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Abstract: In this paper, we discussed blending pullulan with other polysaccharides or proteins as a strategic approach to
improve the inferior properties of pullulan films, such as brittleness and low water resistance. In this work, films made
from pullulan:sodium alginate, pullulan:gelatin, and pullulan:sodium alginate:gelatin mixture were prepared by the solvent
casting method. By adjusting the alginate-to-gelatin ratio in PU:SA:GE blend films, the water content, light
transmittance/absorbance, thermal stability, and water solubility of the films can be tailored to achieve desirable
performance levels, highlighting their potential for packaging applications. The PU:SA:GE (5:1:3) ternary blend film
exhibited the highest light absorbance, good thermal stability, adequate mechanical strength, and moderate water solubility,
making it a promising candidate for packaging light-sensitive foods. Compared with PU:SA and PU:GE binary blends, this
formulation provides greater opacity and reduced water sensitivity, thereby offering a functional advantage for food
packaging applications.
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1. Introduction its brittleness in response to changes in humidity [9,10].
These limitations have been addressed by blending pullulan

Blending biopolymers with differing characteristics and with othe? po%ymers. For egample, pullulan-gelatin blepd
preparing the resulting films via solvent casting offers a films exhibit 1mp.roved tensile str.ength [11]. Blends with
rapid and convenient approach for evaluating their other polysaccharides, such as alginate [12], chitosan [13],
functional propertics, thereby helping to identify suitable —and starch [}4], have al§0 been reported to enhance thermal
applications across  various sectors, including and mechanical properties.

pharmaceutical, biomedical and food industries [1-3].
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Pl}llulan, sodl.um alginate, and gelatm. are blopolymers L oo H 6. H H o. H
widely used in the food, food packaging, medical, and By Hy w B4 H
pharmaceutical  industries. Each possesses unique on o o o]
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functional properties desirable for specific applications. For

example, pullulan offers good moisture retention, inhibits Pullulan
fungal growth, and provides excellent oxygen barrier

properties. Sodium alginate exhibits gelling, thickening, H H

and stabilizing abilities, along with good water retention. o SH H
Gelatin, on the other hand, is valued for its elasticity and H OoH

clarity. Their biodegradability makes them attractive H o ©
alternatives to synthetic polymers, particularly in light of n COONa m
growing environmental and safety concerns. Sodium Alginate

Pullulan, an exopolysaccharide produced through the
fermentation of sugar by the yeast-like fungus

+ NHy _
HNS( Ox© OH
Aureobasidium  pullulans, is primarily composed of NH 9
maltotriose units linked by a-(1,6) glycosidic bonds (Fig. o 9 o} N —~
1). This unique structure imparts its characteristic flexibility N%HWN/E N \)\H b ¢ NH 0 O
o N
0" H (0] n

and solubility [4,5]. Being odorless, tasteless, non-toxic,
and biodegradable [6], pullulan is used as film-forming
agent, flocculent agent, and food additive [7,8]. However,
its high production cost has limited widespread commercial
application. Another challenge associated with pullulan is

Gelatin

Fig. 1: Chemical structures of pullulan, sodium alginate,
and gelatin
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Sodium alginate, a natural polysaccharide extracted from
brown seaweed, is composed of a-L-guluronate (G blocks)
and B-D-mannuronate (M blocks) linked by 1-4 glycosidic
bonds (Fig. 1) [15-17]. It is an anionic, highly mucoadhesive,
non-allergenic, non-toxic polymer that is compatible with
most water-soluble compounds [18, 19]. Alginate can be
processed into various forms such as hydrogels, foams, and
microspheres, each suited for different applications [20]. A
study done by Xiao Q et.al. demonstrated that pullulan-
sodium alginate films exhibited increased tensile strength but
reduced elongation at break under low water activity
conditions [12].

Gelatin (Fig. 1) is a protein derivative obtained from the
partial hydrolysis of water-insoluble collagen fibers. Its film-
forming properties are influenced by molecular weight, with
higher molecular-weight gelatin producing films of superior
quality.[21]. A study reported that incorporating gelatin
enhanced the performance of pullulan-gelatin films,
improving tensile strength and reducing oxygen permeability
[11]. These enhancements were attributed to molecular
interactions including the formation of glycosylated proteins,
increased B-sheet content, and enhanced intermolecular
hydrogen bonding. Therefore, both sodium alginate and
gelatin are promising candidates for blending with pullulan
due to their favorable film-forming abilities and low cost.

As consumer awareness of and demand for healthy food
continue to rise, the food industry is increasingly focused on
developing innovative solutions such as edible coating and
packaging films to enhance food safety and quality. In
particular, materials made from biodegradable polymers are
gaining attention for their environmental and health benefits.
Consequently, bio-based food packaging films have emerged
as a key area of research and development, with the potential
to produce packaging materials that better align with the
needs of health-conscious consumers [22]. This study aimed
to investigate the effects of sodium alginate and gelatin on
the physical and thermal properties of PU:SA:GE blend
films, focusing specifically on water solubility (water
resistance) and transparency. The relative proportions of
gelatin, sodium alginate, and pullulan (PU:SA:GE = 5:3:1,
5:2:2, and 5:1:3) were selected based on preliminary tensile
test results from PU:SA (5:4) and PU:GE (5:4) blend films,
which demonstrated significantly better and comparable
mechanical strength, respectively, to that of pure pullulan
films. The formulation also aimed to address the weak
mechanical property of gelatin [23] and the low elongation at
break (limited flexibility) characteristic of sodium alginate
[12], thereby providing a balanced and improved material for
potential food packaging applications.

The ratios 5:1:3, 5:2:2, and 5:3:1 were selected to evaluate
the influence of increasing sodium alginate and decreasing
gelatin content on the mechanical and physicochemical
properties of pullulan-based films. These variations help
determine the optimal balance of light absorbance, water
sensitivity, flexibility, and structural integrity suitable for use
as a packaging material. Other general functional properties

of the blend films, including thermal behavior, water content
and morphology were also reported.

2. Materials and Methods

2.1 Materials

Pullulan (Viscosity of 10% solution at 30°C - 100.09 mm? s°
1, sodium alginate (15-25 cP, 1% in H20), and gelatin (Type
A, ~300 g Bloom, made from porcine skin) were purchased
from Kumar Organic Products LTD (India), Sigma Life
Science (USA) and Sigma Life Science (UK), respectively.
Glycerol (> 95%) was purchased from Sigma-Aldrich
(Germany).

2.2 Film preparation

Table 1: Composition of pullulan (PU), sodium alginate
(SA), and gelatin (GE) of the pullulan-based blend films

Formulation Component weight (g)
Pullulan | Sodium | Gelatin
alginate
A | (PU) 4.5 - -
B | (PU:SA=5:4) 2.5 2.0 -
C | (PU:SA:GE=5:3:1) | 2.5 1.5 0.5
D | (PU:SA:GE=5:2:2) | 2.5 1.0 1.0
E | (PU:SA:GE=5:1:3) | 2.5 0.5 1.5
F | (PU:GE=5:4) 2.5 - 2.0

Pullulan, sodium alginate, and gelatin powders were mixed
in varying proportions and dissolved in 100 mL of deionized
water, as detailed in Table 1. A glycerol concentration of
20% (w/w) has been reported to enhance the flexibility of
pullulan-based films, making them suitable for packaging
applications that require stretchability [24]. Therefore,
glycerol was added at 20% (w/w) relative to the total amount
of the three-component biopolymers, with stirring at room
temperature. The mixture was then heated at 95°C with
stirring at 160 rpm for 15 minutes, and centrifuged at 1700 g
for 5 minutes to remove air bubbles. A 10-mL mixture was
poured evenly into a plastic petri dish and dried for 48 hours
at room temperature. All the films were peeled and stored in
a humidity chamber (Binder, Germany) maintained at 55 +
5% relative humidity (RH) and 25 + 1°C until further use.

2.3 Film thickness

The film thickness was measured using a digital caliper
(Mitutoyo Corporation, Japan) with an accuracy of 0.01 mm.
For each film sample, measurements were taken at five
random positions, and the mean thickness with its standard
deviation was calculated.

2.4 Film transmittance

Films of 1 cm x 3 cm were cut and placed into a plastic
cuvette, and the absorbance at 600 nm was determined using
a UV-Vis spectrometer (Lambda 25, Perkin Elmer, USA).
The measurement was conducted in triplicate for each
sample. The film transmittance was then calculated using the
following equation:
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Transmittance (%) = Antilog (2 - Absorbance) 1
2.5 Mechanical properties

Films measuring 0.5 cm x 5 cm were mounted on the
pneumatic specimen grips of a universal testing machine
(Instron 5566, USA). The load cell capacity was 1.0 KN, and
the crosshead speed was set at 10 mm min’!, in accordance
with ASTM DS882. The Bluehill software was used to
determine the tensile strength (TS), which measures the
maximum stress a material can withstand before breaking,
and the fracture strain (FS), which represents the elongation
at break or film flexibility. All measurements were
conducted in six replicates (n=6).

2.6 Moisture content

The film sample (3 cm x 3 cm) was weighed (Wo) and then
dried in an oven at 105°C until a constant weight (W1) was
obtained. The moisture content was calculated using the
following equation:

Moisture content (%) = [(Wo-W1)/Wo] x 100% 2)

The measurement was conducted in triplicate for each
sample.

2.7 Water solubility

Film samples measuring 3 cm by 3 cm were immersed in a
beaker containing 50 mL of deionized water at 25°C and
stirred for 24 hours. The dried weights of the samples before
(W), after the test, and after drying at 105°C (Wr), were
recorded. The water solubility was calculated using the
following formula:

Water solubility (%) = [(Wi— Wg)/Wi] x 100% 3)
2.8 Film solubilizing time

Film solubilization time was measured by placing 3 cm x 3
cm film samples in a beaker containing 50 mL of deionized
water, which was agitated continuously with a magnetic
stirrer. The experiment was conducted at room temperature
for formulations A and B. For the other formulations, which
were not soluble at room temperature, the procedure was
carried out at 37 £+ 1°C. All measurements were performed in
triplicate.

2.9 Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

FTIR spectra of the films were recorded using an ATR-FTIR
spectrophotometer (IRAffinity-1S, Shimadzu, Japan) by
scanning from 400 cm™ to 4000 cm™ at a resolution of 2 cm’!
for 20 scans.

2.10 Differential Scanning Calorimetry (DSC)

Film samples of approximately 5 mg were placed in
aluminum pans and heated from -10°C to 250°C at a rate of
10°C min™, under a nitrogen flow of 20 mL min™ using a
differential scanning calorimeter (DSC823e; Mettler Toledo,
USA).

2.11 Thermogravimetric Analysis (TGA)

Film samples of approximately 8 mg in aluminum pans were
heated from 25°C to 600°C at a rate of 10°C min’! under a
nitrogen flow of 60 mL min, using a thermogravimetric
analyzer (TGA-DSC HT 3; Mettler Toledo, USA).

2.12 Scanning Electron Microscopy (SEM)

A small piece of film sample was mounted on a specimen
holder and coated with a layer of gold. The surface
morphology of the films was examined using a TM 3000
SEM (Hitachi, Japan), at an accelerating voltage of 5 kV and
a magnification of 1000x, while the film cross-section was
imaged at 500x magnification.

2.13 Statistical analysis

All data are presented as mean + standard deviation.
Significant differences among means were determined using
one-way analysis of variance (ANOVA), followed by a post-
hoc Tukey HSD test, with P<0.05 considered statistically
significant.

3. Results and Discussion

3.1 Film thickness and transmittance
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Fig. 2: The film thickness (bar) and transmittance (line) of A
(PU), B (PU:SA=54), C (PU:SSA:GE=53:1), D
(PU:SA:GE=5:2:2), E (PU:SA:GE=5:1:3), and F
(PU:GE=5:4) blend films. Bars labeled with different letters
indicate significant differences in film thickness (P < 0.05).
The transmittance of blend films C, D, and E is significantly
different (p<0.01) from A.

All the blend films could be peeled off easily from the petri
dish, except for the pullulan film, w hich was somewhat
brittle. Figure 2 shows the results of the thickness and
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transmittance of the pullulan (PU) and its blend films. The
PU:SA:GE (5:1:3) blend film exhibited the highest thickness
and the lowest transmittance, with the latter being
significantly different (p<0.01) from the other films. It was
also noted that the film thickness increased with the
increasing gelatin-to-sodium alginate ratio in the PU:SA:GE
films, likely due to swelling caused by intermolecular
hydrogen bonds and ionic interactions between sodium
alginate and gelatin [25].

The PU, PU:SA (5:4) and PU:GE (5:4) blend films were
highly transparent, while the PU:SA:GE (5:3:1), PU:SA:GE
(5:2:2), and PU:SA:GE (5:1:3) blend films were opaque.
However, unlike translucent films, the light absorbance or
transmittance of highly transparent films is reported to be
independent of film thickness [26]. Therefore, for
meaningful comparison, the absorbance/thickness ratio (AU
mm!) of the opaque PU:SA:GE (5:3:1, 5:2:2 and 5:1:3)
blend films was determined and compared. The results
showed that their absorbance/thicknesses were 4.15 AU mm’
!,8.08 AU mm, and 9.43 AU mm’!, respectively, indicating
the relative effect of sodium alginate and gelatin in absorbing
incident light. Notably, increasing the gelatin-to-sodium
alginate ratio caused a significant decrease in light
transmission, which is consistent with the observation in
alginate-gelatin mixed gel, where this effect was attributed to
the formation of soluble non-stoichiometric sodium alginate-
gelatin polyelectrolyte complexes [27]. Therefore, the
addition of sodium alginate and gelatin increased the opacity
of pullulan films, thereby enhancing their light transmission
barrier, an important property for food packaging to protect
food quality against light exposure [28].

3.2 Mechanical properties
i)
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Fig. 3: Tensile strength (i) and fracture strain (ii) of A (PU),
B (PU:SA=5:4), C (PU:SA:GE=5:3:1), D
(PU:SA:GE=5:2:2), E (PU:SA:GE=5:1:3), and F
(PU:GE=5:4) blend films. Bars labeled with different letters
indicate significant differences (P<0.01) for i) and (p<0.05)
for ii)

Tensile strength (TS) is an indicator of film strength, while
fracture strain (FS) is a measure of film flexibility. Figure 3
shows the TS and FS of the blend films. The PU:SA (5:4)
film exhibited significantly enhanced TS and FS compared to
the PU film (p< 0.01), consistent with the same effect
reported previously [12]. In contrast, the TS and FS of the
PU:SA:GE films were not significantly different from each
other or from the pullulan film. Nonetheless, the average FS
of the PU:SA:GE films was 7.96%, which is higher than that
of the pullulan film (2.82%), indicating that blending
pullulan with both sodium alginate and gelatin can improve
the film’s stretchability. Compared to TS of the PU:SA (5:4)
film (59 MPa), the substantially lower TS (38 MPa) of the
PU:SA:GE films could be attributed to SA:GE microgel
formation [27], which phase-separated from the PU matric
and consequently weakened the polymer chain interactions.
The uneven morphology observed in the SEM image of the
PU:SA:GE (5:1:3) blend film (Fig. 9 ii) supports this
possible phase separation, likely caused by aggregation of
the SA/GE complex.

3.3 Moisture content

Figure 4 shows the moisture content of pullulan blend films
in water at 37°C. The pullulan blend film exhibited varying
moisture content, ranging from 8.20% for PU to 12.73% for
PU:SA (5:4). This result could be attributed to the higher
hydrophilicity of sodium alginate compared to pullulan [12,
29].
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Fig. 4: Moisture content of A (PU), B (PU:SA=5:4), C
(PU:SA:GE=5:3:1), D (PU:SA:GE=5:2:2), E
(PU:SA:GE=5:1:3), and F (PU:GE=5:4) blend films.

* Significantly different (p< 0.05) from pullulan film

For the PU:SA:GE blend films, the moisture content
decreased as the proportion of gelatin increased. This may be
related to water absorbability, which has been reported to
decrease with increasing amounts of GE in SA:GE films
[25]. This trend could also be explained by the increasing
amounts of hydrogen bonding interactions among the three
biopolymers, leading to a deduction in the availability of free
hydroxyl group for interaction with water molecules [30,27].
Hence, the results demonstrate that varying the relative
proportions of sodium alginate and gelatin can modify the
water-holding properties of the films.

3.4 Film water solubility and solubilization time

Table 2: Water solubility of blend films at 25°C over 24
hours

Formulation Water Solubility
(Mean +  Standard
deviation)

A | (PU) Fully soluble

B | (PU:SA=5:4) Fully soluble

C | (PU:SA:GE=5:3:1) | Fully soluble

D | (PU:SA:GE=5:2:2) | 81.4+1.49*

E | (PU:SA:GE=5:1:3) | 79.3 +3.33*

F | (PU:GE=5:4) 65.8+1.82°

Different superscript letters indicate statistical differences
between groups (p < 0.05)

The water solubility test of PU:SA:GE blend films,
conducted at 25°C for 24 hours, showed significantly
decreased water solubility compared to that of pullulan film.
The PU film, PU:SA (5:4) and PU:SA:GE (5:3:1) blend
films were fully soluble, while the PU:SA:GE (5:2:2),
PU:SA:GE (5:1:3), and PU:GE (5:4) blend films exhibited
reduced solubility (Table 2). These results indicate that the
higher the proportion of gelatin, the lower the solubility of
the blend film. Notably, the PU:SA (5:4) film was even more
soluble than pullulan, which could be attributed to the higher
hydrophilicity of sodium alginate [31].
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Fig. 5: Solubilization time of A (PU), B (PU:SA=5:4), C
(PU:SA:GE=5:3:1), D (PU:SA:GE=5:2:2), E
(PU:SA:GE=5:1:3), and F (PU:GE=5:4) blend films.

*Significantly different (p< 0.05) from pullulan film; **
Significantly different (p< 0.01) from pullulan film

Figure 5 shows the solubilization times of pullulan and
pullulan blend films, conducted at 37°C. The solubilization
times of PU:SA:GE (5:3:1; 5:1:3) and PU:GE (5:4) blend
films were significantly longer compared to that of pullulan
film, with the PU:GE (5:4) blend film being the least soluble.
The prolonged dissolution time can be attributed to the
presence of gelatin, as pure gelatin is readily soluble only at
temperature above 40°C [32].

3.5 FTIR study

Figure 6 shows the FTIR spectra of all the blend film
samples. The hydroxyl stretching vibration bands between
3000-3600 cm! were broad, strong, and present in the spectra
of all films, indicating intense intra- and intermolecular
hydrogen bonding interactions within and between pullulan,
sodium alginate, and gelatin chains [27, 33]. This is
expected. as gelatin forms interchain hydrogen bonds at
temperatures below 35°C [34], as does sodium alginate,

which forms both inter- and intramolecular hydrogen bonds
[35].
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Fig. 6: ATR-FTIR spectra of (a) Pure PU, (b) PU:SA (5:4), (c) PU:SA: GE (5:3:1), (d) PU:SA:GE (5:2:2), (¢) PU:SA:GE

(5:1:3), and (f) PU:GE (5:4) blend films
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Fig. 7: DSC thermograms of (a) Pure PU, (b) PU:SA (5:4), (c) PU:SA: GE (5:3:1), (d) PU:SA:GE (5:2:2), (¢) PU:SA:GE

(5:1:3), and (f) PU:GE (5:4) blend films

In addition, the typical stretching vibration band of O—C-O
group at 1636 cm' in pullulan was also strong. The
PU:SA:GE films exhibited additional stretching vibration
bands at around 1601 cm™ and 1410 cm™, corresponding to
asymmetric and symmetric COOQO™ stretching vibrations
arising from sodium alginate [36]. However, these absorption
bands gradually weakened as the proportion of sodium
alginate in the blend decreased and gelatin content increased
(Fig 6: b to e). This was accompanied by a shift from 1410
cm! to 1412 cm!, which may indicate ionic association

between the carboxylate groups of sodium alginate and the
amino group of gelatins.

The absorption bands at 1655-1638 cm™!, 1557-1480 cm™,
and 1240-1206 cm™ were attributed to the amide groups of
gelatins [37]. The band at 1148 cm’!, attributed to o-(1-4)
glycosidic linkage of pullulan or sodium alginate, was also
prominent [38]. Thus, all major FTIR absorption bands
associated with pullulan, sodium alginate, and gelatin are
recognizable.
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Fig. 8: TGA thermograms (i) and DTA (ii) curves of A (PU), B (PU:SA=5:4), C (PU:SA:GE=5:3:1), D (PU:SA:GE=5:2:2), E
(PU:SA:GE=5:1:3), and F (PU:GE=5:4) blend films

© 2026 NSP
Natural Sciences Publishing Cor.


http://www.naturalspublishing.com/Journals.asp

60 =S e I. Liew and 1. Ooi: Effects of Sodium Alginate and Gelatin on...

_—_—
20230801 1056 F D44 x1.0k  100um 20230801 1048 F D39 x1.0k  100um 20230801 1042 F D35 x1.0k  100um

_— . . -
20230801 10:38 F D48 x1.0k  100um 20230801 1029 F D36 x1.0k 100um

20230728 1409 F D49 x500 200um 20200728 1430F 050 20k Yum 2020728 1625F 059 x10k 100um

20000728 16¥F D71 x10k 100um 2200728 1504 F  DSO x10x  100um 20200728 643 F D62 x10k  100um

Fig. 9: SEM images of the surface (i) and cross-section (ii) of blend films of A (PU), B (PU:SA=5:4), C (PU:SA:GE=5:3:1),
D (PU:SA:GE=5:2:2), E (PU:SA:GE=5:1:3), and F (PU:GE=5:4) at 5kV and 1000x magnification
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3.6 Thermal behavior

Figure 7 shows the DSC thermograms of the pullulan blend
films. All the films exhibited a broad transition event with
varying endothermic peak temperatures below 120°C, most
likely due to moisture loss. The PU:SA:GE blend films
showed significantly higher endothermic peak temperatures
by about 18-39°C, as compared to that of the pullulan film.
Among the PU:SA:GE blend films, a decreasing trend in
endothermic peak temperature was observed as the gelatin-
to-sodium alginate ratio increased, i.e., from 111.92°C
(PU:SA:GE= 5:3:1) to 90.63°C (PU:SA:GE=5:1:3). It was
also noted that the blend films containing sodium alginate
exhibited exothermic transition with an onset around 200°C,
attributed to the thermal degradation or oxidation of alginate
[39].

Figure 8 shows the TGA curves (a) and the corresponding
DTA curves (b) of pullulan and its blend films. In general,
film mass loss occurred in multiple steps: loss of volatiles
such as free and bound water between 80°C to 112°C,
decomposition of sodium alginate between 215 to 223°C,
decomposition of pullulan from 250°C, and decomposition
of gelatin peaking at 302°C. These decomposition
temperatures are quite consistent with those reported for the
individual components: pullulan (250-280°C) of pullulan
[40], sodium alginate (240-260°C) [39], gelatin (296°C) [41],
and glycerol (289°C) [42]. Based on the lower weight loss at
elevated temperatures (~ 290°C), the order of decreasing
thermal stability of the blend films is as follows: PU >
PU:SA:GE (5:1:3) > PU:GE (5:4) > PU:SA:GE (5:2:2) >
PU:SA:GE (5:3:1) > PU:SA (5:4). Hence, the addition of
sodium alginate and gelatin to pullulan only slightly reduced
the thermal stability of the blend films. Nonetheless, in the
absence of gelatin (PU:SA film), sodium alginate had the
greatest destabilizing effect on the pullulan film (Fig 8ii).

3.7 SEM images

Figure 9 shows the SEM images of pullulan blend films. The
surface textures of the PU:SA (5:4), PU:SA:GE (5:3:1 and
5:2:2), and PU:GE (5:4) blend films appeared smooth,
suggesting good miscibility between pullulan and sodium
alginate and/or gelatin. However, the PU:SA:GE (5:2:2 and
5:1:3) blend films exhibited uneven surface morphology.
This abrupt change in film texture may be associated with
hydrogen bonding and electrostatic interactions between SA
and GE, particularly as the GE-to-SA ratio increased, leading
to more GE/GE complex aggregations [27]. In contrast,
uneven bulk textures were observed in the cross-sectional
area of the PU film. Nevertheless, the addition of sodium
alginate and/or gelatin to pullulan appeared to smooth the
texture (Fig 9 bottom; blend films B to F).

4. Conclusions

The film thickness increased, while the light transmittance
decreased with an increasing gelatin-to-sodium alginate ratio
in the pullulan-sodium alginate-gelatin (PU:SA:GE) blend
films. The film tensile strength and fracture strain of the

PU:SA:GE blend films were unaffected by the varying
gelatin-to-sodium alginate ratios. Both water solubility and
the moisture content decreased as the gelatin-to-sodium
alginate ratio increased. SEM images showed that the
PU:SA:GE (5:1:3) blend films exhibited an uneven surface
texture, while a smooth texture was observed for the
PU:SA:GE (5:3:1 & 5:2:2) blend films. FTIR spectra
indicated strong hydrogen bonding interactions among the
three biopolymers. Among the blend films, PU:SA:GE
(5:1:3) exhibited the greatest heat stability and the most
effective light transmission barrier, as well as moderate water
solubility, properties that may be suitable for use as edible
coating or packaging film for light-sensitive foods. In
addition, the 5:1:3 ratio reduces the overall reliance on
pullulan, making the film more cost-effective, as sodium
alginate and gelatin are generally less expensive than
pullulan.
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