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Abstract: Non-degradable plastics of petrochemical origin are a contemporary problem of society.
Due to the large amount of plastic waste, there are problems with their disposal or storage, where
the most common types of plastic waste are disposable tableware, bags, packaging, bottles, and con-
tainers, and not all of them can be recycled. Due to growing ecological awareness, interest in the
topics of biodegradable materials suitable for disposable items has begun to reduce the consump-
tion of non-degradable plastics. An example of such materials are biodegradable biopolymers and
their derivatives, which can be used to create the so-called bioplastics and biopolymer blends. In
this article, gelatine blends modified with polysaccharides (e.g., agarose or carrageenan) were cre-
ated and tested in order to obtain a stable biopolymer coating. Various techniques were used to
characterize the resulting bioplastics, including Fourier-transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA)/differential scanning calorimetry (DSC), contact angle measure-
ments, and surface energy characterization. The influence of thermal and microbiological degrada-
tion on the properties of the blends was also investigated. From the analysis, it can be observed that
the addition of agarose increased the hardness of the mixture by 27% compared to the control sam-
ple without the addition of polysaccharides. In addition, there was an increase in the surface energy
(24%), softening point (15%), and glass transition temperature (14%) compared to the control sam-
ple. The addition of starch to the gelatine matrix increased the softening point by 15% and the glass
transition temperature by 6%. After aging, both compounds showed an increase in hardness of 26%
and a decrease in tensile strength of 60%. This offers an opportunity as application materials in the
form of biopolymer coatings, dietary supplements, skin care products, short-term and single-con-
tact decorative elements, food, medical, floriculture, and decorative industries.

Keywords: bioplastic; biopolymers; environment; biodegradation; modification; polysaccharides;
gelatine; agar; carrageenans

1. Introduction

Recently, about 40% of plastics used are used to produce disposable packaging,
which generates waste that pollutes the natural environment. Replacing plastics with bi-
odegradable and biopolymer materials of various origins makes it possible to move away
from polymers obtained from petrochemical raw materials. Animal and plant proteins
(gelatine, casein, collagen, gluten, soy protein, and zein), polysaccharides (starch, cellu-
lose, chitosan, agar, and carrageenan) or lipids (fats, oils, and waxes) are most often used
to produce biopolymer films [1,2].

Fibrogenic properties are characterized by a biopolymer of animal origin, such as
gelatine. The structure of this protein consists of amino acids, predominantly glycine, pro-
line, and hydroxyproline, which are presented as a three-member sequence connected by
peptide bonds. The natural polymer is created after the hydrolysis of the triple helix,
which involves the depolymerization of the structure of collagen extracted from animal
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raw materials [3,4]. The polymer network formed after the denaturation of gelatine has
the form of a hydrogel with low stiffness, which swells under the influence of water. The
origin of the gelatine and the cross-linking substance used influence the mechanical and
thermal properties of the obtained gelatine matrix [5]. In the case of a collagen derivative,
low-volatility plasticizing additives are used to improve the functional properties such as
elongation at break, elasticity, plasticity, and stiffness. For this purpose, polyols (glycerol,
xylitol, etc.), monosaccharides (e.g., glucose and mannose), and fatty acids are used [6,7].
Due to the potential replacement of previously used plastics as disposable food packag-
ing, these materials should be decomposed by composting with the participation of micro-
organisms. For example, the creation of edible single-layer films based on gelatine most
often involves evaporation from solvent solutions or by dispersing protein [8]. The com-
position of the mixture to create the gel matrix is as follows: 20-30% gelatine, 10-30%
plasticizer (glycerol or sorbitol), and 40-70% water [9].

Edible films with a thickness of less than 0.3 mm must consist of food-safe and edible
ingredients. In addition, they must fulfill several functions, such as protection against the
loss of moisture and important ingredients, or selectively participate in the exchange of
gases, e.g., oxygen and carbon dioxide [10,11]. Active food packaging, in turn, aims to
extend the shelf life and increase the nutritional value of food by preventing dehydration,
oxidative rancidity, and surface browning [12].

Polysaccharides with hydrophilic properties and a crystalline structure are very sen-
sitive to the presence of moisture, but they provide the composites with appropriate me-
chanical properties. For example, agar, carrageenan, alginate, starch, pectin, xanthan gum,
and others can be used to produce biodegradable films [12,13].

Agar is a polysaccharide obtained after processing some species of marine algae of
the genus Gracilaria and Gelidium from the group of red algae (Rhydophyta), which have
cell walls consisting of layers. Each layer is composed of cellulose microfibrils grouped
into macrofibrils. The basic structure of this polysaccharide is two monomers: 3,6-anhy-
dro-L-galactose and D-galactose connected by alternating a-(1,3) and (3-(1,4)-glycosidic
bonds [14]. Agar forms reversible gels, so it can be used as a thickening and gelling agent
for aqueous solutions. During cross-linking, the molecules form double helices that are
compatible with gelatine [15]. Agar gel without additives is characterized by a limited
resistance to aging (photodegradation), fluctuations in the sol-gel transformation temper-
ature, and a low degree of resistance to moisture. This causes the formation of microcracks
and increases the brittleness of the material [16,17]. Nevertheless, it is a compound that
can create composites and blends, so it is used as an addition to another biopolymer that
creates a gel matrix, e.g., cellulose (as a polysaccharide that allows for a greater resistance
to heating and microwave effects, increasing tensile strength and stiffness) [15,18] or gel-
atine (with stabilizing and emulsifying and thickening protein, with the ability to bind
water, and limited thermal stability and mechanical strength) [19].

Carrageenan is a polysaccharide obtained from the red algae species Chondrus cris-
pus, Eucheuma denticulatum, and Gigartina stellate, which, analogously to agar, is iso-
lated from the cell wall and intercellular matrix of marine algae [20]. The chemical struc-
ture of carrageenan is a sulfonated (depending on the type of carrageenan, it contains 22—
35% sulfonic groups) chain of D-galactose and 3,6-anhydro-L-galactose connected by o-
(1, 3) and B-(1,4) bonds) glycosides. Depending on the raw material, its lifetime, and its
extraction method, a specific type of carrageenan is obtained, differing in the place of sub-
stitution and the number of sulfone groups [21]. Carrageenan is a biopolymer that has
many important properties from the point of view of its usefulness, i.e., anti-aging, anti-
oxidant, and anti-cancer properties. Moreover, it has the ability to thicken solutions and
create reversible gels, with the sol-gel transition temperature depending on the type of
carrageenan. Commercial carrageenan comes in the form of sodium, potassium, magne-
sium, or calcium salts, which have an increased structural stability compared to carragee-
nan containing free sulfone groups. The number of acid groups, their stabilization by cat-
ions, and the presence of other substances affect the viscosity and strength of the formed
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gel. In addition, the viscosity itself increases with a higher polysaccharide concentration
and with decreasing temperature. The disadvantage of carrageenan composites is their
sensitivity to a low solution pH and high temperature, as these factors significantly affect
the structure through depolymerization [21,22].

Their use as edible, biodegradable disposable food packaging requires appropriately
high mechanical, thermal, and moisture resistance properties. K. Wang et al. [23], who
investigated the effect of corn starch on the properties of collagen films, noted the rough-
ness of the obtained sample, which did not occur for films without polysaccharide. Starch
increased tensile strength when heated and decreased water solubility. Thermal stability,
tested using the DSC method, was increased under the influence of polysaccharide.

R. Kumar et al. [24] used corn starch modified with 5% citric acid and gelatine to
obtain biodegradable composite films plasticized with sorbitol, examining the optimal ra-
tio of modified corn starch and gelatine. The composite films were characterized by an
increase in thickness with an increase in gelatine content, as well as a hydrophilic charac-
ter, increased swelling and solubility in water, reduced transparency, and improved me-
chanical properties. The obtained composite films extended the shelf life of cucumber to
16 days.

The analysis of the relationship between the structure and properties of the gelatine—
chitosan composite was performed using scanning electron microscopy by H.R. Naseri et
al. [25]. The authors compared the obtained SEM images (Scanning Electron Microscopy)
and infrared spectroscopy results, based on which they confirmed the presence of inter-
actions between two polymers (gelatine and chitosan) and the additive (essential oil from
the Ferulago angulate plant). The resulting composite had a greater water vapor permea-
bility after adding the oil.

Sodium alginate and agar can form biodegradable, two-layer films enriched with es-
sential oils. The natural oil gives the composite antimicrobial properties, which can poten-
tially be used in biopolymer food packaging. B. Zhang et al. [26] achieved the best prop-
erties for the film with the addition of ginger essential oil. The structure of the film was
homogeneous and tests confirmed its antimicrobial activity.

A gelatine/agar-based film integrated with a Pickerin emulsion from a solution of
cellulose nanofibers and clove oil was obtained by casting by S. Roy and J-W. Rhim [27].
The resulting films had a high UV ultraviolet light barrier, and antioxidant and enhanced
waterproof properties. A small addition of Pickerin emulsion slightly influenced the me-
chanical and barrier properties and gradually increased the film thickness. All gela-
tine/agar-based films showed multi-stage thermal decomposition. Already pure gelatine—
agar foil showed some DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) radical scavenging activity (presence of antioxidant
peptides in gelatine), and the addition of Pickerin emulsion significantly increased this
property.

A. Syarifuddin et al. [28] modified gelatine—carrageenan films with canola oil from
Canadian rapeseed (Brassica napus) to produce a hydrophobic dispersion layer. The hy-
drophobic additive prevented water evaporation, which resulted in the formation of
thicker films that dissolved in water to a lesser extent than the composite without this
additive. The water vapor transmission rate of hydrophobic composites decreased signif-
icantly due to the increase in resistance to the transfer of water particles caused by the
change in the polarization of the matrix components. The introduction of oil resulted in a
significant reduction in tensile strength, which could have caused structure discontinui-
ties. A higher weight share of k-carrageenan enabled the formation of interactions be-
tween the polysaccharide chains, and the hydroxyl groups used did not form hydrogen
bonds with water, which resulted in a lower moisture content of the composites. It was
found that the mechanical properties are significantly influenced by the film thickness and
the presence of lipids.

The aim of the research work is to enhance gelatine blends by incorporating polysac-
charides such as agar and carrageenan, with the goal of positively influencing the
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properties of the resulting films. The study has examined the film properties for varying
amounts of agar and carrageenan additives. The resulting bioplastics are envisioned to be
environmentally friendly alternatives that can be utilized as single-use products. These
innovative materials hold promise not only in the food packaging sector but also in vari-
ous other applications.

2. Results and Discussion
2.1. Preparation of the Blends

Biopolymer blends were obtained by synthesis in a reaction set consisting of a three-
necked flask, a thermometer, and a magnetic stirrer in an oil bath at 75 °C (Figure 1). The
reaction was completed after all components had dissolved. After the synthesis was com-
pleted, the whole was transferred to a vacuum evaporator (name b-401, producer BUCHI)
to remove the remaining solvent. An efficiency of 85% was achieved in the process. The
use of a three-necked flask may be important for the production of gelatine blends and
the resulting yields for several reasons:

e  Mixing and homogenization: The three-necked flask enables the effective mixing of
various ingredients, including gelatine and any additives or fillers. This makes it pos-
sible to obtain a homogeneous mixture, which is crucial for obtaining consistent me-
chanical and structural properties of the films.

e Process control: As a result of the different flask necks, you can control the production
process, e.g., by adding subsequent ingredients at the right moments, regulating the
temperature, or mixing time. This allows the process to be adapted to the specific
requirements for gelatine blends, which may have a significant impact on the final
quality of the product.

The unformed material was subjected to a processing process of pressing at a tem-
perature of 140-150 °C and under a pressure of 10 MPa in order to give the desired
shape—in the case of the research, these were plates with dimensions 100 mm x 100 mm
x 1 mm. Subsequently, an element dimensioned for individual examinations and tests was
cut from the boards using an automatic die described in Table 1. Table 2 shows the com-
position of the polymer blends produced.

Table 1. Fitting dimensions.

Fitting Dimensions Type Bl
L3 —total length 150 mm
L1—the length of the part bounded by the lines 40 mm
R—radius 60 mm
L2 —distance between wide parallel parts 106 mm
B2 —width at the ends 20 mm
B1—width of the narrow part 10 mm
H—recommended thickness 4 mm
LO0—measuring length 50 mm
L —initial distance between handles 115 mm

L3
L2

B1
B2
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Figure 1. Method of blend synthesis.

Table 2. Components used for blends’ synthesis. Amounts are presented in parts by weight (PBW).

Ingredients (PBW)
Blend N
eneName - Gelatine Glycerine = Water Agar Carrageenan l\(I)aSONII-I
Control 120 - - 30
A15*% 135 15 - 50
A35 150 35 - 100
A50 100 65 165 50 - 150
CGN 15** 135 - 15 50
CGN 35 150 - 35 100
CGN 50 165 - 50 150

Legend; * Polymer blends with agar, ** Polymer blends with carrageenan

2.2. FTIR Spectroscopy

A Fourier-transform infrared spectroscopy (FTIR) test was performed for all compo-
sites to determine the functional groups. The acquired spectra are shown in Figures 2—4.

Figure 2 shows a summary of the spectra of the samples (control, agar (35 parts by
weight), and carrageenan (35 parts by weight)). This arrangement allowed for the deter-
mination of structural changes in the composites related to the addition of polysaccha-
rides.
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Figure 2. FTIR spectra of samples: Control, A35 (sample with the addition of 35 parts of agar by
weight), and CGN35 (sample with the addition of 35 parts of carrageenan).

Based on the spectra presented in Figure 2, it can be concluded that the blends pro-
duced have similar functional groups in their structure. The broad band for the wave
number of 3270 cm™! is assigned to Amides A and B. They are attributed to stretching vi-
brations occurring when a secondary amine group is present in the structure, coupled to
vibrations of the primary alkyl amide I, according to the Fermi resonance phenomenon,
due to the very similar excitation energies of these vibrations. In the same range of 3200-
3600 cm™, the hydroxyl group absorbs, so an overlap of bands is observed. These groups
(N-H and O-H) are able to form hydrogen bonds with other molecules containing an ox-
ygen or nitrogen atom, e.g., glycerine or water, which increases the bandwidth from the
described range. An approximation of the spectrum in the range of 2800-3000 cm™" indi-
cates the presence of peaks at the wave number of 2916 cm™ and 2850 for the control sam-
ple, which are attributed to symmetric and asymmetric CH stretches in aromatic methoxy
groups and in methyl and methylene groups of side chains formed from lignin and pectin
[29,30].

Overlapping bands in the range of 2800-3000 cm™ occur in the case of stretching vi-
brations of C-H bonds. At the wave number of 1630 cm-!, an intense and narrow band of
amide I is observed, which corresponds to the stretching vibrations of C=O bonds and N-
H bonds. The band at 1544 cm™! comes from Amide II, which consists of stretching vibra-
tions of C-N bonds and deformation vibrations in the plane of N-H bonds [31]. The ab-
sorbance signal peaking at 1400 cm™ occurs when the incident radiation induced an in-
plane deformation vibration for the C-OH and CH: groups. The out-of-plane deformation
vibration of the methylene group can be assigned to the 1335 cm™ band. The maximum at
1240 cm™ is the Amide III band of the deformation vibrations of the N-H group and the
stretching vibrations of the C-N group, which are influenced by the 6(C-O) and v(C-C)
vibrations. Stretching vibrations of the C-O group present, for example, in a glycerol mol-
ecule give an intense band for the wave number at approximately 1040 cm, while for
wave numbers: 900 cm-840 cm!, these are signals from the groups: C-O and C-O-504,
respectively. The spectra for gelatine mixtures with the addition of agar in various weight
fractions are shown in Figure 3 and Scheme 1.
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Figure 3. FTIR spectra of samples with the addition of agar with 15 parts weight A15, 35 parts weight
A35, and 50 parts weight A50.
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Figure 4. FTIR spectra of samples with the addition of carrageenan with 15 parts weight A15, 35
parts weight A35, and 50 parts weight A50.
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Blend gelatine-agar

Scheme 1. An example scheme of the reaction between agar and gelatine blend.

The spectra obtained during measurements for blends containing agar contain
groups originating from gelatine and glycerine in their structure, which give characteristic
bands in the spectrum of each sample. In the spectrum of A35 and A50 composites for the
range of 2800-3000 cm™!, the absorbance of two bands corresponding to the stretching of
C-H bonds (2910 cm™ and 2840 cm™!) increased, while the Amide A band is less intense.
The absorbance for a blend with the addition of agar in 50 parts. wt. (A50) increased in
the range from 1350-1150 cm™ and 800 to 1000 cm™. The higher intensity of the band is
probably caused by the presence of sulfide groups 5=O and glycosidic bonds of the poly-
saccharide. The increase in absorbance indicates the presence of a greater number of con-
nections, which may translate into the mechanical and functional properties of the com-
posites. Gelatine and polysaccharides may interact through different mechanisms due to
their chemical properties. One mechanism is the electrostatic attraction between the posi-
tively charged amino groups in gelatine and the negatively charged carboxylate groups
in polysaccharides. Another mechanism is hydrogen bonds between the hydroxyl groups
of polysaccharides and amide groups in gelatine. Furthermore, hydrophobic interactions
between gelatine and polysaccharides can also occur where nonpolar regions interact with
each other.

Figure 4 shows a comparative spectrum for gelatine samples with the addition of
different weight percentages of carrageenan. As in the case of samples with agar added,
most of the peaks appearing in the spectrum come from gelatine and glycerine. As the
content of carrageenan in the biopolymer structure increases, the intensity of the peaks
increases, which may affect the functional properties of the composites due to the larger
number of galactose and anhydrogalactose groups. Typical bands for carrageenan are sig-
nals in the ranges of 1350-1150 cm™ and 900 cm™ and 840 cm™, corresponding to the
groups of sulfide groups 5=0O, 3,6-anhydrogalactose, and galactose 4-sulfate. Scheme 2
shows the possible interactions between the carrageenan and gelatine blend.

Carrageenan is a sulfated polysaccharide containing glycosidic bonds between the
monomer units. Gelatine, on the other hand, is a protein that contains peptide bonds be-
tween amino acid residues. These two molecules can interact with each other through a
variety of mechanisms, including electrostatic attraction, hydrogen bonds, and hydropho-
bic interactions.

The glycosidic bonds of carrageenan can interact with the peptide bonds of gelatine
through hydrogen bonds. Hydrogen bonding occurs between the hydroxyl groups of car-
rageenan monomers and the amide groups of gelatine amino acids. This interaction can
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lead to the formation of a complex between the two molecules, which can have different
properties depending on the specific type of carrageenan and gelatine used.

Blend of gelatine

Scheme 2. An example of a reaction scheme between carrageenan and gelatine blend.

2.3. Nuclear Magnetic Resonance Spectroscopy NMR

The proton spectrum of gelatine consists of characteristic signals originating from
amino acids such as glycine, proline, threonine, leucine, valine, arginine, hydroxyproline,
tyrosine, and phenylalanine (Figure 5, Table 3). The assignments of the signals are con-
sistent with the literature data [32,33]. Table 3 presents the assignments of individual sig-
nals.

Lyys8EeRmygg [UU
................................ o
r0.070
r0.065
r0.060
r0.055
r0.050
r0.045
r0.040
r0.035
r0.030
r0.025
r0.020
r0.015
r0.010
JJ r0.005
LWW 0.000

r-0.005

12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
f1 (ppm)

Figure 5. 'H NMR spectra of gelatine solution in D20 at 343 K.

Table 3. The main compounds assigned in "H NMR spectra of gelatine solutions.

Amino Acid Assignment 'H (ppm)
1 Val, Leu v-CHs, 9-CHs 0.93
2 Thr v-CHs 1.21
3 Ala CHs 1.40
Arg [-CHz, y-CH>,
4 1.59-1.
Lys B-CH., y-CHz, 5-CH: 59-1.80
5 Pro [-CHo>, y-CH>, 5-CH: 1.81-2.18

Met p-CHz, CHs




Int. ]. Mol. Sci. 2024, 25, 4333 10 of 32

6 Glu [-CHz, y-CH: 220-2.30
Hyp p-CH:
8 Lys e-CH2 3.02
Arg 0-CH:
? His B-CH: 364
10 Pro 5-CH: 3.63
1 Gly o-CH2 3.96
Hyp v -CH
CH-3,5ring
Ph
12 T j CH-4 ring 7.28-7.35
y CH-2,6 ring
The spectrum of glycerine consisted of three characteristic signals (Figure 6). One
originating from the CH group with a shift of 3.78 ppm, and two from the CH: groups
with shifts for the proton at 3.56 and 3.67 ppm (Table 4). Figure 7 represents the spectrum
of gel. As can be seen, it shows characteristic signals which were observed for both gela-
tine and glycerine.
Table 4. The assignments of 'H and 3C NMR for glycerine sample.
Assignment H (ppm) BC (ppm)
1 CH2 3.56 (2H), 3.67 (2H) 63.12
CH 3.78 (1H) 74.91
BRTR 2RBLLIRBHRRLLN 2 [Uav
PR AR i r0.38
r0.36
r0.34
r0.32
r0.30
r0.28
r0.26
r0.24
r0.22
r0.20
r0.18
r0.16
r0.14
r0.12
r0.10
r0.08
r0.06
r0.04
r0.02
r0.00
§d L-0.02
6‘.5 é.O 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0
f1 (ppm)

Figure 6. 'TH NMR spectra of glycerine solution in D20 at 343 K.
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Figure 7. '"H NMR spectra of gelatine and glycerine in D20 at 343 K.

Carrageenans are a group of galactans that are soluble in water and contain sulfate
groups. They consist of a chain of linked 3-linked B-d-galactopyranose (G-units) and ei-
ther 4-linked a- d-galactopyranose (D-units) or 4-linked 3,6-anhydro-a-d-galactopyra-
nose (DA-units). These units repeat to form the structure of carrageenans. The 'H NMR
spectra of carrageenans present typical deshielded signals corresponding to the anomeric
hydrogens at 5.24 and 5.38 ppm (Figure 8). The carbon spectra consist of 12 signals, corre-
sponding to the 12 carbon atoms of the repeating disaccharide unit (Figure 9). The spectra
are consistent with the literature data [34, 35].

0.00

r0.09

r0.08

r0.07

r0.06

r0.05

r0.04

r0.03

r0.02

r0.01

r0.00

10.5 10.0 9.5 9.0 85 80 7.5 7.0 65 6.0 55 50 45 40 35 3.0 25 2.0 15 1.0 05 0.0 -0.5

f1 (ppm)

Figure 8. '"H NMR spectrum of carrageenan in D20 at 343 K.
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Figure 9. 3C NMR spectrum of carrageenan in D20 at 343 K.

Unfortunately, the 'H spectrum of the sample CGN 15 presented in Figure 10 only
shows intense signals from glycerine which makes the signals from amino acids in gela-

tine invisible.
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Figure 10. 'TH NMR spectra of CGN 15 in D20 at 343 K.
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The main sugar component of agar is agarose, which represents about 70%. Agarose
is a polysaccharide that is linear and mostly free of sulphate. Its sugar structure is made
up of alternating -d-galactopyranose units linked at the 1,3 position and 3,6 anhydro-a-
l-galactopyranose units linked at the 1,4 position. This polysaccharide is well-known for
its ability to form gels and is commonly utilized for this purpose. Figure 11 shows a rep-
resentation of the repeated unit in agarose. In Table 5, G is used for the anhydrogalactose
unit, G’ for the D-galactose unit, and G” for the substituted D-galactose unit [36,37].
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Figure 11. Representation of the repeated unit in agarose.

Table 5. Chemical shifts of proton and carbon signals of agarose in D20 at 343 K.

H1 H2 H3 H4 H5 Heé CHs
G' 4.58 3.65 3.79 4.14 3.53 3.79
G" 4.58 3.65 3.79 4.14 3.53 3.65 3.44
G 5.17 4.13 4.51 4.68 4.58 4.03—4.22

C1 C2 C3 C4 C5 Cé6 CHs
G’ 102.53 70.34 82.32 68.85 75.44 61.53
G’ 102.53 70.34 82.32 68.85 75.44 71.52 57.01
G 98.45 69.95 80.22 77.52 75.74 70.34

The assignments of the signals are consistent with the literature data [38,39]. Figures
12 and 13 present the proton and carbon spectra for agar, respectively, and Figure 14
shows the proton spectrum for the biopolymer blend containing the addition of agar.
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Figure 12. 'H NMR spectra of agar in D20 at 343 K.
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Figure 13. 3C NMR spectrum of agar in D20 at 343 K.
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Figure 14. '"H NMR spectra of A15 in D20 at 343 K.

Figure 14 represents the spectrum of A15. As can be seen, it shows characteristic sig-
nals which were observed for both the agar and gel gelatin—glycerine. In the collective
spectrum (Figure 15) showing signals from agar 1, gelatin—glycerine gel 2, and the gelatine
blend containing agar 3, one can observe signals probably coming from the amino acid
and polysaccharide units. The gelatine mixture is a mixture of amino acids, equipped with
carboxyl and amino groups that form peptide bonds present in key structures such as
hydroxyproline, proline, and glycine, but also containing aromatic groups in their struc-
ture, such as phenylalanine or tyrosine. Generally, in organic compounds, electron-with-
drawing substituents, such as Ar-H, R-(C=0)-NH, Ar-OH, and SO:s-, located in the vicinity
of a given atom cause a shift towards greater exposure, i.e., towards a higher ppm value.
The introduction of agar into the gelatine—glycerine structure did not reveal these signals
due to the large biomolecule that is gelatine, which, in turn, results from the fact that T2
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relaxation times are very short, and, therefore, in a mixture where there may be low-mo-
lecular-weight compounds and polymers, the latter are lost in the baseline [40].

Amino acids
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Figure 15. '"H NMR spectra from bottom to top: agar-1, gel gelatine-glycerine-2, and A15-3.

2.4. Determination of Water Absorption

Determining the absorption curve of the samples allows for the estimation of the
most favorable composition of the composites from the point of view of the functional
properties. For this purpose, the mass of the samples is measured as a function of time

until a plateau point is reached. The percentage change in the mass of the composites is
shown in Figure 16.
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Figure 16. Water absorption curve over time.

Water absorption is a measure of the amount of water that a polymer blend can ab-
sorb. This is important because water can affect the mechanical properties of the mixture,
such as its strength and stiffness. In addition, water can also cause the polymer mixture to
swell, which may lead to a reduction in its dimensional stability. Therefore, it is important
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to understand the water absorption properties of the polymer blend to ensure it performs
optimally in various environments [41,42].

Based on the water absorption curve, it can be concluded that the reference sample
(Control) absorbed the most water compared to the other samples—the mass ultimately
increased by 93%, and the sample swelled noticeably after the first 10 minutes of analysis.
Hydroxyl groups in the pyranose ring are responsible for such absorption, which initiates
the formation of hydrogen bonds with water.

A larger addition of agar resulted in a smaller change in mass when immersing the
biopolymer blends in water. A larger amount of polysaccharide allowed for the creation
of more stable interactions between biopolymers, which is confirmed by an FTIR analysis
[43].

2.5. Density of the Blends

The results of density measurements presented in Table 5 indicate that the sample
without the addition of polysaccharide has the lowest hydrostatic density and is similar
to the value of the composition with the addition of agar in 15 parts weight (A15). Blends
with the addition of polysaccharides increase in density as the amount of this substance
increases. The density depends on the chemical composition and structure of the poly-
mer—in this case, on the content of additional ingredients, i.e., the structure of the carra-
geenan or agar.

The chemical composition of a polymer affects its density through the mass of the
atoms it is made of. For example, polymers containing atoms with a high atomic weight
will have a higher density than polymers containing atoms with a lower atomic weight.

The structure of a polymer affects its density by the way the atoms are connected to
each other. For example, linear polymers will have a lower density than branched poly-
mers. This is because linear polymers have a smaller volume per unit mass.

Gelatine is a polypeptide that consists of amino acid residues linked together. Carra-
geenan and agar are polysaccharides that consist of sugar molecules linked together. Due
to its chemical composition, powdered gelatine has a relatively low density of approxi-
mately 1.3 g/ecm? [32]. Powdered carrageenan [33] and agar [32] have a higher density of
approximately 1.5 g/cm?® and 1.8 g/cm?, respectively. The structure of gelatine is linear.
Carrageenan and agar have a branched structure [44]. Therefore, gelatine has a lower den-
sity than carrageenan and agar. The results of the hydrostatic density of the made biopol-
ymer blends are presented in Table 6.

Table 6. Hydrostatic density results of the prepared biopolymer blends.

Sample d (g/cm?)
Control 0.87 £0.02
Al5 0.93 £ 0.05
A35 1.27 £ 0.03
A50 1.31 £0.01
CGN 15 1.23 +0.02
CGN 35 1.26 +0.04
CGN 50 1.32 £0.00

2.6. Contact Angle and Surface Free Energy SFE

Surface energy is a measure of the attractive force between molecules located on the
surface of the material. This is an important feature of materials because it affects their
physical and chemical properties. Determining the surface energy using three liquids, wa-
ter, ethylene glycol, and diiodomethane, required measuring the contact angles of drops
of each liquid on the surface of the samples. The measurement results in the form of aver-
age surface energy values are presented in Table 7 and correspond to the literature results
[42,45].
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The polar component for samples with added polysaccharides decreases with the
increasing weight of these additives, which indicates a decrease in the hydrophilic prop-
erties of the blends made. These data correspond to the results of the analysis of the ab-
sorption curve. This is probably related to the formation of macromolecular connections
as a result of covalent interactions resulting from the interactions of the -OH moiety de-
rived from the polysaccharides. This reduces the interactions of hydroxyl groups on the
composite surface, which is confirmed by an FTIR analysis (Figures 3 and 4). However,
the polar component increases with the increase in the weight fraction of additives. This
is related to the increase in the number of hydrophobic groups on the sample surface.

The surface free energy of blends with the addition of polysaccharides is higher than
the SFE of the control sample and increases with the increase in these additions in the
blends made. The higher SFE value indicates a more favorable cross-linking of samples
with polysaccharides; the lower number of polar groups near the surface and on it results
in the reduced penetration of polar solvents like water.

Table 7. Comparison of polar and dispersion components and surface energies of samples synthe-
sized with polysaccharides.

Dispersion Component ySa

Sample Polar Component yS, (mN/m) (mN/m) Surface Energy S (mN/m)
Control 3.04+0.93 19.95+1.69 22.99 +1.86
Al5 242 +0.76 21.56 +1.72 23.98 +1.96
A35 1.07 +0.42 30.05 +0.92 31.12+£1.01
A50 0.11+0.29 32.54 +2.05 32.86 + 1.07
CGN 15 1.35+0.47 29.23 +2.76 30.58 +2.36
CGN 35 0.56 +0.28 34.92 +2.32 35.48 +1.61
CGN 50 0.31 +0.40 35.55 + 1.59 35.86 +2.79

2.7. Mechanical Properties

In order to determine the mechanical properties of the samples, the hardness, tensile
strength (Ts, MPa), and elongation at break (Ev, %) were determined. The hardness of the
samples was determined using a Shore type A hardness tester, and a Zwick Roell testing
machine was used to obtain the values of the tensile strength and relative elongation at
break. Relative elongation is the ratio of the final length of the sample to its initial length.
This is a measure of the material’s elasticity. Tensile strength is the maximum force that a
material can withstand without breaking. This is a measure of the material’s strength. The
results and their standard deviations are presented in Table 8.

Table 8. Mechanical properties of gelatine blend.

Sample Ha + dH (‘Sh) Ts (MPa) Ev (%)
Control 17.0+£1.8 1.34 +0.29 230.1+14.1
Al5 40.4+1.9 2.06+0.18 131.7+£11.1
A35 62.3+22 2.20+0.30 56.7 + 8.3
A50 66.1+2.1 2.86 +0.45 41.7 +5.0
CGN 15 25.0+14 0.76 +0.10 145.4+£9.1
CGN 35 27.1+1.2 0.71+£0.03 95.4+6.6
CGN 50 36.6 0.9 0.59 + 0.06 92.9+8.1

Based on the results obtained, it can be concluded that the introduction of polysac-
charides into the blends leads to an increase in hardness and a decrease in elongation at
break, and the results are comparable to the results of measurements performed for simi-
lar systems [42,44—48]. The decrease in the value of the relative elongation of compositions
containing polysaccharide may be related to the formation of a larger number of gelatine—
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polysaccharide bonds in the blend network, formed due to the presence of functional
groups attached to the pyranose ring of agar and carrageenan. The tensile strength in-
creases for samples with the addition of agar. This is probably related to the formation of
covalent bonds between gelatine and agar. Carrageenan composites were characterized
by a relatively low tensile strength, lower than the control sample, and an additionally
higher proportion of carrageenan in the gelatine matrix reduced the tensile strength of the
composite, which would indicate the formation of weak bonds such as hydrogen bonds
in the network or the blocking of the active groups of carrageenan and gelatine during
synthesis. Agar contains two units of SOs sulfonating groups in two furanose rings, while
carrageenan contains only one. This difference in sulfonated groups between the two sub-
stances has important implications for the formation of covalent interactions in the struc-
ture of the mixture. In particular, the presence of more sulfonated groups in the agar may
lead to the formation of more covalent interactions in the mixture structure. This, in turn,
may result in more favorable Ts (tensile strength) parameters of the mixture.

Gelatine composites are characterized by a relatively high relative elongation, usu-
ally ranging from 41.7 to 230%. This is higher than other composite materials such as pol-
yester composites (5 to 20%) or polyurethane composites (10 to 30%).

The presented gelatine blends are characterized by a relatively low tensile strength
compared to the strength of the other composite materials. For example, gelatine compo-
sites with the addition of glass fibers can have tensile strengths ranging from 20 to 50 MPa.

Gelatine blends are characterized by the Shore hardness, which is similar to the hard-
ness of other composite materials, such as gelatine composites with the addition of glass
fibers, which have a Shore hardness of 50 to 70.

2.8. Thermal Analysis

In order to determine the thermal properties of the prepared samples, differential
scanning calorimetry (DSC), thermal gravimetric analysis (TGA), and softening tempera-
ture using the Vicat method were carried out. Figure 17 shows thermograms for the made
blends.

The thermogravimetric method was used to determine the thermal stability of blends
made of gelatine, agar, and carrageenan. Biopolymer blends with the addition of polysac-
charides have a TGA curve analogous to the standard in terms of the occurrence of trans-
formations [48]. The addition of agar and carrageenan caused the first mass loss to shift to
higher temperatures, which is related to the more strongly bound water in the matrix
through the water—polysaccharide hydrogen interactions. In the case of carrageenan, the
first weight loss moved to the range of 180-220 °C for all composites. Blends with the
addition of A15 and A30 agar required higher temperatures for the degradation of gela-
tine, glycerol, and agar—220-290 °C and 290400 °C. The transformations that occur in
carrageenan blends are identical to those in the agar addition. A higher content of carra-
geenan did not cause any shifts in mass losses in the temperature range of 220-290 °C and
290400 °C. In the range of 220-290 °C, the CGN 35 composite lost less mass, and, in the
range of 290-400 °C, all gelatine-polysaccharide samples lost less mass.

Table 9 shows the results for a loss of 5% and 50% of the mass of the tested samples
and residues after thermal decomposition. The temperatures for a 5% mass loss had sim-
ilar values, because the mass loss occurred due to the loss of water bound in the polymer
matrix. In the case of all carrageenan blends, the temperature needed to decompose 50%
of the sample mass increased by approximately 20 °C. The residue after the charring of
the samples with polysaccharide increased due to the higher ash content of polysaccha-
rides compared to gelatine.
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Table 9. The effect of polysaccharides on the rate of decomposition of gelatine matrices.

TGA Analysis
Sample Control A15 A30 A50 CGN 15 CGN 35 CGN 50
Ts (°C) 123 99 118 123 128 127 118
Ts0 (°C) 286 291 305 277 309 305 300
Psoo (%) 2.6 7.3 7.9 5.8 12.2 17.1 13.3

where Ts—temperature 5% of sample mass loss; Tso—temperature 50% of the sample mass loss;
Psoo—residue after thermal decomposition of the sample.
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Figure 17. Thermogravimetric analysis curves (TGA) of gelatine samples. (A): Control (black curve);
with the addition of agar with 15 parts weight (red curve); with the addition of agar with 35 parts
weight (blue curve); and with the addition of agar with 50 parts weight (green curve); (B): Control
(black curve); with the addition of carrageenan with 15 parts weight (red curve); with the addition
of carrageenan with 35 parts weight (blue curve); and with the addition of carrageenan with 50 parts
weight (green curve).

All thermal transformations that occurred under the influence of the temperature
were endothermic transformations. Gelatine composites give three phase transition tem-
perature readings, which are described as the glass transition temperature Tg and the
melting temperature Tm. In the literature, the glass transition temperature of gelatine var-
ies depending on its origin or different extraction methods. The melting point of gelatine
(Tmelt) can vary depending on the histological origin of the animal tissue from which it
was extracted, e.g., pork gelatine 38-42 °C, bovine gelatine 30-35 °C, fish gelatine 22-28
°C, and poultry gelatine 25-30 °C [4].
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The results for differential scanning calorimetry (DSC) for the gelatine—agar and gel-
atine—carrageenan matrices are presented in Table 10 below.

The glass transition temperatures Tg for the standard and the blend with the addition
of agar have similar values, but, with the increase in the weight share of agar in the blend,
an increase in the heat capacity can be observed. Heat capacity is the amount of heat
needed to raise the temperature of a material by one degree Celsius. An increasing heat
capacity means that the material requires more energy to heat it.

The addition of carrageenan to the polymer matrix resulted in an increase in the glass
transition temperature Tg and an increase in the heat capacity Cp, which proves that car-
rageenan increased the thermal stability of the gelatine matrices. The blend with the high-
est weight share of CGN50 carrageenan turned out to be the most stable, and its heat ca-
pacity was 2.736 J/g-K.

The effect of polysaccharides on the increase in the glass transition temperature of
gelatine is associated with the formation of non-covalent or covalent complexes that can
change the molecular structure and physical properties of gelatine, leading to an increase
in its glass transition temperature. The thermal properties of gelatine biopolymers are
similar to those of other composite materials, such as polyester or polyurethane compo-
sites. The glass transition temperature of gelatine blends reaches up to 110 °C. This tem-
perature is close to the Tg of some other materials, such as polycarbonate of 147 °C and
polyethylene terephthalate (PET) of 80 °C. The increased heat capacity observed in gela-
tine mixtures after the introduction of polysaccharides can be attributed to the formation
of a stable network between the protein and carbohydrate components, resulting in an
improved thermal and mechanical stability. Comparing the results regarding the heat ca-
pacity of biopolymer blends with the properties of other polymers, it becomes obvious
that this value closely coincides with the range of heat capacity of polyesters (from 1.3 to
1.7 ]/g-K) and polyurethanes (from 1.5 to 2.0 J/g:K).

To determine the softening point, a Vicat analysis was performed for various biopol-
ymer blends. The softening temperature Tm indicates the transition of the biopolymer
into a plastic form in a gradual manner. The control sample (without added polysaccha-
rides) had the lowest measured temperature value (47.43 + 1.09 °C). The addition of agar
increases the softening temperature Tm, but this change was much smaller compared to
the addition of carrageenan. The highest softening temperature was achieved by the
CGN50 composite, which was approximately four times higher than the temperature of
the Control composite and amounted to 192.25 + 0.85 °C. The influence of polysaccharides
on the increase in the softening temperature of gelatine mixtures is related to their devel-
oped structure, availability of functional groups, and the introduction of polysaccharide
derivatives.

Table 10. Thermal properties of samples.

Sample DSC Results Vicat Results
Ty onset (°C) Tg Midpoint 1s0 (°C) ACp (J/g'K) Tm (°C)
Control 46.54 +2.00 48.37 +2.00 0.775 47.43 +1.09
Al5 48.79 + 2.00 49.25 +2.00 0.968 48.89 + 0.50
A35 49.07 +2.00 58.90 + 2.00 1.155 63.70 + 0.92
A50 51.27 £2.00 60.46 +2.00 1.198 76.98 +1.01
CGN 15 49.33 +2.00 59.07 +2.00 1.700 145.16 +1.52
CGN 35 59.67 + 2.00 97.78 +2.00 2.406 158.22 +1.99
CGN 50 92.69 +2.00 110.93 +2.00 2.736 192.25 +0.85
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2.9. Biodegradability and Thermo-Oxidative Aging of Samples
2.9.1. Thermo-Oxidative Aging

In order to determine the resistance of the samples to thermo-oxidative aging, accel-
erated aging measurements were performed. The samples were placed in a thermo-oxi-
dation chamber for 7 days. Samples subjected to the thermo-oxidation process were sub-
jected to various analyses to determine the impact of aging on the physico-chemical prop-
erties of polymer blends.

2.9.2. FTIR Spectroscopy after Thermo-Oxidative Aging

Thermo-oxidative aging of samples affects their structure, and these changes can be
observed using infrared spectroscopy. The difference is the decrease in absorbance after
thermo-oxidative aging for all compositions. After thermo-oxidative aging, agar blends
absorbed less radiation compared to composites with carrageenan. The conditions to
which the samples were subjected had a greater impact on the agar matrices. For none of
the composites after thermo-oxidative aging, no change in the position of the bands is
observed, so the same vibrations still occur, only with a lower efficiency.

Figures 18 and 19 show the spectra of A50 and CGN50 composites before and after
thermo-oxidative aging. For the agar composite, a band of higher intensity occurs for the
stretching of the N-H bond in the range of 2800-3000 cm™!. The increase in the number of
amino groups may be caused by cross-linking reactions that occur during thermo-oxida-
tive aging.

A decrease in the intensity of the C-O bond stretching band in the range of 1000-1200
cm™ may indicate a reduction in the number of carbonyl groups in the matrix. The reduc-
tion in the number of carbonyl groups may be caused by oxidation reactions that occur
during thermo-oxidative aging [49].
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Figure 18. FTIR spectra of samples: A50 (sample with the addition of 50 parts of agar by weight)
before thermo-oxidative aging, and A50TO (sample with the addition of 50 parts of agar by weight)
after thermo-oxidative aging.
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Figure 19. FTIR spectra of samples: CGN50 (sample with the addition of 50 parts of carrageenan by
weight) before thermo-oxidative aging, and CGN50TO (sample with the addition of 50 parts of car-
rageenan by weight) after thermo-oxidative aging.

2.9.3. Photos with an Optical Microscope

The microscope was used to take magnified photos of the topography of the compo-
sites before and after aging to compare the surface controls. The photos are summarized
in Figure 20. Based on the images taken, it can be concluded that all samples contained air
bubbles, craters, and salt crystals, which are most likely the result of the uneven evapora-
tion of water from the protein matrix occurring during processing.

The Control composite was the most homogeneous and contained fewer agglomer-
ates than A15 and K50, and the structure had no distortions. In the photos of blends sub-
jected to thermo-oxidative aging, you can see scratches on the sample surface resulting
from the effect of the temperature on the sample during processing.

The introduction of agar into the gelatine matrix causes distortions on the surface
and these changes are visible for the A15 composite, and this effect deepens with an in-
crease in the weight fraction of the polysaccharide additive. Micropores were observed on
the topography of each sample, the number of which decreased with the increasing poly-
saccharide content.

In the photos of composites with carrageenan, convex structures are observed, chang-
ing their shape depending on the amount of carrageenan added to the gelatine matrix.
CGN15 is characterized by the presence of a large number of elongated, irregularly ar-
ranged carrageenan agglomerates. In the remaining samples with the addition of carra-
geenan (CGN35 and CGN 50), there are fewer agglomerates, but they are larger and take
a spheroidal shape.

Composites subjected to thermo-oxidative aging are characterized by the presence of
distortions (mainly A15), cracks (mainly A35), and an increase in the number of agglom-
erates (CGN50). The surface of the carrageenan composites, compared to the agar compo-
sites, did not change significantly, but the number of agglomerates increased after aging,
which was most likely influenced by the content of salt precipitated in the form of crystals.
The longitudinal, convex agglomerations (CGN15) visibly increased in volume after
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aging, and a similar effect was caused by the aging of the CGN35 and CGN50 composite

[50].
BEFORE THERMAL-OXIDATIVE AGING AFTER THERMAL-OXIDATIVE AGING
CONTROL

100.0 ym
SAMPLE
WAS DESTROYED
A15
A35
A50

100.0 ym

CGN15
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CGN35

CGN50

Figure 20. Topography of post-gelatine blends before and after thermo-oxidative aging made us-
ing metallographic microscope (OPTA-TECH, magnification x200).

2.9.4. Determination of Color Change after Aging

The color change was measured in the CIELAB space using a UV-Vis spectropho-
tometer. The samples before aging were used as standard samples. The results of the color
change parameter dE*ab and color changes on the surface of samples are presented in
Table 11. The dE*ab parameter describes the differences in color compared with the sam-
ples before aging, also tested for other gelatine samples [42].

In the case of agar, the total color change was above the value of 5, so the change in
the color of the sample after thermo-oxidative aging is noticeable to the human eye. The
higher the weight of the polysaccharide in the blend, the smaller the difference between
the colors of the samples. The color change of carrageenan compositions due to aging will
not be noticeable to a standard observer, which was confirmed by a total color difference
value below unity. Carrageenan gives the gel matrix a greater resistance to color change
compared to agar (AE 0.42-0.89).

Table 11. Analysis of color changes after thermo-oxidative aging.

Color Changes
A15 A35 A50 CGN15 CGN35 CGN50
AL (-) -6.91 -3.75 -5.82 -0.26 -0.30 -0.86
Aa (-) -5.65 -11.09 -0.95 -0.46 -0.22 -0.01
Ab (-) -12.34 -9.24 -4.91 -0.36 0.20 0.23
AE (-) 15.23 14.91 7.67 0.64 0.42 0.89

2.9.5. Determination of Changes in Mechanical Properties after Aging Processes

Figure 21 presents the results of the hardness analysis in Shore’s scale A for the blends
before and after thermo-oxidative (TO) aging.
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Figure 21. Results of Shore’s hardness of biopolymer blends before (BT) and after (AT) thermo-oxi-
dative aging.

Figure 21 shows the change in Shore A hardness for gelatine mixtures under the in-
fluence of the temperature. From the presented results, it can be concluded that
thermo-oxidative aging increased the hardness by an average of two times. The greatest
increase was observed for samples with the addition of carrageenan, from 168% to 119%.
This may be due to the formation of oxygen radicals, which leads to the secondary
cross-linking of the matrix during thermo-oxidative aging. The formation of a secondary
network significantly affects the mechanical properties of materials.

2.9.6. Determination of the Change in SFE after Thermo-Oxidative Aging

Determining the surface free energy SFE using three liquids, water, ethylene glycol,
and diiodomethane, required measuring the contact angles of drops on the sample sur-
face, and then calculating the surface energy values after thermo-oxidative aging.

The SFE surface free energy for samples with added polysaccharides was higher than
the surface free energy of the control sample (Figure 22). Thermo-oxidative aging resulted
in an increase in surface free energy for all blends. The increase in surface energy is prob-
ably related to the fact that carbonyl groups forming bonds during thermo-oxidative ag-
ing cross-link the structure inside.

B Control 058 A15 [ A35 [ A50 E CGN15 B CGN35 Hl CGN50

40 =
T

T A

H £ B

30 = T

20—

Surface Energy S (mN/m)

S T ¥ PR SN IR I

Figure 22. Results of surface free energy analysis before (BT) and after (AT) thermo-oxidative aging.

The contact angles for the polar liquid (distilled water) increased for all mixtures after
aging and ranged from 114° to 135°. This indicates a change in structure and the formation
of more hydrogen bonds due to the presence of free radicals in the matrix. The largest
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change in the contact angle was observed for the sample with the addition of agarose,
reaching 123.15°. However, for a non-polar liquid (diiodomethane), there was a decrease
in contact angles for all mixtures, which may indicate a decrease in non-polar groups (for
example, amine). The same relationships are reflected in the results of surface energy,
which increases with thermo-oxidative aging, which may confirm secondary cross-linking
in the biopolymer matrix.

Thermo-oxidative aging refers to the degradation of a material by exposure to heat
and oxygen, resulting in the formation of oxidation products on the surface. Thermo-oxi-
dative aging can cause the breakdown of chemical bonds in the material, which leads to
the formation of new functional groups and the rearrangement of molecular structures.
This may result in an increase in surface energy due to the presence of more polar and
reactive groups on the surface, as well as a more irregular and less ordered surface struc-
ture [45].

2.9.7. Microbial Aging

In order to determine the resistance of the samples to composting, a test was carried
out in accordance with the PN-EN ISO 846 standard [42]. Universal soil with a pH of 6.0-
7.0 and paddle-shaped samples with the shape described in Table 1 below were used.
Blends of each type were placed on a layer of soil in a container, then covered with another
layer of soil, and then the containers were placed in a climatic chamber for 15 days at a
temperature of 30 °C and a humidity of 80%. After the measurement, the complete degra-
dation of the samples was observed.

In order to influence the composting on the degradation of gelatine blends, an anal-
ysis of the mass loss of samples was carried out to determine the microbiological aging of
gelatine mixtures. The results are shown in Figure 23.

Control
Al5
A35
A50
CGN15
CGN35
CGN50

LI

100

50

Percentile of mass change (%)

o+——r——r—r—r—r—rrrrrr—ror—

0 100 200 300
Time (h)

Figure 23. Change of mass of samples during compostability testing.

The figure shows the weight loss of mixtures under the composting, which behave
similarly to mixtures described in the literature [42]. Composites subjected to composting
in the first stage of biological decomposition increased their volume, except for the Con-
trol and A15 samples, in which a percentage decrease in mass was observed after 24 h.
After 48 h, a mold colony was observed on the control mixture and the mixture with the
addition of A15 agar. The control sample biodegraded after 144 h. The introduction of
agar into the blends resulted in an increase in the composting time from 168 h to 288 h
along with an increase in the weight of agar in the blend. Increasing the amount of carra-
geenan in the samples accelerates the decomposition of the biological blend.
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The decomposition of gelatinous blends occurs as a result of the sorptive action of
the soil environment and the soil micro-organisms contained therein, during hydrolytic
and enzymatic degradation mechanisms, in which micro-organisms are precisely in-
volved. The enzymes produced by micro-organisms have the ability to break down gela-
tine and polysaccharides found in samples, transforming them into smaller fragments that
can be easily metabolized by these same micro-organisms. In the case of gelatine, enzymes
break down the covalent and hydrogen bonds in collagen molecules. In the case of poly-
saccharides, enzymes break down the glycosidic bonds between sugar residues. In the
case of samples modified with polysaccharides, the structure is more complex than that
of the Control sample. The complex structure of blends makes it difficult for enzymes
equipped with both polypeptide and polysaccharide apparatuses to access its molecules,
which slows down the degradation process.

3. Materials and Methods
3.1. Materials

Polymer biocomposites were prepared for testing, the ingredients of which were: gel-
atin with a Bloom index of 200° (pH 5-8, Mw 30 kDa, FoodCare Sp. z o. 0. Zabierzéw,
Poland) and glycerin (pH 6-8, d = 1.26 g/ cm3, Mw 92 kDa, Flash point 160°C, Chempur,
Piekary Slaskie, Poland) added to each composition in the same amounts. Natural poly-
saccharide additives, i.e., modifying substances, were agar E406 (pH 1.5% solution 6.0—
7.5; gelation temperature 33-36 °C, liquefaction temperature above 86 °C, gelling power
850 g/cm?®) and carrageenan E407 obtained from seaweed belonging to the class Rodo-
phyceae (AGNEX, water solubility 50 g/L at 20 °C, pH 7-10, Costa del Sol Spain). Sodium
base was used (pH 13-14, freezing point 12°C, Mw 22 mPas at 40°C, Eurochem BDG Sp. z
0. 0. Tarnéw, Poland).

3.2. Methods
3.2.1. Fourier-Transform Infrared Spectroscopy

Infrared Fourier spectroscopy analysis of bioplaics samples in order to study their
structure was performed with the A Nicolet 6700 spectrophotometer (Thermo Scientific,
Waltham, MA, USA). It should be noted that the spectroscopy analysis was carried out at
a resolution of 0.25 cm™ and in the wavelength range from 4000 to 400 cm™. In the FTIR
analysis, the ATR method, i.e., attenuated total reflection of IR radiation, was used. After
synthesis, the polymer blends were formed under pressure of 10 MPa and temperature of
140-150 °C into plates with a thickness of 1 mm.

3.2.2. Nuclear Magnetic Resonance (NMR)

All spectra were recorded with a JEOL spectrometer operating at a 'H frequency of
400 MHz. The instrument was equipped with 5 mm HFX-Royal probe. All experiments
were performed at 343 K. The standard proton spectra were acquired with a calibrated 90°
pulse for 16 scans collecting 16 K data points over a spectral width of 12 ppm. The TSP
peak at 0 ppm was used as a chemical shift standard for "H spectra.

3.2.3. Determination of Water Absorption

Water absorption was measured by testing the absorption and drying of the blends
produced. It consisted of two stages: the first was to weigh the samples before placing
them in distilled water, then put them in distilled water and weigh them again after 10,
20, 30, 40, and 60 min, according to PN-ISO 8361-1:1994. In this way, the dependence of
the change in mass as a function of time during absorption was obtained. When the swell-
ing sample stopped changing mass, the second stage of measurements, drying, began.
Similarly, the samples were weighed, at the same time intervals, but temperature was the
factor acting on the sample after it was placed in a thermal chamber (GmbH, Tuttlingen,
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Germany), set at 100 °C. The weights measured at the intervals made it possible to deter-
mine the dependence of the change in weight as a function of time during drying.

3.2.4. Density of the Blends

The density of the composites was measured using a hydrostatic method, taking
three measurements for three samples—a balance reading in air and in an immersion liq-
uid. The system consisted of an electronic balance with a stand and beaker, as well as a
rack for two connected pans and a thermometer, which was used to read the temperature
relating directly to the density of the liquid used. First, the sample was weighed on the
pan not immersed in the immersion liquid, obtaining the mass in air, then on the lower
pan—the mass in the immersion liquid. The measurement was carried out at a constant
temperature; the samples were adequately degreased and of an appropriate size, which
gave a comparable result for a series of composites.

3.2.5. Surface Morphology

The polymer blends were examined using a LAB 40 Series metallographic micro-
scope (OPTA-TECH, Warsaw, Poland), which made it possible to compare the topography
of the samples before and after thermo-oxidative aging at magnifications of x50, x100,
x200, and x500. The thickness of each sample was in the range of 3-4 mm. Using 200x
magnification was optimal for comparing blends in terms of structure, as it allowed us to
observe the most differences between the tested materials.

3.2.6. Mechanical Properties

The mechanical properties of bioplastics were tested using two devices: Zwick 1435
(Zwick/Roell, Radeberg, Germany) and a digital Shore type A hardness tester
(Zwick/Roell, Herefordshire, UK). Zwick 1435 was used to test breaking strength (MPa)
and elongation at break (%). The hardness tester was designed to test the Shore hardness
(°Sh) of bioplastic samples. To perform these tests on the Zwick 1435, test specimens were
first cut from material 1.6-1.8 mm thick and 150 mm long. The measurement speed during
the analysis of breaking strength and elongation at break on the Zwick 1435 machine was
50mm/min, while the preload was 0.1 N.

For the analysis of Shore hardness, bioplastic samples were prepared in such a way
that they had a thickness of about 4 mm. The tests were carried out on a device with a
pressure force of 12.5 N and an indenter with a hardness of 35° Sh. Hardness analysis with
a digital device consists in examining the difference between the initial depth and the
depth of the indentation in time. The test consisted in placing the prepared sample on the
hardness tester’s stand, and then lowering the needle onto the sample, along with reading
the hardness result. This process is repeated five times at different locations on the sample.
The final result is the average of the read data with the standard error.

3.2.7. Thermal Properties

The measurement of thermal properties of bioplastics was carried out using thermo-
gravimetric analysis (TGA) and differential scanning calorimetry (DSC) together with the
computer program Mettler Toledo TGA/DSC (Mettlet Toledo, Greifensee, Switzerland)
with calibration with an indium or zinc standard. For testing, samples weighing 4-10 mg
were placed in open aluminum crucibles with a volume of 100 pL, and then the crucibles
were placed in a measuring device that heated the samples from 0 to 200 °C at a rate of 10
°C/min in an argon atmosphere. At one point in the test, the gas was changed from argon
to air and the flow rate was 50 mL/min.

The determination of the Vicat softening temperature Tm for amorphous or crystal-
line-amorphous materials was carried out by finding the temperature at which the in-
denter penetrated 1 mm into the sample. Samples were prepared in a square shape and
thicknesses ranging from 3 to 6.5 mm, and then tested using a softening temperature
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measuring apparatus according to Vicata D-Vicat. HDT/3/300FA (IDM Instruments Aus-
tralia). The liquid of the apparatus, properly stirred, was heated at a rate of 90 °C/h, while
the pressing force was 0 N.

3.2.8. Surface Free Energy and the Degree of Cross-Linking

For further morphological analysis of bioplastics, the OCA 15EC goniometer
(Dataphysics, Filderstadt, Germany) was used to perform the surface free energy (SFE)
study. The method used to test SFE is the Owens, Wendt, Rabel, and Kaelble method
(OWRK). In this method, three measuring liquids are used, polar (distilled water), non-
polar (diiodomethane), and boundary (ethylene glycol), to determine the contact angles
of the liquid on the sample. Then, to calculate the surface free energy (SFE), Equation (1)
was used, in which ySp is the value of the polar component, and ySq is the value of the
dispersion component (m]/m?):

¥S =¥S, +¥Sa 1)

3.2.9. Thermo-Oxidative Aging

To analyze the biodegradability of samples, they were prepared in the shapes of pad-
dles and placed in a thermal chamber for 7 days at 70 °C according to ISO 2578:1993.

3.2.10. UV-Vis Spectroscopy and Color Stability

The CIE-Lab UV-Vis spectrophotometer (UV-VIS CM-3600d, Konica Minolta Co.,
Chiyoda, Tokio, Japan) was used to analyze the color change after aging and the color
difference AE was determined in accordance with the PN-EN 105-J01:2002 [42]and PN-
EN-105-J03:2009 standards [42]. The advantage of the CIE-Lab system is the ease of com-
paring colors, which is important in the production of products with complex color pat-
terns. The CIE-Lab color space expresses the following color features, lightness, satura-
tion, and hue, which means that the color analysis of the sample is described in the CIE-
Lab space in the three-co-ordinate system: L, a, and b, where “L” is the brightness param-
eter (maximum value 100, representing a perfectly reflective diffuser; minimum value of
zero, representing black), “a” is the red to green spectrum axis, and “b” is the yellow to
blue color axis, and the “a” and “b” axes have no numerical limits. The color change,
dE*ab, was calculated according to the following equation, Equation (2):

dE x ab = \/(Aa2) + (Ab2) + (AL?) 2)

3.2.11. Soil Biodegradation

The compostability of bioplastic samples was carried out in order to confirm the bio-
degradability of the material in soil conditions. In accordance with the PN-EN-ISO 846
standard, the samples were placed in universal soil for 14 days at 30 °C and 80% air
(HPP108 Memmert climatic chamber, Memmert GmbH + Co.KG, Germany ).

4. Conclusions

The use of non-degradable plastics has led to a significant increase in plastic waste,
which is a serious environmental problem. Biodegradable biopolymers and their deriva-
tives have been proposed as a potential solution to this problem. In order to obtain a stable
biopolymer coating, gelatine mixtures modified with polysaccharides such as agar and
kappa-carrageenan were prepared and their parameters were determined using FTIR,
TGA/DSC techniques, contact angle measurements, and surface energy characteristics.

Polymer blends containing a higher weight share of polysaccharide—agar achieve an
increase in the degree of cross-linking compared to reference samples, which is associated
with a change in specific density and surface energy. The increase in surface energy may
be due to the presence of a polar polysaccharide component. The factors contributing to
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this behavior also include, in addition to a larger number of polar groups, e.g., hydroxyl
(-OH) and carboxyl (-COOH) groups, the formation of aggregates. Fragments of macro-
molecules having the above groups in their structure and forming a three-dimensional
network with the host polymer molecules may be active in forming hydrogen bonds with
the host polymer molecules, which leads to the strengthening of the composite structure
and, consequently, an increase in the softening temperature. Carrageenan entering the
network with the parent polymer molecules acts as a scaffolding, which additionally
strengthens the structure of the composite and makes it difficult to soften.

The degradation progress in the process of composting and thermo-oxidative aging
results in an increase in the hardness of the obtained systems, with the greatest increase
observed in the case of samples with carrageenan. The surface free energy of the mixtures
also increased, probably due to the formation of polar groups cross-linking the structure.

The composting test resulted in the complete degradation of the samples, the intro-
duction of agar extended the composting time, and increasing the carrageenan content in
the gelatine mixture accelerated the decomposition of the sample subjected to the com-
posting process. The enzymatic degradation of the mixtures occurs through the break-
down of covalent and hydrogen bonds in collagen molecules and glycosidic bonds be-
tween sugar residues.

However, there is still a need for further research to improve the physicochemical
parameters of the presented biopolymer mixtures. It is important to conduct more de-
tailed and in-depth studies (e.g., electron microscopy (SEM/TEM) or X-ray diffraction) to
better understand the physical and chemical properties of the described mixtures, which
may, ultimately, lead to the development of more efficient and effective products. Indeed,
in order to improve the mechanical properties, the addition of cross-linking compounds,
e.g., glutaraldehyde, calcium ions, and chitosan, can be used. Moreover, the introduction
of thermal stabilizers, e.g., antioxidants, can improve thermal properties.

Author Contributions: Concept: M.P.; methodology: M.P. and O.D.; software: O.D.; validation: O.D.
and N.S.; formal analysis: M.P. and O.D.; investigation: O.D. and N.S.; resources: M.P.; data cura-
tion: O.D.; original draft: N.S. and O.D.; editing: M.P., O.D. and N.S.; review: M.P.; visualization:
O.D.; supervision: M.P.; project administration: O.D. All authors have read and agreed to the pub-
lished version of the manuscript: Yes.

Funding: The research was carried out within the statutory funds of the Lodz University of Tech-
nology. Thanks goes to the Institute of Organic Chemistry, Faculty of Chemistry, Lodz University
of Technology in Poland for performing the NMR studies.

Institutional Review Board Statement: Not applicable
Informed Consent Statement: Not applicable
Data Availability Statement: The data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Roy, S.; Rhim, W. Advances and Challenges in Biopolymer-Based Films. Polymers 2022, 14, 18.

2. Pajak, P.; Fortuna, T.; Przetaczek-Roznowska, I. Opakowania jadalne na bazie biatek i polisacharydéw —Charakterystyka i
zastosowanie. Zywnos¢ Nauka Technol. Jakos¢ 2013, 20, 5-18.

3. Imeson, A.P. Thickening and Gelling Agents for Food; Springer: New York, NY, USA, 1996.

4. Kowalski, Z.; Banach, M.; Makara, A. Otrzymywanie biatka niskotemperaturowego mocno zelujacego (zelatyny) metodami
chemicznymi. Chemik 2011, 65, 1085-1092.

5. Alavarse, A.C.; Frachini, E.C.G.; da Silva, R.L.C.G.; Lima, V.H.; Shavandi, A.; Petri, D.S. Crosslinkers for polysaccharides and
proteins: Synthesis conditions, mechanisms, and crosslinking efficiency, a review. Int. ]. Biol. Macromol. 2022, 202, 558-596.

6. Suderman, N.; Isa, M.I.; Sarbon, N.M. The effect of plasticizers on the functional properties of biodegradable gelatin-based film:
A review. Food Biosci. 2018, 24, 111-119.

7. Aitboulahsen, M.; El Galiou, O.; Laglaoui, A.; Bakkali, M.; Zerrouk, M.H. Effect of plasticizer type and essential oils on
mechanical, physicochemical, and antimicrobial characteristics of gelatin, starch, and pectin-based films. ]. Food Process. Preserv.
2020, 44, €14480.



Int. ]. Mol. Sci. 2024, 25, 4333 31 of 32

10.
11.
12.
13.
14.
15.

16.
17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Nizam, M.L; Isa, M.; Sarbon, N.M. Characterisation of biodegradable protein based films from gelatin alternative: A review. Int.
Food Res. J. 2020, 27, 971-987.

Wittaya, T. (Ed.) Protein-Based Edible Films: Characteristics and Improvement of Properties. In Structure and Function of Food
Engineering; Chapte 3; InTech: Rijeka, Croatia, 2012.

Embuscado, M.E.; Huber, K.C. Edible Films and Coatings for Food Applications Tom 9; Springer: New York, NY, USA, 2009.
Diaz-Montes, E. Polysaccharide-Based Biodegradable Films: An Alternative in Food Packaging. Polysaccharides 2022, 3, 761-775.
Tavassoli-Kafrani, E.; Shekarchizadeh, H.; Masoudpour-Behabadi, M. Development of edible films and coatings from alginates
and carrageenans. Carbohydr. Polym. 2016, 137, 360-374.

Mohamed, S.A.; El-Sakhawy, M.; El-Sakhawy, M.A.M. Polysaccharides, protein and lipid-based natural edible films in food
packaging: A review. Carbohydr. Polym. 2020, 238, 116178.

Li, M,; Li, G,; Zhu, L.; Yin, Y.; Zhao, X.; Xiang, C.; Yu, G.; Wang, X. Isolation and Characterization of an Agaro-Oligosaccharide
(AO)-Hydrolyzing Bacterium from the Gut Microflora of Chinese Individuals. PLoS ONE 2014, 9, €91106.

Sudharsana, K.; Mohana, C.; Babua, P.AS.; Archanaa, G.; Sabinaa, K. Sivarajan, M.; Sukumar, M. Production and
characterization of cellulose reinforced starch (CRT) films. Int. ]. Biol. Macromol. 2016, 83, 385-395.

Shit, S.C.; Shah, P.M. Edible Polymers: Challenges and Opportunities. J. Polym. 2014, 2014, 427259.

Dhanapal, A.; Sasikala, P.; Rajamani, L.; Kavitha, V.; Yazhini, G.; Banu, M. Edible films from Polysaccharides. Food Sci. Qual.
Manag. 2012, 3, 9-17.

He, S.; Wu, Y; Zhang, Y.; Luo, X,; Gibson, C.T.; Gao, ].; Raston, C.L. Enhanced mechanical strength of vortex fluidic mediated
biomass-based biodegradable films composed from agar, alginate and kombucha cellulose hydrolysates. Int. ]. Biol. Macromol.
2023, 253, 127076.

Khalil, H.P.S.A.; Tye, Y.Y.; Saurabh, C.K,; Leh, C.P.; Lai, T.K.; Chong, E.W.N,; Fazita, M.R.N.; Hafiidz, ].M.; Banerjee, A.; Syakir,
M.I. Biodegradable polymer films from seaweed polysaccharides: A review on cellulose as a reinforcement material. Express
Polym. Lett. 2017, 11, 244-265.

Akbar, A.; Ahmed, S. Carrageenans: Structure, Properties and Applications. In Marine Polysaccharides; Jenny Stanford
Publishing: Singapore, 2018.

Necas, J.; Bartosikova, L. Carrageenan: A review. Vet. Med. 2013, 58, 187-205.

Ahmed, A.B.A.; Adel, M.; Karimi, P.; Peidayesh, M. Pharmaceutical, Cosmeceutical, and Traditional Applications of Marine
Carbohydrates. Adv. Food Nutr. Res. 2014, 73, 197-220.

Wang, K.; Wang, W.; Ye, R;; Liu, A; Xiao, J.; Liu, Y.; Zhao, Y. Mechanical properties and solubility in water of corn starch-
collagen composite films: Effect of starch type and concentrations. Food Chem. 2017, 216, 209-216.

Kumar, R.; Ghoshal, G.; Goyal, M. Biodegradable composite films/coatings of modified corn starch/gelatin for shelf life
improvement of cucumber. J. Food Sci. Technol. 2021, 58, 1227-1237.

Naseri, H.R.; Beigmohammadji, F.; Mohammadi, R.; Sadeghi, E. Production and characterization of edible film based on gelatin—
chitosan containing Ferulago angulate essential oil and its application in the prolongation of the shelf life of turkey meat. J. Food
Process. Preserv. 2020, 44, 14558.

Zhang, B.; Liu, Y.; Wang, H.; Liu, W.; Cheong, K.L.; Teng, B. Characterization of seaweed polysaccharide-based bilayer films
containing essential oils with antibacterial activity. LWT 2021, 150, 111961.

Roy, S.; Rhim, ].W. Gelatin/agar-based functional film integrated with Pickering emulsion of clove essential oil stabilized with
nanocellulose for active packaging applications. Colloids Surf. A Physicochem. Eng. Asp. 2021, 627, 127220.

Syarifuddin, A.; Paddasejati, P.; Dirpan, A.; Sukendar, N.K.; Tahir, M.M. Characterization of edible film based on different
ratios of k-carrageenan/gelatine with the addition of canola oil. J. Teknol. 2020, 82, 85-91.

Oudiani, A.; Msahli, S.; Sakli, F. In-depth study of agave fiber structure using Fourier transform infrared spectroscopy.
Carbohydr. Polym. 2017, 164, 242-248.

Pandey, K.K; Pitman, A.]. FTIR studies of the changes in wood chemistry following decay by brown-rot and white-rot fungi.
Int. Biodeterior. Biodegrad. 2003, 52, 151-160.

Zhang, N.; Liu, X.; Yu, L.; Shanks, R.; Petinaks, E.; Liu, H. Phase composition and interface of starch—gelatin blends studied by
synchrotron FTIR micro-spectroscopy. Carbohydr. Polym. 2013, 95, 649-653.

Li, WM.,; Liu, DM.; Chen, S.Y. Amphiphilically-modified gelatin nanoparticles: Self-assembly behavior, controlled
biodegradability, and rapid cellular uptake for intracellular drug delivery. J. Mater. Chem. 2011, 21, 12381-12388.

Rodin, V.V.; Izmailova, V.N. NMR method in the study of the interfacial adsorption layer of gelatin. Colloids Surf. A Physicochem.
Eng. Asp. 1996, 106, 95-102.

Van de Velde, F.; Knutsen, S.H.; Usov, A.L; Rollema, H.S.; Cerezo, A.S. 1H and 13C high resolution NMR spectroscopy of
carrageenans: Application in research and industry. Trends Food Sci. Technol. 2002, 13, 73-92.

Voron’ko, N.G.; Derkach, S.R.; Vovk, M.A.; Tolstoy, P.M. Complexation of k-carrageenan with gelatin in the aqueous phase
analysed by 1H NMR kinetics and relaxation. Carbohydr. Polym. 2017, 169, 117-126.

Dai, B.; Matsukawa S. Elucidation of gelation mechanism and molecular interactions of agarose in solution by 1H NMR.
Carbohydrate Research. 2013, 365, 38-45.

Rochas, C.; Potin, P.; Kloareg, B. NMR spectroscopic investigation of agarose oligomers produced by an a-agarase. Carbohydr.
Res. 1994, 253, 69-77.



Int. ]. Mol. Sci. 2024, 25, 4333 32 of 32

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Roux, D.C.; Jeacomine, I.; Maitrejean, G.; Caton, F.; Rinaudo, M. Characterization of Agarose Gels in Solvent and Non-Solvent
Media. Polymers 2023, 15, 2162.

Bhattacharjee, S.S.; Yaphe, W.; Hamer, G.K. 13C-Nmr spectroscopic analysis of agar, k-carrageenan and t-carrageenan.
Carbohydr. Res. 1978, 60, C1-C3.

Dai, B.; Matsukawa, S. NMR studies of the gelation mechanism and molecular dynamics in agar solutions. Food Hydrocoll. 2012,
26, 181-186.

Tessanan, W.; Phinyocheep, P.; Amornsakchai, T. Sustainable Materials with Improved Biodegradability and Toughness from
Blends of Poly (Lactic Acid), Pineapple Stem Starch and Modified Natural Rubber. Polymers 2024, 16, 232.

Dzeikala, O.; Prochon, M.; Marzec, A.; Szczepanik, S. Preparation and characterization of gelatin-agarose and gelatin-starch
blends using alkaline solvent. Int. . Mol. Sci. 2023, 24, 1473.

Said, N.S.; Sarbon, N.M. Physical and mechanical characteristics of gelatin-based films as a potential food packaging material:
A review. Membranes 2022, 12, 442.

Rhim, J.W. Physical-mechanical properties of agar/i-carrageenan blend film and derived clay nanocomposite film. J. Food Sci.
2012, 77, N66-N73.

Prochon, M.; Dzeikala, O. Biopolymer composites as an alternative to materials for the production of ecological packaging.
Polymers 2021, 13, 592.

Mohajer S.; Rezaei M.; Hosseini S.F. Physico-chemical and microstructural properties of fish gelatin/agar bio-based blend films,
Carbohydr. Polym. 2017, 157 ,784-793.

Salem, A.; Abdelhedi, O.; Kchaou, H.; Fakhfakh, N.; Nasri, M.; Jridi, M.; Debeaufort, F. The effects of agar addition and
ultrasound treatment on thermomechanical and physical properties of smooth hound (Mustellus mustellus) skin gelatin film. J.
Food Meas. Charact. 2021, 15, 2211-2219.

Mohajer, S.; Rezaei, M.; Hosseini, S.F. Physico-chemical and microstructural properties of fish gelatin/agar bio-based blend
films. Carbohydr. Polym. 2017, 157, 784-793.

El-Hefian, E.A.; Nasef, M.M.; Yahaya, A.H. Preparation and characterization of chitosan/agar blended films: Part 1. Chemical
structure and morphology. J. Chem. 2012, 9, 1431-1439.

Cai, L.; Shi, H,; Cao, A;; Jia, J. Characterization of gelatin/chitosan ploymer films integrated with docosahexaenoic acids
fabricated by different methods. Sci. Rep. 2019, 9, 8375.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



