central composite design (CCD) (Table 1) was
used and appropriate statistical models were analyzed. Design Expert-10 software was used to
investigate the linear effect and interaction of variables. Signi�cant levels of data were considered at the
level of 5% probability (p < 0.05).

3. Results And Discussion
In this study, the response surface method (RSM) and statistical modeling of the relationship between
independent variables (titanium oxide percentage and essence concentration) and dependent variables
(physicochemical properties of sodium caseinate �lm) were used to investigate the effect of titanium
oxide percentage and essence concentration on physicochemical properties of sodium caseinate �lm.
Table 2 shows the mathematical models of the relationship between the physicochemical properties of
the �lm and the independent variables as well as the regression coe�cients and the adjusted regression
coe�cients. 
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Table 2
Some characteristics of the constructed models for �lm

Response Regression equation   Model
Summary

Thickness
(mm)

=+ 0.160 + 0.015*TiO2 + 5.233E-05*Essence-1.096E-
05*TiO2*Essence + 0.023*TiO2^2-4.096E-08*Essence^2

  R-sq = 
0.96

R-sq(adj) 
= 0.95

Soloubility
(%)

=+41.452–22.398*TiO2-0.0007* Essence + 0.0003*TiO2*Essence + 
5.954*TiO2^2-4.928E-07*Essence^2

  R-sq = 
0.99

R-sq(adj) 
= 0.98

Moisture (%) =+13.92–15.25*TiO2 + 0.004* Essence − 0.001*TiO2*Essence + 
5.95*TiO2^2-6.50E-06*Essence^2

  R-sq = 
0.95

R-sq(adj) 
= 0.93

WVP =+4.63E-10-2.66E-11* TiO22.462E-13*Essence-4.63E-
14*TiO2*Essence

-1.39E-11*TiO2^2-5.89E-16*Essence^2

  R-sq = 
0.83

R-sq(adj) 
= 0.77

Antioxidant
activity

=+5.925–4.186*TiO2 + 0.328*Essence-0.002*TiO2*Essence + 
1.615*TiO2^2-0.0003*Essence^2

  R-sq = 
0.99

R-sq(adj) 
= 0.96

STB (%) =+46.67–19.80*TiO2 + 0.010*Essence-0.021*TiO2*Essence   R-sq = 
0.98

R-sq(adj) 
= 0.97

TS (MPa) =+7.60 + 2.101* TiO2-0.0005*Essence6.042E-05*TiO2*Essence

-1.053*TiO2^2 + 1.29E-06*Essence^2

  R-sq = 
0.96

R-sq(adj) 
= 0.95

Transparency =+355.08–199.5*TiO2-0.18*Essence + 0.06*TiO2*Essence

-12.03* TiO2^2 + 0.0001*Essence^2

  R-sq = 
0.99

R-sq(adj) 
= 0.98

L* =+94.38–7.54*TiO2-0.02*Essence + 0.006*TiO2* Essence+

2.28*TiO2^2 + 2.9E-05*Essence^2

  R-sq = 
0.67

R-sq(adj) 
= 0.65
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Response Regression equation   Model
Summary

a* =-5.16 + 0.74*TiO2 + 0.001*Essence-0.0006*TiO2*Essence

-0.275*TiO2^2-2.15E-06*Essence^2

  R-sq = 
0.72

R-sq(adj) 
= 0.70

b* =+11.90 + 1.316*TiO2 + 0.001*Essence + 0.0002*TiO2*Essence

-0.710*TiO2^2-3.27E-06*Essence^2

  R-sq = 
0.84

R-sq(adj) 
= 0.82

Chroma =+12.98 + 0.94*TiO2 + 0.001*Essence + 0.0004*TiO2*Essence

-0.56*TiO2^2-2.19E-06*Essence^2

  R-sq = 
0.84

R-sq(adj) 
= 0.79

Whiteness =+85.56–4.47*TiO2-0.01*Essence + 0.002*TiO2*Essence+

1.55*TiO2^2 + 1.78E-05*Essence^2

  R-sq = 
0.68

R-sq(adj) 
= 0.65

ΔE =+14.91 + 0.413*TiO2 + 1.87E-05*Essence + 0.001*TiO2*Essence

-0.364*TiO2^2-2.26E-06*Essence^2

  R-sq = 
0.89

R-sq(adj) 
= 0.84

3.1. Thickness and solubility

Figure 2 shows the 3D curve of the effect of TiO2 and essence on the thickness and solubility of sodium
caseinate based �lm. Thickness is one of the important factors of �lms that directly affects the
permeability properties to water vapor and oxygen as well as the mechanical properties. According to Fig.
2 and Table 2, the linear effect of titanium oxide and the essence and the quadratic effect of titanium
oxide on �lm thickness was signi�cant (p < 0.05). The obtained �lms were small in thickness and easily
separated from the surface of the plates. The lowest thickness is for pure sodium caseinate �lm. The
value of the regression coe�cient (R2 = 0.96) obtained for the �lm thickness showed the high e�ciency
of the model in predicting the �lm thickness. The maximum thickness is in the �lm containing 1.5% of
titanium oxide and 500 ppm, which is equal to 0.24 mm. It seems that the increase in thickness is due to
the increase in dry matter of the �lms. Also, the absorption of water in the �lm surface by the hydrogen
bonds causes less moisture removing from the �lms and increases thickness. Intramolecular interaction
between the protein chains of sodium caseinate, TiO2 and essence was probably the reason for the
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increase in �lm density and �lm thickness. Increasing of �lm thickness due to the addition of an
antioxidant active agent has also been reported by other researchers [25 and 26].

Solubility in water can be one of the most important properties for biodegradable �lms due to its water
resistance, especially in humid environments. In fact, the solubility of �lms in water determines the
release of antioxidant and antimicrobial compounds from active �lms when used to package food. Water
resistance is one of the important features of biodegradable �lms because it indicates their effectiveness
in protecting foods with high water activity or fresh and frozen materials. Due to the hydrophilicity of
proteins, the resulting �lms show high water absorption and solubility, which limits their use alone as
coatings and �lms. Gums and glycerol usually increase solubility due to their solubility in water and lipids
decrease solubility due to insolubility. However, sometimes gum and glycerol may reduce solubility due to
interactions between �lm components. The linear and quadratic effects of titanium oxide as well as the
linear effect of essence alone on the solubility of the �lm were signi�cant (Table 2). Also, the effect of
titanium oxide on solubility was greater than the effect of the essence. Solubility increased slowly with
increasing the amount of essence to a concentration of 500 ppm. However, the amount of titanium oxide
up to 1.5% caused a signi�cant reduction in the solubility up to 21.1%. However, at values above these
levels, its effect on solubility decreased and the solubility decreased with a slower slope with increasing
titanium oxide content. The results of this study are consistent with the results reported by Bourny et al.
(2017). Addition of nano-clay through hydrogen and covalent bonds to the protein lattice reduces the free
hydrogen groups available to form hydrophilic bonds with the water and ultimately reduces the water
activity and moisture content of the protein �lms. Due to the above fact, in the study of the effect of
glycerol on the water solubility of �lms, it was found that a glycerol changes protein molecular structure
by reducing cross-links between polymer chains and signi�cantly increases the solubility of �lms in water
[27].

3.2. Moisture content and water vapor permeability

Water resistance is an important feature of biodegradable and edible �lms because it indicates their
effectiveness in protecting foods with high water activity or fresh and frozen materials. Figure 3 shows
the 3D curve of the effect of TiO2 and essence on the moisture and WVP of sodium caseinate based �lm.
According to Fig. 2 and Table 2, the amount of moisture was only signi�cantly affected by titanium oxide
and the amount of essence had no signi�cant effect on this response. As can be seen in Fig. 3, with
increasing the amount of titanium oxide to 1.5%, the moisture content of the �lm decreased sharply to
4.2%. The high moisture content was 15.8%, which was observed in pure sodium caseinate �lm. Addition
of titanium oxide nanoparticles through hydrogen and covalent bonds to the protein lattice reduces the
free hydrogen groups available to form hydrophilic bonds with water and ultimately reduces the water
activity and moisture content of protein �lms [28]. Pirsa et al. (2018) in a study on starch and nano-clay
composite �lms stated that nano-clay reduced the moisture and water solubility of �lms [29].

One of the main causes of spoilage is relative humidity, so inhibition of water vapor is one of the most
important features used for food packaging. According to Fig. 3, the signi�cance of the model in the WVP
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response indicated the ability of the model to predict the behavior of WVP by varying the amount of
titanium oxide and essence (Table 2). On the other hand, the linear effects of titanium oxide, essence and
the quadratic effect of the essence on WVP were signi�cant. As shown in Fig. 3, WVP decreased with a
steep slope with increasing the amount of titanium oxide to 1.5% and the essence to 500 ppm. The
highest amount of WVP is related to pure sodium caseinate �lm. Regression coe�cient of 0.83 meant the
high power of the model in predicting WVP. Casein �lms are completely soluble in water and have a very
high inhibitory effect on oxygen, but their water vapor permeability is higher. In general, due to the high
number of hydrophilic groups in the polymer chains of carbohydrate and protein �lms, they have little
inhibition against water vapor. Improving the permeability properties of sodium caseinate �lm is due to
the indirect passage of water vapor by titanium nanoparticles scattered in the protein lattice. Pirsa et al.
(2018) in a study on cellulose nano�ber �lms reported that the moisture absorption and water vapor
permeability of BC increased with the addition of KMnO4 [30].

3.3. Antioxidant activity
DPPH radical is a stable free radical with a central nitrogen atom that in the presence of antioxidants,
DPPH color is changed from purple to yellow by reducing and producing a stable molecule. Figure 4
shows 3D curve and contour plot of the effect of TiO2 and essence on antioxidant activity of �lms.
According to the data obtained from Fig. 4 and Table 2, the predicted model for antioxidant activity was
quite signi�cant (p < 0.05). Also, the linear effect of the essence and titanium oxide and the quadratic
effect of the essence on the antioxidant activity were signi�cant. So that by increasing the amount of
titanium oxide to 1.5%, the amount of antioxidant activity is equal to 74.8%. Due to the signi�cant effect
of the essence, with increasing the amount of essence to 250 ppm, the antioxidant capacity increased
sharply, but from a concentration of 250 ppm onwards, the effect of the essence on this response was
insigni�cant (p > 0.05). The lowest amount of antioxidant properties is related to the pure sodium
caseinate �lm, which is equal to 3.8%. The high value of the regression coe�cient (R2) of 0.99 also
showed higher e�ciency and accuracy of the model in predicting the behavior of antioxidant activity. The
results of other studies indicate an increase in antioxidant power by adding essence and plant extracts to
the �lm protein matrix [31]. Regarding the antioxidant effect of the essence and grape seed extract, Nasir
Muslim et al. (2019) by examining the combined effect of grape seed extract, nettle essential oil and
lycopene on the quality of Frankfurter sausage reported that the highest antioxidant property against
oxidative spoilage (peroxide number) was observed in treatment containing lycopene 5%, nettle essential
oil 2%, and grape seed extract 2%, which contained the highest amount of grape seed extract [32].

3.4. Mechanical properties
Figure 5 shows 3D curve of the effect of TiO2 and essence on STB and TS of �lm. As shown in Fig. 5, as
the amount of titanium oxide increased, the STB decreased to 6.9%. The highest amount STB is related to
pure sodium caseinate �lm, which is equal to 52.3%. However, in lower amounts of titanium oxide, the
amount of STB decreased with increasing the amount of essence up to 500 ppm. The value of the
regression coe�cient of 0.97 obtained for the amount of STB showed the e�ciency of the model in
predicting the behavior of this response with respect to the independent variables (essence and titanium
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oxide). The effect of the essence on tensile strength (TS) was insigni�cant, but the linear and the
quadratic effect of titanium oxide on this dependent variable was signi�cant. As shown in Fig. 5, with
increasing the amount of titanium oxide to 1.5%, the amount of tensile strength increased. Increased �lm
hardness indicates the effect of nanoparticle reinforcement on the mechanical properties of
biodegradable �lms. The increase in tensile strength may be due to the inherent strength and stiffness of
titanium oxide chains, uniform distribution of nano �llers in the protein matrix substrate and high
compatibility between nanoparticles and protein lattice due to high surface area. Reduction of tensile
strength in higher levels of titanium oxide could be due to the possible accumulation of titanium oxide
nanoparticles and the non-uniform distribution of nanoparticles in the protein substrate. The decrease in
tensile strength (TS) due to the increase of titanium oxide nanoparticles from a certain amount may be
due to the change in the type of nanocomposite structure and non-uniform distribution of nanoparticles
in the polymer substrate. In general, the presence of essential oils and extracts disturbs the structural
density and reduces the resistance of �lms containing essential oils to tensile forces and elongation.
According to research by various researchers, the addition of antimicrobial compounds to different
polymers due to changes in the molecular level, changes the mechanical properties of the �lms. These
changes often reduce the tensile strength of the �lms due to the destruction of the �lm matrix. Asadi and
Pirsa (2020) have investigated the effect of titanium dioxide nanoparticles on the mechanical properties
of polylactic acid �lms, the results of which con�rm the results of the present study [33].

3.5. Transparency and color properties
Transparency and light transmission are a very important feature of �lms that are used as a coating or
packaging for food. Light radiation is one of the most important causes of food spoilage. Some products
are so sensitive to light that their color, odor and taste are drastically changed with minimal oxidation due
to the effects of light. The main challenge for such products is to protect the contents of the package
from light. Transparency is also an effective and e�cient indicator in determining the particle size
information scattered in the polymer matrix, so that particles and granules larger than the visible
wavelength block the passage of light and increase the opacity of the �lms. It should be noted that the
usefulness of opaque or transparent �lm depends on its application in different foods. For example, for
high-fat foods, opaque �lms are more suitable due to high-fat foods high sensitivity to oxidation. In
general, transparency and opacity are inversely related. Therefore, high values of transparency indicate
low opacity. Transparency of packaging materials is an advantage in food packaging because it affects
the attractiveness of the buyer. On the other hand, packaging materials should protect food products
from the damaging effects of light, especially UV rays.

Figure 6 shows 3D curve of the effect of TiO2 and essence on transparency and color properties of �lm.
According to Fig. 6 and Table 2, the linear and quadratic effects of titanium oxide and essence on light
transmission and transparency were signi�cant (p < 0.05). However, the effect of titanium oxide on this
response was greater than the effect of the amount of essence. As can be seen in Fig. 6, the transparency
of the �lm in the minimum amount of nanoparticles and essence is 298. However, with increasing the
amount of titanium oxide up to 1.5% and essence up to 500 ppm, the amount of transparency decreases
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from 362.7 to 20.9. The highest transparency was 362, which is related to the pure sodium caseinate �lm.
The opaque appearance of composite �lms indicates that the content of titanium oxide nanoparticles
blocks the passage of light through the �lm network, thereby reducing the transparency of composite
�lms containing titanium oxide nanoparticles. The results of this study were consistent with the results of
Sothornvit et al. (2009). They reported that the transparency of whey protein isolate �lms was decreased
due to the addition of titanium oxide nanoparticles [34].

Fabra et al. (2009) reported that the optical properties of edible �lms depend on the internal structure of
the network formed during �lm drying, the mix ability of the phases, the color of the added segments, the
type of dispersion, and the size of the dispersed particles [35]. The transparency of the �lms is affected
by the thickness of the �lms. The results of the present study showed that the pure sodium caseinate �lm
with the lowest thickness has a higher transparency and less turbidity than other samples.

By adding nanoparticles to the pure sample, the thickness of the �lms increased and the transparency
and light transmission of the samples decreased. With the addition of essence to the �lm composition,
the thickness of the produced �lms was higher than the pure sample of sodium caseinate �lm and the
samples without essence, which increased the opacity and reduced the light transmission of the �lms.
Glycerol used in �lm preparation also reduces turbidity and increases light transmission in �lms. Due to
its small size, glycerol enters the space between polymer chains and weakens the forces between chains
and increases the space between chains. Therefore, the amount of light absorption by the polymer is
reduced.

The color and transparency of the packaging �lm are one of the most important and in�uential factors in
terms of consumer acceptance. Most food packaging �lms are clear and colorless. However, in some
cases, due to the sensitivity of the food product to light and the loss of its nutrients due to optical
oxidation, the use of light-blocking and color-forming compounds in packaging �lms seems essential.
The most important color index is the total color difference (ΔE). ΔE indicates the amount of color
difference between the sample and the standard screen and is a measure of the transparency of the
�lms. The lower the calculated ΔE for a sample, the higher the transparency of the �lm. Other descriptive
factors include whiteness, redness, and yellowness [34].

Regarding the lightness (L*) factor, by examining the mathematical model (Table 2) and Fig. 6, the
signi�cance of the lightness model shows the high power of the model in predicting the lightness
response. The linear effect of titanium oxide and the quadratic effect of the essence on the amount of
lightness were signi�cant. So that with increasing the amount of titanium oxide to 1.5% of the amount of
essence up to 500 ppm, the lightness intensity decreased from 91.1 to 89.5.

Regarding the a* factor, by examining the mathematical model (Table 2) and Fig. 6, the effect of the
essence and the interaction of the essence and titanium oxide on the amount of a* was signi�cant. As
shown in Fig. 6, increasing the amount of titanium oxide to the level of 1.5% and the essence of 500 ppm
increased the value of a* with a steep slope. The value of a* for pure sodium caseinate �lm was equal to
-3.5. Regarding the b* factor, by examining the mathematical model (Table 2) and Fig. 6, the �tted model
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was signi�cant for the value of b*. The linear and quadratic effects of titanium oxide and the quadratic
effect of essence on b* were signi�cant. Due to the signi�cant quadratic effect and the linear effect of
titanium oxide on intensity b*, the intensity of b* increased with increasing the amount of titanium oxide.
However, at levels higher than 0.75% of titanium oxide, the intensity of b decreased so that in 1.5% of
titanium oxide it decreased from 12.6 to 12.3. Regarding the chroma factor, by examining the
mathematical model (Table 2) and Fig. 6, the linear and quadratic effects of titanium oxide and essence
on chroma intensity were evaluated as signi�cant. As shown in Fig. 6, with increasing the amount of
titanium oxide to 0.75, the amount of chroma increased with a steep slope. On the other hand, as the
amount of essence, increased to 500 ppm, the amount of chroma increased. The regression coe�cient of
0.84 for the proposed model also showed the high power and accuracy of the model in predicting the
amount of chroma in different levels of essence and titanium oxide. Regarding the whiteness index, by
examining the mathematical model (Table 2) and Fig. 6, the linear effect of titanium oxide and the
quadratic effect of the essence on the whiteness index were signi�cant. As can be seen in Fig. 6, with
increasing the amount of titanium oxide up to 1.5% and essence up to 500 ppm, the whiteness of the
prepared �lm decreased signi�cantly. Regarding the ΔE, by examining the mathematical model (Table 2)
and Fig. 6, the linear effects of titanium oxide and essence on the amount of ΔE were not signi�cant, but
the effect of the interaction of the essence and titanium oxide and the quadratic effect of titanium oxide
on this response was signi�cant. Due to the signi�cant effect of the secondary degree of titanium oxide,
the amount of ΔE increased with increasing titanium oxide levels up to 1.5%.

3.6. SEM and FTIR
Figure 7 shows the SEM images and FTIR spectra of pure sodium caseinate �lms and their composite
�lms. As can be seen in the SEM images, the surface of the control �lm (pure sodium caseinate) is
almost smooth, with cracks, and there are bumps in parts of the �lm that are most likely due to the
presence of protein granules. By examining �lms containing essence and titanium oxide, the proper
density of the �lm containing essence is due to the strong connections between the hydrophilic protein
compounds and the essence when the �lms are dried. By adding titanium oxide nanoparticles to the
protein network, the surface cracks of the composite are reduced. The reduction of cracks in the surface
of �lms containing nanoparticles is probably due to the proper density of titanium oxide and the
complete dissolution of the nanoparticles in the protein �lm matrix. With the increase of titanium oxide
nanoparticles, the crack state of the lattice disappears and more non-uniformity is observed than the
control �lm. Song et al. (2013) reported that the addition of clay nanoparticles to protein �lms causes
nanocomposite �lms containing clay nanoparticles to have more non-uniformity than the control �lm due
to the presence of nanoparticles in interconnected polymer network [36]. Pirsa et al. (2018) in reviewing
the �lms produced from cellulose nano�bers also pointed out the conclusion that zinc oxide and
polypyrrole nanoparticles are located between cellulose �ber particles and have caused more uniformity
of the �lms [37].

Examination of FTIR spectra showed that the peaks in the range of 3200 cm− 1 to 3600 cm− 1 are related
to the vibrations of the O-H groups (alcohols and phenols). The peaks observed in 690 to 900 are related
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to the vibrations of the CH groups (aromatic rings), and the peak in 1680 is related to the absorption of
water by sodium caseinate. In the pure sodium caseinate �lm spectrum, the peaks in the range of 400
cm− 1 to 1000 cm− 1 are related to the bonds that form the amide group (C-O, N-H, and C-N). The peak in
the range of 3200 cm− 1 to 3600 cm− 1 is related to the tensile vibrations of the O-H groups. By adding
titanium oxide to the protein �lm, changes in the structure of the spectra were observed. The intensity and
width of the peaks increased in the range of 400 cm− 1 to 1500 cm− 1 with the addition of nano-titanium,
which indicates an increase in hydrogen bonds between sodium caseinate and titanium oxide. In general,
the FTIR spectra of the composite �lm showed the effect of titanium oxide and essence on the position,
width and intensity of peaks related to the interactions of the composite �lm components. These
changes in peaks by Pereda et al. (2011) are also evident in the FTIR spectra of sodium caseinate
composite �lms containing cellulose nanocrystals [38].

The general conclusion is that the spectrum of composite �lms is similar to the spectrum of pure sodium
caseinate �lm and differs only in a few parts. These changes are probably due to the reaction between
the O-H groups present in the sodium carboxylate caseinate groups with the titanium oxide and essence
groups. It can also be said that the position of vibration peaks belonging to different functional groups
(such as OH, CH, CC, C = C, etc.) In pure sodium caseinate �lms have shifted to different wave numbers in
composite �lms, which indicates the creation of electrostatic interactions between sodium caseinate,
titanium oxide and essence.

4. Conclusion
The use of titanium oxide improves the overall performance of sodium caseinate �lm and is a factor in
expanding its use as a biodegradable package. Considering the results obtained from this study, the
combination of small amounts of titanium oxide in the matrix of the sodium caseinate network caused a
signi�cant improvement in the physical and mechanical properties of the �lm. Appropriate interaction
between protein matrix and titanium oxide was expressed as the main factor reducing WVP and water
sensitivity and improving the mechanical properties of sodium caseinate �lms. With the increase of
titanium oxide, the transparency of the �lms decreased, and according to the results of the SEM test, the
surface of the composite �lms became non-uniform. Evaluation of compatibility of grape seed oil with
sodium caseinate in order to produce an active composite �lm had satisfactory results and the
composition of the essence with sodium caseinate gave good antioxidant power to the �lms.
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Figure 1

Pure sodium caseinate �lm (a), sodium caseinate/TiO2 0.75%/essence 250 ppm (b) and sodium
caseinate/TiO2 1.5%/essence 500 ppm (c)
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Figure 2

3D curves of the effect of TiO2 and essence on thickness and solubility
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Figure 3

3D curves of the effect of TiO2 and essence on Moisture and WVP
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Figure 4

3D curve and contour plot of the effect of TiO2 and essence on antioxidant activity
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Figure 5

3D curve of the effect of TiO2 and essence on STB and TS
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Figure 6

3D curve of the effect of TiO2 and essence on transparency and color properties
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Figure 7

SEM images (A) and FTIR spectra (B) of sodium caseinate �lm (a), sodium caseinate/TiO2
0.75%/essence 250 ppm (b) and sodium caseinate/TiO2 1.5%/essence 500 ppm (c)


