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Abstract. Glyceryl lactate (GlyLA) was synthesized through the esterification of glycerol (Gly) and lactic acid (LA) to plas-
ticize whey protein concentrate (WPC) films with three different ratios of WPC to plasticizer (85, 90, and 100% w/w). LA
was also introduced as a new plasticizer of whey protein films and compared in similar contents. Gly-plasticized films were
also used as control groups. The synthesized GlyLA, including compatible esterification degree with WPC, was characterized
by Fourier transform infrared Spectroscopy (FTIR) and hydrogen nuclear magnetic resonance spectroscopy (H-NMR) analy-
ses. Then, the plasticizing effect of different types of plasticizers on the optical, thermal, mechanical, and water resistivity
properties of the prepared films was evaluated. FTIR in attenuated total reflectance (ATR), Differential Scanning Calorimetry
(DSC), tensile measurements, and cup method were also employed to examine the molecular structure, transition tempera-
tures, mechanical resistivity, and water vapor permeability (WVP) of the modified films. The results showed a lower glass-
transition temperature (7,) and better ductility. By Increasing plasticizer content, solubility and WVP were increased in all
groups. Furthermore, WPC-based films plasticized with 80 or 90% w/w of LA and GlyLA exhibited not only higher tensile
strength and flexibility but also remarkably lower WVP than Gly plasticized films, turning them into potential alternatives
for application as food packaging.
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1. Introduction polysaccharide-based counterparts, cross-linked pro-
In recent years, considerable efforts have been made  tein films are more stable and durable. Lipids are not
to reduce the general concerns related to the detri-  polymers and usually do not form a continuous in-
mental effects of non-biodegradable plastic films on  dependent film [5, 6]. The inherent limitations of
our environment; therefore, edible film formationis = whey proteins, such as their brittleness, low water
of much interest. Edible films must have the neces-  vapor permeability, and poor thermal and physical
sary properties for food packaging, including a bar-  properties, present a challenge to their widespread
rier against moisture penetration, improved color ap-  application. For instance, brittleness can be caused
pearance, desirable mechanical properties, and by hydrogen bonds, electrostatic forces, hydrophobic
non-toxicity [1, 2]. They typically are constructed bonds, or disulfide crosslinking between polymer
from proteins, lipids, and polysaccharides alone or  chains. With the aim of widespread industrial utiliza-
in combination with each other [3, 4]. Whey proteins  tion of prepared films, reducing agents, and especial-
are one type of biopolymer that has good nutritional  ly plasticizers, have been applied to whey protein
values and film-forming ability. As compared to structure in order to impart flexibility, improve
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toughness, and reduce glass transition temperatures
and intermolecular interactions [7, 8].

Plasticizers, as small molecules, reduce the forces
holding polymer chains through conducting interac-
tions with the chains, resulting in an elongated and
softened matrix [9]. Typical plasticizers used for
whey protein films are polyols, including glycerol
(Gly), sorbitol, polyethylene glycol, and xylitol [10,
11], a combination of Gly and trehalose [12], and su-
crose [13]. Almost all of the mentioned plasticizers
have some plastic effects on whey proteins, such as
reducing glass-transition temperature (7), increas-
ing elongation at break, and improving ductility.
Among these, Gly has been chosen as the best plas-
ticizer of whey protein films since it leads to more
stable, flexible, and less brittle films. However, the
thermal, mechanical, and barrier properties of Gly-
plasticized whey protein films are not good enough
for widespread industrial application [9, 14, 15].
To develop industrial applications, significant efforts
have been made to overcome these challenges of
whey protein films, especially in the presence of Gly
as a plasticizer. Different parameters, including pro-
tein purity and Gly content [15], the proportion of
protein and Gly [16], film-forming solution heating
time and temperature [ 17], and different relative hu-
midity of storage [18] on physicochemical proper-
ties of whey protein films, were evaluated. More-
over, the plasticizing effect of waxes [19], fatty acids
[20], plant oils [21, 22], nanoparticles [23—27], and
combination of Gly with other plasticizers [10] or
combination of whey with other biopolymers [28—
31] on the properties of the formed films was inves-
tigated.

It seems that, as compared to Gly, new plasticizers
are needed in order to improve the flexibility, strength,
elasticity, transparency, mechanical, and barrier prop-
erties of whey protein films. In this study lactic acid
(LA) and glyceryl lactate (GlyLA) were introduced
as two new plasticizer candidates for whey protein
concentrate (WPC) films. After GlyLA synthesis and
characterization, the molecular structure, thermal,
mechanical, barrier, transparency, and solubility of
the WPC-based films with different content of plas-
ticizers were studied by Fourier transform infrared
spectroscopy (FTIR) analysis under attenuated total
reflectance (ATR) mode, differential scanning
calorimetry (DSC), tensile measurements, and cup
method. The relation of these parameters is essential
in optimizing film components in terms of plasticizer
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type and contents before the film production toward
their application as biodegradable packaging.

2. Materials and methods

2.1. Materials

Hilmar 8010 containing 80% WPC instantized pow-
der (Hilmar, California, United States) was purchased
and used as the primary material to prepare bio-
degradable films. Toluene (>99.9%), LA (90%), Gly
(99.5%), methanesulfonic acid (<98%), Magnesium
Nitrate, Saturated Sodium Chloride, and sodium sul-
fite were purchased from Merck (Darmstadt, Ger-
many) and used without further purification unless
stated otherwise.

2.2. Synthesis of GlyLA

GlyLA, as a bio-based plasticizer of WPC, was syn-
thesized in an esterification reaction with a specific
degree according to the following procedure report-
ed in the literature [32]. To this end, 0.31 mol Gly,
0.27 mol LA, and methansulfonic acid (0.1% w/w,
diluted in 12.5 g toluene) were transferred into a
three-necked flask equipped with an azeotropic col-
umn. First, the flask was heated for 2 h at 145°C and
the produced water during the esterification reaction
was collected in the azeotropic column. Afterward,
the temperature was increased up to 165 °C and then
the reaction was left under stirring for 3 h at this tem-
perature. Finally, when the reaction was completed,
the residues of toluene and LA were removed through
a rotary evaporator.

2.3. Preparation of WPC-based films

WPC films were prepared with various plasticizers,
including Gly, LA, and GlyLA, using the solution
casting method. First, the WPC powder was dis-
persed in distilled water (5% w/w) and stirred for 1 h
(pH =7, room temperature). To denaturation of the
sulfide bonds of whey protein, the solution was heat-
ed up to 90°C and kept for 30 min and then cooled
down to room temperature. After cooling the solu-
tions, Gly, LA, and GlyLA with different contents
were added to the whey protein solution as plasticiz-
ers (Table 1). It should be noted that the films con-
taining less than 80% w/w of LA or GlyLA and films
with 80% w/w of Gly were brittle. Therefore, con-
centrations of the plasticizers were selected at 80,
90, and 100% w/w for LA and GlyLA, and 85, 90,
and 100% w/w for Gly. Moreover, 0.05 g sodium
sulfite was added to each solution containing GlyLA.
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Table 1. Protein, plasticizer, and water content of the WPC-
based edible films.

Film:" Whey protein Plasticizer | Water
WPC a-plasticizer b °°"°E:]tmte lel le]
WPC5-Gly85 5 4.25 90.75
WPCS5 -Gly90 5 4.50 90.50
WPCS5 -Gly100 5 5.00 90.00
WPC5 -LA8O 5 4.00 91.00
WPC5 -LA90 5 4.50 90.50
WPC5 -LA100 5 5.00 90.00
WPCS5 -GlyLA80 5 4.00 91.00
WPCS5 -GlyLA90 5 4.50 90.50
WPCS5 -GlyLA100 5 5.00 90.00

“a: WPC weight [g] in 100 g of total weight
b: The weight percentage % w/w of Gly, LA, and GlyLA com-
pared to the weight of WPC dry powder.

Then, the above solutions were mixed for another
30 min and the ultrasonic probe was applied to ob-
tain a homogenous solution. Finally, Gly and LA
Casted protein solutions were dried in ambient hu-
midity and room temperature for at least 24 h.

2.4. Film characterization

24.1. FTIR

Bruker Tensor-27 FT-IR Spectrometer (Bruker Cor-
poration, Billerica, Massachusetts, United States)
was used to determine the characteristic peaks of
whey protein powder and to identify the chemical
structure of GlyLA in the range of 400-4000 cm™
wavenumber. Furthermore, the spectra of WPC films
were obtained to identify the interactions of whey
protein with diverse plasticizers in the ATR mode.
Three replicates of each film containing plasticizer
were measured.

2.4.2. Hydrogen nuclear magnetic resonance
spectroscopy (H-NMR)

The chemical structure confirmation of GlyLA was

characterized by applying Bruker nuclear magnetic

resonance spectrometer (NMR, 500 MHz, Bruker

Corporation, Billerica, Massachusetts, United States),

and D,O at 298k was used as a dissolving agent.

2.4.3.DSC

The T, of the prepared films was assessed using a
Mettler Toledo DSC 823e instrument (Mettler Tole-
do, Columbus, Ohio, United States), and data was
analyzed with STARe SW 9.10 software. The alu-
minum container was used as a reference for this
purpose, then samples with an approximate weight

of 7+0.4 g at 5°-cm'min~! rate were exposed to tem-
peratures between 50 and 100 °C in the heating cy-
cles.

2.4.4. Film thickness

Prior to property testing, all the WPC-prepared films
were conditioned at 35 °C for at least 48 h at a 75%
relative humidity (RH). The film thickness was also
determined using a digital micrometer (ACIMETO,
Germany) with an accuracy of £0.01 mm in at least
10 random points for each film, and the mean data
were presented. The average thickness of each film
was considered when calculating its water vapor per-
meability (WVP) and mechanical properties.

2.4.5. Solubility

The solubility of the whey protein films was deter-
mined, as reported in the literature [33]. Briefly,
small pieces of the prepared films were weighed and
dried at 65 °C in an oven to obtain initial dry matter.
Afterward, they were immersed in 50 ml of deion-
ized water (0.02% sodium azide to prevent microbial
growth) and gently stirred at room temperature for
5 h. Finally, to determine the dry matter that was not
solubilized in water, the mixtures, including insolu-
ble and soluble phases, were filtrated to separate the
insoluble solids. After leaving filters and insoluble
pieces to dry in the oven at 65 °C, the film pieces
were weighed. The solubility percentage of films in
water was calculated using the Equation (1):

Solubility [%] =

- weight of dry matter not solubilized
weight of dry matter

-100 (1)

2.4.6. Water vapor permeability (WVP)

The ASTM standard method E-96 was applied to as-
sess the WVP of the prepared WPC films. Aluminum
cups with an outer diameter of 3.5 cm were filled
with calcium chloride as a drying agent and the pre-
pared films were placed on the container’s mouth.
They were then sealed with rubber washers and fas-
tened by screw clamps. The initial weight of the
whole container was measured and then transferred
to the glass desiccator containing saturated saline
water at 25 °C. The presence of saturated NaCl in the
desiccator and CaCl inside the containers induced a
relative humidity of 75 and 0% in the desiccator and
cups, respectively. This humidity difference causes the
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vapor pressure difference of 1753.55 and, subse-
quently, water vapor transmission from the desicca-
tor to inside the cups. Within 12 h, the cups were re-
moved from the desiccator once an hour and were
weighted with an accuracy of 0.0001 using the dig-
ital balance. Diagrams of the weight increase of cups
versus time were plotted, and water vapor transmis-
sion rate (WVTR) and WVP were calculated by the
Equations (2) and (3):

Curve slope

WVRT = Film surface area @)
__ Thikness - WVTR
WVpP = Pressure difference €)

2.4.7. Mechanical properties

Mechanical testing of the prepared films was carried
out using the Instron device (Norwood, Massachu-
setts, United States) according to ASTM-D882 stan-
dard. To this end, the films were cut into rectangles
of 1x7 cm and preconditioned in a desiccator under
50% humidity at room temperature for 48 h before
testing. The distance between the two jaws of the de-
vice and the movement speed of the jaws were
30 mm and 5 mm/min, respectively. Parameters in-
cluding tensile strength, elastic modulus, and strain
at the break were obtained from the resulting stress-
strain curves. The experiments were repeated three
times for each film.

2.4.8. Light transmission of films

To determine the ultraviolet (UV) and visible light
barrier properties of the films, three strips in dimen-
sion of 4x1 cm were prepared and placed on cuvettes
and scanned using a UV-Vis spectrophotometer
(Perkin Elmer Lambada 950 spectrophotometer,
Waltham, Massachusetts, United States) within the
wavelength of 280 to 800 nm. The empty cell was
considered a blank or control.

2.5. Statistical analysis

To determine the effects of WPC-based and plasti-
cizers on film properties, a completely randomized
experiment was conducted. All experiments were
performed at least three times to determine each
property. One-way analysis of variance (ANOVA)
and Duncan’s multiple range tests statistically eval-
uated the obtained data at a confidence interval of
0.05. Statistical analysis was conducted using SPSS
for Windows.
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3. Results and discussion
3.1. Fabrication and characterization of
GlyLA as a plasticizer
GlyLA was prepared through an esterification
process of LA to be applied as a bio-based plasticizer
of WPC [32]. The synthesized biodegradable plasti-
cizer of GlyLA was characterized via FTIR and
"H-NMR analyses. To confirm the esterification re-
action, the FTIR spectra of LA, Gly, and GlyLA
were compared in Figure 1. The characteristic band
of C=0 stretching vibration of LA (1731 cm™) could
also appear in the GlyLA spectrum with a slight shift
in 173 cm™, indicating the formation of the carbonyl
ester group [34]. Moreover, the peaks located at
3383, 2935, and 2881 cm™! could be assigned to the
stretching vibrations of O—H and aliphatic C-H, re-
spectively, which are in common with LA and Gly
spectra [35]. The bands observed at 1129 and
1454 cm™ could be related to C~O and C—H bending
vibrations of the methyl group of lactate [34].
The condensation reaction of the LA and synthesis
of GlyLA Were further verified by 'H-NMR analy-
sis. As shown in Figure 2, the peaks labeled a, b, c,
and d could be assigned to the proton resonances of
Gly and LA. In addition, the appearance of the new
signals in ~3.8 and 4.3 ppm could be related to the
methine and methylene groups of the esterified Gly.
Moreover, the degree of esterification (D.) was cal-
culated using the Equation (4) [36]:

¢ 3(Ily, t1Ls)

where /; 3, 141, and /5 5 are the representative inten-
sities of the methyl groups of the LA moieties and
methylene groups of the Gly moieties, respectively.

GlyLA C-H

Transmittance [%]

1044

1125

3375 1731

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber [cm™]

Figure 1. FTIR spectra of Gly, LA, and GlyLA.
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Figure 3. Schematic illustration of GlyLA synthesis mecha-
nism.

The value of 0.27 was calculated as a degree of es-
terification [32].

A plausible mechanism of esterification of LA in the
presence of methanesulfonic acid was proposed
(Figure 3). Both LA and Gly, as the reagents of plas-
ticizer synthesis, are from renewable resources. To
intensify GlyLA production, the water produced dur-
ing the dehydration process was collected simulta-
neously.

3.2. Fabrication and characterization of
plasticized WPC-based films

3.2.1. FTIR-ATR

FTIR spectra of WPC-based films containing differ-
ent amounts of plasticizer are shown in Figure 3.
FTIR spectrum of WPC-based film containing Gly
was compared with neat WPC and Gly and evaluat-
ed in three spectral regions (Figure 4a). Five peaks
located between 800 to 1150 cm™ in the spectrum

596

of the prepared film could be attributed to the vibra-
tions of C—C and C-O bonds of Gly. For instance,
the bands that appeared at 1040 cm™! could be relat-
ed to the stretching vibration of the C—O bond in C1
and C3, and the vibration of C—O in C2 could be ob-
served at 1110 cm™! [15]. As shown in Figure 4b the
intensity of the peaks in this spectral region in-
creased gradually by increasing the Gly content from
85 to 100%, indicating the increase of free hydroxyl
groups of Gly. In the spectral range of 1600 to
1700 cm™!, the amide I absorption band of WPC,
which is sensitive to the secondary structure of the
protein, could be observed around 1645 cm™!. This
peak was mainly governed by stretching vibrations
of C=0 and C—N groups that appeared in WPC-
based film as well [37]. In this study, by adding 85,
90, and 100% w/w of Gly to the film-forming solu-
tion, the peak of the neat protein shifted to the low
wavenumbers of 1633, 1627, and 1631 cm™, respec-
tively. This could be evidence of interactions be-
tween protein and Gly and the plasticizing effect of
Gly as well (Figure 4b) [15]. The last considered
spectral region of (3000 to 3600 cm™") correspon-
ding to the free and bonded O—H and N-H groups
of protein was characterized by a broad band at
3420 cm™! for WPC. A significant chemical shift to-
ward the wavenumbers of 3275, 3270, and 3269 cm™!
could be observed when the Gly content increased
from 85 to 100% w/w, respectively. This band shift
could be related to the presence of Gly as a plasti-
cizer with a large amount of hydroxyl groups [38].
It should be noted that by increasing the Gly content
in the samples, the intensity of these peaks increased
as well, which could be explained by the interaction
of protein and Gly through covalent bonds [15].

To better understand the valid reason for the partic-
ular functionality of LA- LA-plasticized WPC films,
the FTIR spectra of LA-plasticized film with free LA
and WPC were initially compared (Figure 4c). The
characteristic carbonyl group of LA appeared at
1730 cm™!, which shifted to the lower wavenumber
(1721 cm™), indicating the interactions between the
carboxylic group of LA and functional groups of
protein [34]. Moreover, Figure 4d showed as the
amount of LA increases from 80 to 100% w/w, the
peak intensity of the stretching vibrations of C=0
decreases, which could be evidence of the consump-
tion of more LA. Although it was expected that the
intensity of the peaks would increase with increasing
LA content, a reverse trend actually occurred for all
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Figure 4. FTIR spectra of WPC-based films with different content of a), b) Gly, ¢), d) LA, and e), f) GlyLA as plasticizers.

spectral regions. In spectral regions of 1600 to
1700 cm™!, a significant red shift for stretching vi-
bration of WPC from 1645 to 1627, 1622, and
1623 cm™! for WPC-based films containing 80, 90,
and 100% w/w LA could be observed, respectively.
This remarkable shift could be a sign of very strong
hydrogen bond interactions between LA and protein.
By increasing the amount of LA from 80 toward
100% w/w, LA functional groups bond to the

carbonyl group associated with Amid I as long as
with free-NH and —OH groups of protein through
hydrogen bonding, so breaks the protein-protein in-
teractions and prevent their reformation. The con-
sumption of most of the free -OH and —NH groups
of LA and protein resulted in the reducing intensity
in spectral regions of 3000 to 3600 cm™'. Moreover,
the solubility parameter of films containing LA in-
creases in this case. On the contrary, with the
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increase of LA to 100% w/w level and the saturation
of the attachment point for electrostatic interactions,
the excess amount of LA and film moisture extract
from the film structure.

As shown in Figure 4e, the characteristic absorption
bands of both WPC and GlyLA confirmed the suc-
cessful formation of GlyLA plasticized films at dif-
ferent concentrations of plasticizer. As shown in
Figure 41, the intensity of the whole FTIR peaks ob-
served for GlyLA films enhanced with increasing the
amount of plasticizer, indicating a suitable penetra-
tion rate of the plasticizer through protein chains and
the presence of more free —OH and —NH groups.
Moreover, the shift of the peak corresponding to the
carbonyl groups of Amide I of protein in film spec-
trum to lower wavenumber (1629 cm™!) compared
to neat WPC together with the redshift of carbonyl
group peak of GlyLA to 1735 cm™! indicates the ef-
fective interactions of protein chains and GlyLA
(e.g., hydrogen bonds, not as strong as LA plasti-
cized films). The addition of the excess amount of
GlyLA (100% w/w) caused a significant increase in
the intensity of the mentioned peaks. The saturation
of protein chains with GlyLA and lack of diffusion
and the reaction of plasticizer with protein chains led
to the presence of more free GlyLA in the structure.
Although the rate of plasticizer penetration between
protein chains would decrease in high molecular
weight molecules [39], GlyLA showed a favorable
penetration rate in WPC. It seems that the synthetic
plasticizer, due to its great polarity and capability of
forming hydrogen bonds, could be inserted into the
protein chains and facilitate their mobility. The use
of sodium sulfite salt in order to modify the surface
of whey protein can prevent the formation of exten-
sively cross-linked bonds during thermal denatura-
tion of the protein and may reduce the formation of
disulfide bonds between the protein chains [40].
Therefore, more space is available between chains,
allowing GlyLA to penetrate more effectively, and a
film with better softening properties is formed.

3.2.2. Thermal analysis

The properties of WPC films with different content
of Gly, LA and GlyLA as plasticizers were investigat-
ed with DSC. Regardless of the plasticizer concentra-
tion, the DSC thermograms shown in Figure 5a—5c
demonstrated only one peak for each glass transition
of the amorphous part (7,) and the softening point
(Tsp) temperatures, which confirmed that all three
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plasticizers are compatible with whey protein. As de-
picted in Figure 5a and Table 2, the DSC thermogram
of WPC films containing Gly showed a reduction in
T, values with increasing Gly content. This declining
trend could be related to the softening effect of Gly
molecules, which generally increase the free volume
of the polymer network and the mobility of polymer
chains. Moreover, higher Gly levels require lower en-
thalpy to break the interactions between protein
chains [41]. It should be noted that with increasing
Gly content from 90 to 100% w/w, the plasticizing
efficiency did not change notably, resulting in adding
more Gly to the system without giving more soften-
ing properties to the protein. In the case of protein
concentrate films containing LA, increasing the plas-
ticizer content from 80 to 90% w/w led to a consid-
erable decrease in T, from —6.09 to —13.19°C, indi-
cating a significant softening of whey protein
(Figure 5b and Table 2). However, with the addition
of more amount of LA, a significant increase in the
T, value of WPC film could be observed. It seems
that in the high amounts of LA, WPC films displayed
an anti-plasticization effect owing to the stronger in-
teraction between LA and protein molecules that rel-
atively prevents macromolecular mobility [42].
Moreover, the results showed that in the same content
of plasticizers, LA-plasticized WPC films showed
higher T, values than Gly-plasticized protein films.
According to a previous study conducted by Sobral
et al. [43], the glass transition temperature of whey
protein films increases as a result of chain stiffness
improvement and increasing intermolecular and in-
tramolecular forces. LA reduces the mobility of these
chains by establishing stronger hydrogen and elec-
trostatic interactions with protein chains. This result
is in line with the results obtained from FTIR spectra
and the following tensile test, indicating the manu-
facture of more flexible films.

Low molecular weight plasticizers have been report-
ed to be more effective in plasticizing efficiency than
high molecular weight types. These plasticizers eas-
ily penetrate into the protein chains and form hydro-
gen bonds between the plasticizer’s hydroxyl groups
and the protein chains [39]. Gly and LA have lower
molecular weights than GlyLA, causing more cleav-
age of protein bonds and hydrophobic interactions
between protein molecules. To reduce the number of
disulfide bonds between protein chains and conse-
quently increase the spaces between chains for better
penetration of GlyLA, the whey protein surface was
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Figure 5. DSC Thermograms of WPC-based films with different content of a) Gly, b) LA, and c¢) GlyLA as plasticizers. d) T,
values of WPC films as a function of mass fraction of different plasticizers.

modified through sodium sulfite as a reducing salt
to form the films with better-plasticized properties.
As shown in Figure 5c and Table 2, a similar trend
could be observed for GlyLA plasticized films, and
the highest reduction in 7, was obtained at 90% w/w
of all plasticizers. Compared to the prepared films

Table 2. T, and T, values of WPC films with different con-
tent of plasticizers.

Film:" T, T,
WPC a-plasticizer b [°C] [°C]
WPC5-Gly85 —13.84 91.00
WPC5-Gly90 -17.51 90.50
WPC5-Gly100 —18.85 96.33
WPC5-LA0 —6.09 92.17
WPC5-LA90 —13.19 84.16
WPC5-LA100 -11.03 83.73
WPC5-GlyLASO —10.68 91.50
WPCS5-GlyLA90 —15.34 102.00
WPC5-GlyLA100 —-15.19 85.33

*a: WPC weight [g] in 100 g of total weight
b: The weight percentage % w/w of Gly, LA, and GlyLA com-
pared to the weight of WPC dry powder.

599

containing LA, the films prepared with Gly and
GlyLA showed more reduction of 7, which resulted
in better-softening efficiency as well (Figure 5d).
Due to the amorphous nature of the polymer-plasti-
cizer composite, there is no melting temperature.
The peaks observed at higher temperatures represent
transition points linked to the softening point tem-
perature (75p,), indicating that at this temperature, the
composition becomes completely soft and flexible.

3.2.3. Light transmission

Figure 6 displayed the Light transmission of WPC-
based films at different content of the three plasti-
cizers. Negligible transmission could be observed
below 280 nm for all WPC-based films. This excel-
lent barrier property in the UV region could probably
be related to the radiation-absorbing amino acids
(e.g., alanine, tryptophan, and tyrosine) found in pro-
tein-based structures [44]. In contrast, synthetic
polymer films cannot generally block UV light [15],
suggesting WPC-based films in food systems may
retard UV-induced lipid oxidation. However, at
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Figure 6. Light transmission of WPC-based films, with various content of a) Gly, b) LA, and ¢) GlyLA.

300 nm, transmission values ranged from 1.92-0.96,
5.13-2.01, and 5.14—1.54 for the films plasticized
with different content of Gly, LA, and GlyLA, respec-
tively. In the visible range (350—800 nm), the maxi-
mum light transmission was measured at 800 nm,
52.32-57.34 for Gly, 82.55-84.6 for LA, and 52.56—
38.83 for GlyLA as plasticizer with different con-
centrations. The highest transmittance could be ob-
served for LA plasticized films (=80%), which could
be attributed to the low absorption of n—x" transi-
tion of the carboxylic group of LA [45]. It should be
noted that the films containing GlyLA showed the
lowest light transmission due to the presence of sodi-
um sulfite salt. Therefore, increasing the amount of
plasticizers in WPC-based films has a notable impact
on the transmission of light in films that contain
GlyLA. Figure 7 shows the visual appearance of
WPC-based films plasticized with GlyLA and LA.

3.2.4. WVP measurements
WVP of the plasticized WPC-based films was evalu-
ated at different contents of three types of plasticizers.

As shown in Figure 8a, increasing the plasticizer
content caused the higher WVP of all samples,
which is probably due to more interruption of the co-
valent bonds between the protein chains. Moreover,
it seems that the WVP of the LA-plasticized films
was less affected by plasticizer concentration, which
could be related to the evaporation of some amount
of solvent and LA in high content [46]. The highest
WVP was related to Gly-plasticized films and the
lowest one was for LA-plasticized films. Gly, as a
low molecular weight plasticizer (92 g/mol), rich in
hydroxyl group, renders the films very hydrophilic
and consequently showed high WVP. In contrast, in
the presence of LA, the formation of stronger hy-
drogen bonds of plasticizer and protein chains led
to less water-permeable sites and acted as a better
water vapor barrier [47]. The results showed that
GlyLA, with less hydrophilicity compared to Gly,
due to the presence of the ester group of LA, re-
duced the WVP of WPC-based films. It should be
noted that the addition of sodium sulfite to whey
protein films (up to 10% w/w) did not significantly
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a)

b)

Figure 7. Visual appearance of WPC-based films plasticized with a) GlyLA and b) LA.

affect the WVP of the films prepared at a relative
humidity of 50% [40].

3.2.5. Solubility

As reported in the literature, the intermolecular
disulfide bonds of WPC-based films, make them
partially insoluble in water [48]. The solubility of
WPC-based films with three types of plasticizers
was evaluated. As shown in Figure 8b, an increase
in plasticizer content leads to an increase in solubil-
ity. The hydrophilicity of plasticizers can affect the
solubility properties of the prepared films. According

50

WVP [g/(m-s-Pa)-10]

WPC5-Gly85
WPC5-Gly90.
WPC5-Gly100
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WPC5-LA90.
WPC5-LA100
WPC5-GlyLASO
WPC5-GlyLA9O.
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to Cugq et al. [49] Gly as a hydrophilic plasticizer can
increase the solubility by constitution of the more
soluble dry matter from low molecular mass protein
chains. The results showed low solubility of the LA-
plasticized films compared to those plasticized with
Gly. The formation of stronger interactions of LA
and whey protein chains could be one of the possible
reasons for this lower solubility. These interactions
could be supported via the increase in the peak in-
tensity corresponding to the hydroxyl group’s vibra-
tions by increasing the LA content in FTIR spectra
of LA-plasticized WPC films [17].
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Figure 8. a) WVP and b) solubility of WPC films with different content of plasticizers.

601



F. A. Shahir et al. — Express Polymer Letters Vol. 18, No.6 (2024) 592—-606

In similar content of plasticizers, the moisture con-
tent in films containing high molecular weight plas-
ticizers is lower. However, in the case of films plas-
ticized with GlyLA, due to the preparation of the
corresponding films at 40% humidity, we see more
soluble films compared to the two other plasticized
films.

3.2.6. Mechanical properties

As reported in previous studies, the plasticizing of
WPC-based films induces large modifications to
their mechanical properties [50]. Figure 9a—9¢ show
the typical tensile curves of WPC films with differ-
ent plasticizers. An increase in Gly content led to a
decrease in tensile strength and an increase in the
elongation at break (Figures 9d and 9¢). Gly, as a hy-
drophilic low molecular weight plasticizer, could
easily penetrate the protein chains and reduce the
number of cross-linked intermolecular bonds of the
polymerized protein molecules of the films through
the formation of hydrogen bonds with reactive groups
of proteins. When plasticizers and proteins are
mixed, protein-plasticizer interactions are formed to
the detriment of protein-protein interactions [48]. A
similar trend could be observed in plasticized films
with LA and GlyLA. However, with increasing the

amount of these plasticizers from 90 to 100% w/w,
tensile strength and elongation of film reduce con-
siderably. This behavior, especially in the case of
films including LA, is consistent with the FTIR and
DSC results and likely could be attributed to satura-
tion of the protein structure with other compounds.
Compatibility between polymer and plasticizer is ef-
fective on mechanical properties, and with decreas-
ing compatibility, the possibility of phase separation
under stress and loss of tensile properties increases
[15, 48, 51]. Increasing GlyLA plasticizer in WPC
films, especially WPC5-GlyLA 100, will cause phase
separation due to the reduction or dominance of in-
termolecular and intramolecular interactions and
lead to incompatibility and, therefore, will result in
the loss of tensile properties.

Moreover, according to studies conducted by Schmid
et al. [40], the mechanical properties of the produced
films are affected by the formation of disulfide bonds
during thermal denaturation of the protein and the
addition of plasticizer to compete for the formation
of intermolecular hydrogen bonds after denaturation
completion. By the addition of sodium sulfite to pro-
tein, there was no change in tensile strength and elas-
tic modulus, but a small decrease in elongation oc-
curred. Therefore, it seems that the reduction in the
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Figure 9. Typical tensile curves of a) WPC5-Gly 100, b) WPC-LA100, ¢c) WPC-GlyLA100, and d) Tensile strength, e) elon-
gation at break, f) elastic modulus of WPC films with different content of plasticizers, Data are expressed as the
mean £SD (n = 3). ("P < 0.05, P < 0.01, P < 0.001).
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strain at the break of Gly LA films compared to LA
plasticized films is due to the addition of sodium sul-
fite to the solution.

The film’s elastic modulus, which is an inherent cri-
terion for film stiffness, decreased with the increase
of all three plasticizers (Figure 91). This observation
testifies to the decrease in the covalent bonds level
of the protein structure as a result of the softening of
the prepared protein films. Overall, the above-men-
tioned results showed that the presence of a lactate
group on one side and the Gly group on the other can
make GlyLA a suitable plasticizer candidate for im-
proving the mechanical properties of the prepared
whey films.

4. Conclusions

This work aimed at introducing two bio-based plas-
ticizers, LA and GlyLA, for WPC, accompanied by
investigating the physical, mechanical, and thermal
properties of films produced therefrom compared to
Gly-plasticized films as control groups. Water-solu-
ble GlyLA with an esterification degree of 0.27,
which is compatible with film-forming WPC, was
initially synthesized, and its chemical structure was
confirmed by "TH-NMR and FTIR analyses. All three
plasticizers showed FTIR shifts in carbonyl and hy-
droxyl spectral ranges, representing the interaction
of protein and plasticizers. However, due to the more
robust interactions, LA showed the highest FTIR
shifts and, consequently, the lowest softening effect.
As compared to Gly plasticized films, which showed
the most reduction in 7, value, the WPC films con-
taining both LA and GlyLA underwent an obvious
drop in T, values while an increase in 7, of LA films
was observed by increasing the content of plasticizer
up to 100% w/w. The highest light transmission was
observed for LA plasticized films. Furthermore, the
water vapor barrier and solubility of WPC films plas-
ticized with LA were better than those of other groups
due to the stronger interaction of protein and LA.
However, GlyLA showed better barrier properties
than control films. Moreover, LA and GlyLA plasti-
cized WPC films exhibited better mechanical com-
pared to Gly plasticized counterparts in similar plas-
ticizer content. The amount of plasticizer used in
whey protein structure plays a substantial role in ob-
taining desired films for application in food packag-
ing since molecular structure, thermal, mechanical,
and barrier properties are dependent on utilized plas-
ticizer content in film forming solution. WPC films
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plasticized with 80 or 90% w/w of LA and GlyLA
exhibited not only higher tensile strength and flexi-
bility but also remarkably lower WVP than Gly-plas-
ticized films, which is of great importance in pro-
tecting foods from external destructive forces and
preventing water vapor uptake through the environ-
ment, respectively. So they could be considered good
plasticizers for whey protein. However, further stud-
ies should be conducted to improve the properties of
these bio-based films in competition with non-bio-
degradable polymer films.
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