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john.ray.estrellado@dlsu.edu.ph  created bioplastic film primarily consisting of cassava peel starch (CPS)
and shrimp shell chitosan (SSCHT), with sorbitol (SOR) as a plasticizer,
utilizing green methods and a constrained D-optimal mixture design.
Films were assessed via water uptake, water vapor transmission rate,
morphology, antimicrobial susceptibility, and biodegradability. Models
were generated in terms of water uptake (p = 0.0684) and water vapor
transmission rate (p = 0.0013) and ranged between 88.49% to
326.35% and 435.67 to 559.09 g/m?/24h respectively. CPS (p =
0.0008) had a significant effect on water uptake levels due to its hy-
droxyl groups, which form hydrogen bonds that retain water. On the
other hand, water vapor transmission rate was significantly affected by
CPS (p = 0.0001) and SOR (p = 0.0001). Although SSCHT (p = 0.0787)
was statistically insignificant its acetyl group reduced the hydrophilic
nature of CPS. CPS and SOR were found to positively affect weight loss
through biodegradation due to increased hydrophilicity and microbial
colonization. Scanning electron microscopy (SEM) at 300x magnifica-
tion revealed visibly smooth morphology of films, while at 1500x and
6500x magnification the films had visible crevices possibly due to
greater SSCHT concentrations lower WVTR, and higher CPS concentra-
tions raising water absorption levels. Antimicrobial susceptibility tests
showed that increased SSCHT led to more effective inhibition against
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E. coli and P. aeruginosa. This study provides insight into the possibili-
ties of bioplastic films created from valorized food waste and used for
packaging applications and these findings suggest the viability of
waste-derived bioplastics in packaging applications that demand water
resistance and antimicrobial activity.
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Background

A significant amount of bioplastic applica-
tions is found in the area of food packaging,
where effective packaging shields food from
microbial contamination, air, water vapor, and
UV light (Westlake et al., 2022). Research has
extensively focused on the use of cassava
starch to create plastic packaging materials, in-
cluding combining starch with various poly-
meric substances, as well as incorporating re-
inforcing materials, and adding polyphenols
and essential oils to enhance antimicrobial
properties (Silveira et al, 2025). However, a
significant disadvantage of starch-based bio-
plastics is the moisture sensitivity, particularly
in humid conditions due to the hydrophilic na-
ture of starch from its hydroxyl groups (Ulyarti
et al,, 2020). These polar hydroxyl groups form
hydrogen bonds with water molecules, making
starch-based films prone to absorbing atmos-
pheric moisture. Consequently, this leads to
swelling, high water vapor transmission rate
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(WVTR) and water uptake (WU) which limits
their functionality in packaging applications
that require long-term storage or moisture
control, such as food packaging. Thus, their use
is restricted in situations where water re-
sistance, structural durability, and effective
barrier performance are essential.

To address these limitations, various tactics
have been used to improve their water stabil-
ity. Chitosan, as noted by Tan et al. (2022), is a
biopolymer with excellent barrier and film-
forming properties, making it suitable for food
packaging. It possesses strong antibacterial ac-
tion, both Gram-positive and Gram-negative
bacteria against a variety of harmful and spoil-
ing microbes (Ahmed et al, 2025). The most
used method for creating films or coatings for
food packaging continues to consist of chitosan
solution in a mild acid, such as acetic acid, in
which the casting procedure is the most
extensive of all the techniques applicable (Ca-
zon & Vazquez, 2019). Dasumiati et al. (2019)
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found that basic waste cassava peel reinforced
with a chitosan composition of 5% can be
produced as wrap packaging for direct
consumption. To improve the brittleness of the
films, plasticizers like glycerol, sorbitol, and
glucose can be added to the biopolymer matrix
to increase the films' elasticity. However, add-
ing plasticizer to starch films makes them more
sensitive to moisture, which causes the films to
lose their structural integrity (Shapi'i et al,
2022). In addition to mechanical and barrier
properties, biodegradability remains a critical
advantage of starch and chitosan-based films.
These materials naturally decompose under
environmental conditions without leaving toxic
residues unlike conventional plastics, which
makes them an eco-friendly alternative (Ober-
lintner et al,, 2021; Jiang et al.,, 2020). However,
the rate of biodegradation can vary depending
on the film’s composition, environmental fac-
tors such as humidity, and soil microbial activ-
ity (Payanthoth et al.,, 2024).

Despite growing interest in bioplastic
developments, there is still limited information
on the barrier properties of bioplastic films
derived from waste materials such as cassava
peels and shrimp shells. Consequently, the po-
tential of agricultural and marine waste as raw
material for bioplastics remains underutilized.
Important characteristics such as WVTR, WU,
biodegradability and antimicrobial effective-
ness are not well documented for these waste-
based films, even though these properties are
essential for future application in plastic pack-
aging industries.

Research Objectives

The purpose of this study is to characterize
and analyze the barrier properties, antimicro-
bial activity, and biodegradability of a bio-
plastic film produced from waste cassava peel
starch (CPS), shrimp shell chitosan (SSCHT),
and sorbitol (SOR). The study will measure the
film's performance using water uptake, water
vapor transmission rate, antimicrobial suscep-
tibility, biodegradability test, and scanning
electron microscopy. The specific objectives
are as follows:
1. Determine the water uptake and water va-

por transmission rate of  the

CPS/SSCHT/SOR bioplastic films under

varying CPS, SSCHT, and SOR compositions
prepared using the D-optimal mixture de-
sign of experiment;

2. Model the water uptake and water vapor
transmission rate of the CPS/SSCHT/SOR
bioplastic films under varying CPS, SSCHT,
and SOR compositions using Scheffe cubic
model;

3. Conduct morphological analysis of the bar-
rier properties of the CPS/SSCHT/SOR bio-
plastic films using scanning electron micros-
copy (SEM);

4. Investigate the biodegradability of the
CPS/SSCHT/SOR bioplastic films; and

5. Determine the antimicrobial susceptibility
of the CPS/SSCHT/SOR bioplastic films
against a gram-positive and a gram-negative
bacteria.

Scope and Limitations

The scope of this study is limited to the
characterization of barrier, antimicrobial, and
biodegradability properties of the produced
CPS/SSCHT/SOR food packaging films. The
study analyzes how the films can withstand the
passage of water vapor and water absorbance,
their potential to inhibit bacterial growth. Mor-
phological characterization of the bioplastic
films was done using scanning electron micros-
copy. The antimicrobial susceptibility of the bi-
oplastic films was investigated against one
gram-positive bacteria (Pseudomonas aeru-
ginosa) and one gram-negative bacteria (Esch-
erichia coli), using a paper disk diffusion assay
according to Agustin & Padmawijaya (2017).
Natural biodegradation will be observed using
a soil burial test in accordance with the study
by Tan etal. (2022).in a limited amount of time.
JMP 18.1.1. was utilized as the primary soft-
ware tool for the data analysis and construction
of the mixture design of this study.

Significance of the Study

The study explores the viability of a bio-
plastic film primarily made of valorized food
components used specifically for food packag-
ing. While previous researchers have devel-
oped starch/chitosan bioplastic films, these
studies commonly utilized commercial or la-
boratory-grade materials. The utilization of
starch and chitosan derived from cassava peel
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and shrimp shells, respectively, in the develop-
ment of bioplastic food packaging films would
help justify the feasibility and potential of food
waste as bioplastic materials in terms of water
barrier properties, antimicrobial susceptibility
and biodegradability. Furthermore, the model-
ing of water uptake and water vapor transmis-
sion rate, and the characterization of antimi-
crobial susceptibility and biodegradability are
the main factors this study focuses on because
these characteristics directly affect the effec-
tiveness and feasibility of the bioplastic film as
food packaging. According to Tan et al. (2022)
and Priya et al. (2021) the bioplastic film’s wa-
ter uptake quality and water vapor transmis-
sion rate is important because low levels entail
a stronger and firmer bioplastic, which is
needed in the context of food packaging. Addi-
tionally, antimicrobial susceptibility capabili-
ties of the bioplastic film will determine how
well it can combat common strains of bacteria
present in food (Agustin & Padmawijaya,
2017), which aids in preserving food’s shelf life.
Meanwhile, the assessment of biodegradability
ensures that the produced bioplastic films will
do as little harm to the environment as possible

Production of
CPS/SSCHT/SOR
Bioplastic Films

Response Modeling of
Water Uptake and
Water Vapor
Transmission Rate

Morphological
Characterization of
Barrier Properties

Biodegradability
Characterization of
Bioplastic Films

Antimicrobial

Susceptibility Screening

of Bioplastic Films

after disposal. Testing each factor ensures
which CPS/SSCHT/SOR film concentration is
most feasible in food packaging.

Methods
Experimental Phases

The experimental phases in this study were
comprised of five phases. The first phase in-
volved the production of bioplastic films using
the 10-point D-optimal mixture design of CPS,
SSCHT, and SOR. The second phase involved the
response modeling of water uptake and water
vapor transmission rate, which are essential
barrier properties of bioplastics. The next
phase involved the morphological characteri-
zation of the CPS/SSCHT/SOR bioplastic films
using scanning electron microscopy. The fourth
phase involved the biodegradability character-
ization of the bioplastic films using compost
burial test, while the fifth phase involved the
antimicrobial susceptibility screening of the
CPS/SSCHT/SOR bioplastic films against Gram-
positive and Gram-negative bacteria Pseudo-
monas aeruginosa and Escherichia coli, respec-
tively. The methodological flowchart of the ex-
perimental phases is shown in Figure 1.

1

Figure 1. Experimental phases for the determination of barrier properties, biodegradability, and
antimicrobial susceptibility of CPS/SSCHT/SOR bioplastic films.
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Production of Cassava Peel Starch/Waste
Shrimp Shell Chitosan/Sorbitol Bioplastic
Films

The production of bioplastic films begins
with the extraction of cassava peel starch (CPS)
and shrimp shell chitosan (SSCHT), following
the procedure described in Picar et al. (2025).
The resulting CPS is a white powder that had a
dry basis yield of 790 * 1.91%, and the
resulting SSCHT is a fine, bone-colored powder
that had ayield of 6.09 * 0.61% with an 80.22%
degree of deacetylation.

The method of the production of bioplastic
films follows Maulida et al. (2016) with some

modifications described in Picar et al. (2025).
CPS and sorbitol (SOR) are mixed with water
and heated in a double boiler beaker setup at
70-80 °C until homogenized. SSCHT is mixed
with 12.5 mL of acetic acid, then added to the
beaker and stirred until a thick, viscous,
translucent consistency is achieved. The
mixture is then poured into a petri dish, dried
at room temperature for a few hours, then
oven-dried for 24 hours. A d-optimal mixture
design, as applied in Picar et al. (2025), was
used to generate 10 runs for the water vapor
transmission and water uptake tests as seen in
Table 1.

Table 1. Ten-point constrained D-optimal mixture design for the barrier property response modeling
of the CPS/SSCHT/SOR bioplastic films (Picar et al,, 2025).

Run In real concentrations In pseudo-components
Starch (x,) Chitosan (x,) Sorbitol (x,) Starch (x,,) Chitosan (x,,) Sorbitol (x;.)
BP-1 0.77 0.05 0.18 0.58 0.42 0.00
BP-2 0.70 0.05 0.25 0.00 0.42 0.58
BP-3 0.75 0 0.25 0.42 0.00 0.58
BP-4 0.82 0 0.18 1.00 0.00 0.00
BP-5 0.77 0.05 0.18 0.58 0.42 0.00
BP-6 0.76 0.025 0.215 0.50 0.21 0.29
BP-7 0.76 0.025 0.215 0.50 0.21 0.29
BP-8 0.70 0.05 0.25 0.00 0.42 0.58
BP-9 0.82 0 0.18 1.00 0.00 0.00
BP-10 0.75 0 0.25 0.42 0.00 0.58
Water Uptake Wherein:
The determination of water uptake per- W is weight of the sample after immersion in

centage follows the research design of Tan et al.
(2022). A puncher was used to obtain small, cir-
cular films for testing to ensure a uniform sam-
ple size. The CPS/SSCHT/SOR bioplastic films
were initially weighed before being submerged
into a small petri dish filled with distilled water
for 10 minutes. Then, the films were removed,
blotted dry with tissue paper, and then
weighed. This process was repeated across
three trials, each consisting of 10 runs for the
different concentrations and the results were
reported as the mean * standard deviation of
the triplicates. Water uptake (WU) was calcu-
lated using Equation 1, and the average value
was reported.

grams
W, is weight of the dry sample in grams

Ais the area available for transmission of water
vapor in m2

t is the duration of the test in days

Morphological Characterization
CPS/SSCHT/SOR Bioplastic Films
Samples were gold-sputter coated using a
VPS-020 system and analyzed at 15 kV. This
process of imaging a sample surface using a
high-energy electron beam in a raster scan pat-
tern is known as scanning electron microscopy
wherein electrons interact with the sample's
constituent atoms to produce signals that re-
veal information about the sample's composi-

of

w - W, o (Eq.1) tion, surface topography, and other character-
WU = W, x100% istics like electrical conductivity (Opoku,
IJMABER 3939 Volume 6 | Number 8 | August | 2025
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2019). To observe general morphology,
Kusumastuti et al. (2020) used a voltage of 15
kV and a magnification of 300x, in which gold
was sputter-coated onto the mixed polymer us-
ing VPS-020. This magnification was also uti-
lized by Aziz et al. (2019), identifying the
polymerization structure of the sample. More-
over, the study of Ginting et al. (2018) used a
1500x magnification scanning electron micro-
scope with a 100-mesh starch size to observe
granules. It revealed that the starch granules
were elliptical or spherical, with a size of 20
um. Furthermore, Dianursanti and Khalis
(2018) utilized 6000x to observe the sample
with the best mechanical properties such s
tensile strength and elongation.

Antimicrobial Susceptibility Screening

The Kirby-Bauer Disk Diffusion susceptibil-
ity test method was applied to determine anti-
microbial activity against Gram-negative bacte-
ria, particularly E. coli and P. aeruginosa. The
objective is to ascertain the pathogenic aerobic
sensitivity or resistance and facultative anaer-
obic bacteria to different types of antimicrobi-
als. Mueller-Hinton agar is used to cultivate the
pathogenic bacterium in the existence of differ-
ent filter paper disks treated with antimicrobi-
als. The growth surrounding the disks, whether
present or not, is an indirect indicator of the
compound's capacity to inhibit that organism
(Hudzicki, 2009). Following the model of
Agustin & Padmawijaya (2017), bioplastic films
punched 7 mm diameter in size were set on
solid nutritive media (nutrient agar) that had
been equally swabbed with a suspension of ei-
ther gram-positive (Pseudomonas aeruginosa)
or gram-negative (Escherichia coli) bacteria.
The Petri dish was then incubated for 24 hours.
The culture used for the test determines the in-
cubation conditions. The inhibitory zone, also
known as the clear zone, must be identified sur-
rounding the bioplastics samples on the agar
plate following the incubation time (Agustin &
Padmawijaya, 2017).

Biodegradability Test

The biodegradability rate was determined
following the model of Tan et al. (2022). Ten
films representing ten runs of the D-optimal
mixture design done in triplicates were buried

in individual pots containing loam soil pur-
chased from alocal plant nursery (Sta. Rosa, La-
guna) at a depth of 3 cm for 30 days. Every 48
hours, the samples were carefully retrieved,
brushed off of surface soil, dried, and weighed
using an analytical balance. This process was
repeated until the end of the testing period.
However, for analysis, only the initial (W) and
final weights (WO0) were considered to deter-
mine the total weight loss percentage (WL),
with the use of Equation 3 below. The average
of these values will be reported.

W (g) — FW (g)
W (g)

WL (%) = (Eq. 3)

Wherein:

WL is weight loss in percentage
IW is initial weight in grams
FW is final weight in grams

Statistical Analysis

Ternary plots were graphed using the
software JMP Pro 18.0.2 from JMP Statistical
Discovery LLC with the fit model function using
the various tests' average and standard
deviation values. In addition to visualization,
the software provided regression coefficients
and analysis of variance (ANOVA) utilizing the
Scheffe’s Cubic model with a significance level
of 5% (p < 0.05). Additionally, the p-value will
be used to assess statistical significance and de-
termine the correlation between variables. The
assumptions for ANOVA were tested using the
Shapiro-Wilk and Anderson-Darling tests for
normality. Assumptions for regression analysis
were verified using an actual predicted plot
generated by the Scheffé cubic model.

Results and Discussion

The main aim of the study is to investigate
the barrier properties, which are essential in
the characterization of industrial-grade alter-
natives to synthetic plastics. In this study, two
barrier properties, namely water uptake and
water vapor transmission rate, were examined
to observe the effect of mixture composition on
the barrier properties of the bioplastics. The
summary of water uptake and water vapor
transmission rate is shown in Table 2.
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Table 2. Water uptake (%) and water vapor transmission rate (g/m2/24 hr.) of CPS/SSCHT/SOR

bioplastic films formulated using D-optimal mixture design

Run In real concentrations Barrier Properties
number CPS (%) SSCHT (%) SOR Water Uptake Water Vapor Transmission
(%) (%) Rate (g/m?/24 hr.)

BP-1 77 5 18 263.38 +89.61 435.67 + 40.61
BP-2 70 5 25 156.82 +9.70 464.25 + 45.60
BP-3 75 0 25 110.50 +11.86 546.10 + 24.59
BP-4 82 0 18 326.35 +41.58 539.17 £+ 110.26
BP-5 77 5 18 238.74 +15.80 468.15 + 10.50
BP-6 76 2.5 21.5 109.24 +9.98 498.90 + 22.65
BP-7 76 2.5 215 113.78 +19.25 507.56 + 27.87
BP-8 70 25 149.37 +13.92 449.53 £ 54.02
BP-9 82 18 173.22 +2.89 539.61 + 30.02
BP-10 75 25 88.49 +13.69 559.09 + 80.36

Effect of Mixture Composition on Water Up-
take

The histogram shows a negatively skewed
distribution, with most of the data located at
the higher values and a tail extending to the
lower values. The box plot and quantile (Q-Q)
plot further support this trend by showing
points deviating from the normal line, as shown

B K
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|
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" |
/
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Probability

in Figure 2. Furthermore, the Shapiro-Wilk (p =
0.3580) and Anderson-Darling (p = 0.3908)
tests revealed an insignificant p-value. This in-
dicates that the assumptions of normality can-
not be rejected despite the negative skewness
of the histogram. Suggesting that the data and
parametric analyses follow a normal distribu-
tion.

128 -0.67 00 0.67 1.28

02 03 04 05 06 07 0.8 0.9

Normal Quantile Plot

Figure 2. Graph of histogram and quantile plot of water uptake

The ternary plot, as shown in Figure 3,
shows the relationship between water uptake
levels and bioplastics with varying SSCHT, CPS,
and SOR compositions. The ternary plot sum-
marizes how the varying compositions influ-
ence the bioplastic’s ability to absorb water,
which confirms key trends found in the re-
search of Tan et al. (2022), where starch-based
bioplastics were utilized. Table 2 summarizes

the variability of water uptake across varying
compositions, with values ranging from
88.49% to 326.35%. The highest water uptake
levels (326.35%) are seen in run 4. Meanwhile,
the lowest water uptake levels (88.49%) are
seen in run 10 as shown in Table 2. These re-
sults show that higher concentrations of CPS in-
crease the water uptake level, and moderate
concentrations of SSCHT and SOR may have a
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slight effect on water uptake levels but are not
as pronounced as CPS. Moreover, the ternary
plot confirms these trends since the distinct re-
gions associated with higher concentrations of
CPS have higher water uptake levels. Further-
more, the research of Tan et al. (2022) states
that since starch is rich in hydroxyl (-OH)

93.4357
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—| 216.207
—_— 257.131

0.9

. AVAVAVAVA . ‘

09 08 07 06 05 04 03 02 01 O
Shrimp Shell Chitosan (Normalized)

(@)

Water Uptake Actual

groups, which form hydrogen bonds with wa-
ter molecules, increasing water retention.
Polysaccharides like cassava starch have polar
functional groups, leading to higher water up-
take levels when high CPS concentrations (Tan
etal, 2022).

300
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Figure 3. Plot of (a) ternary diagram showing the predicted water uptake based on mixture compo-
sition and (b) actual water uptake against predicted water uptake

The analysis of variance (ANOVA), as seen
in Table 3, shows that CPS (p = 0.0008) is a
statistically significant factor influencing water
uptake levels. Furthermore, its positive
parameter estimate of 249.78 reveals that
increasing CPS concentrations lead to higher
water uptake levels. On the other hand, it is
revealed that SSCHT (p = 0.0637) and SOR (p =
0.8924) were statistically insignificant, which
entails that their inclusion in the bioplastic
does not affect the water uptake levels.

Additionally, their t-ratios suggest SSCHT and
SOR have a weak relationship with the re-
sponse variable. Therefore, only CPS plays a
crucial role in contributing to water uptake lev-
els, while SSCHT and SOR have no significant
impact on water uptake levels. This is further
supported by the p-value (p = 0.0684) and F ra-
tio (4.3811) as seen in Table 4, which entails
that not all components play a statistically sig-
nificant role in affecting the bioplastic film’s
water uptake levels.

Table 3. Regression coefficients and parameter estimates of water uptake in terms of shrimp shell
chitosan, cassava peel starch, and sorbitol

Parameters B1 B2 Bs P12 B3 P23 B123
Parameter Estimates 1263.65 249.79 -9.33 -1742.79 -1527.87 - -
p-value 0.0637 0.0008*  0.8924 0.1074 0.1631 - -
Table 4. ANOVA of water uptake
Source DF Sum of squares Mean of squares F ratio Prob >F
Model 4 43177.399 10784.3 4.3811 0.0684
Error 5 12307.859 2461.6 - -
U. Total 9 55445.258 - - -
[JMABER 3942 Volume 6 | Number 8 | August | 2025
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Effect of Mixture Composition on Water Va-
por Transmission Rate

The histogram shows a somewhat symmet-
rical distribution and the box plot and quantile
(Q-Q) plot support this somewhat symmetrical
distribution with most points following the
normal line as shown in Figure 4 This entails
that the data are normally distributed, which is

560 AN P
540 \

520 \ /\
500

480 \/
wl L

440 L

420

4] 0.05 0.10 0.15 0.20
Probability

128

0.1

further supported by the Shapiro-Wilk tests (p
= 0.1737) and Anderson-Darling test (p
0.1664) that reveal insignificant p-values.
These indicate that there is not enough evi-
dence to reject normality, which means a nor-
mal distribution for water vapor transmission
rate against the composition of the
CPS/SSCHT/SOR film.
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Figure 4. Graph of histogram and quantile plot of water vapor transmission rate

The ternary plot shown in Figure 5 reveals
how SSCHT, CPS, and SOR influence the water
vapor transmission rate (WVTR). It shows that
higher CPS concentrations increase WVTR lev-
els, while SSCHT reduces WVTR levels due to
the film’s enhanced water resistance caused by
SSCHT. Table 2 shows that runs with high CPS
concentrations exhibit the highest WVTR lev-
els, such as runs 3, 4, and 9. According to

447886
0 475914
1 503.943
09 " o —_ 53: 97:
) ‘ 0.2 -
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égw ‘ e ‘1‘53
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Abdullah et al. (2020), this is attributed to
starch’s ability to increase bioplastic permea-
bility due to its hydrophilic nature. Conversely,
runs with higher SSCHT concentrations, such
asrun 1, had the lowest WVTR. The trend aligns
with the expectation that starch-based bioplas-
tics become more water vapor-resistant as
SSCHT concentrations increase (Abdullah et al.,
2020).

560 .
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WVTR Predicted RMSE=12.312 RSq=0.96
PValue=0.0013
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560

Figure 5. Plot of (a) ternary diagram showing the predicted water vapor transmission rate based on
mixture composition and (b) actual water vapor transmission rate against predicted water

vapor transmission rate
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Moreover, ANOVA further confirms the
statistical significance, as seen in Table 5, of
CPS (p = 0.0001) and SOR (p = 0.0001)
concerning WVTR levels on bioplastic films,
since both had statistical significance. Although
SSCHT (p = 0.0787) revealed statistical
insignificance according to Abdullah et al.
(2020), SSCHT plays a significant role in
modulating water vapor transmission rates.
This is caused by the acetyl group (CHs) in
SSCHT, which causes the bioplastic film to have
hydrophobic properties, which reduce the
hydrophilic -OH groups of starch. Additionally,
it was found that the interaction and
relationship between CPS and SSCHT (p =
0.7680) concentrations were insignificant,
which entails that their effects on the WVTR

and water permeability act independently ra-
ther than synergistically on the bioplastic films.
These results show that increased SSCHT
concentrations promote water resistance in the
bioplastic and decrease WVTR levels. However,
higher CPS concentrations can counteract the
SSCHT's effects due to the bioplastic's water
vapor permeability. This statistical data aligns
with the study of Abdullah et al. (2020), which
entails that the balance between SSCHT and
CPS is crucial for improved WVTR levels and
maintaining structural integrity. Furthermore,
the p-value (p = 0.0013) and F ratio (28.0369)
as seen in Table 6 further supports the notion
that all three components play a statistically
significant role in affecting WVTR.

Table 5. Regression coefficients and parameter estimates of water vapor transmission rate in terms
of shrimp shell chitosan, cassava peel starch, and sorbitol

Parameters B, A, @3 @2 B3 Bz3 @123
Parameter Estimates 291.23 539.39 562.17 68.74 34.96 - -
p-value 0.0787  0.0001* 0.0001* 0.7680 0.8861 - -
Table 6. ANOVA of water vapor transmission rate

Source DF Sum of squares Mean of squares F ratio Prob >F
Model 4 16993.376 4248.34 28.0269 0.0013*
Error 5 757.904 151.58 - -
U. Total 9 17751.280 - -

Morphological Characterization of Bioplastic
Films

The surfaces of the CPS/SSCHT/SOR bio-
plastics were analyzed using Scanning Electron
Microscopy at 300x magnification 15kV, show-
ing that the bioplastic films had a smooth sur-
face as shown in Figure 6. An open drying
method was utilized which is a rapid drying
process along with even distribution of materi-

als. This entails a better interaction of compo-
nents as the synthesis’ microstructure was
stronger, and the particle arrangement and
bonding were close to one another (Aziz et al,,
2019). According to Thuppahige et al. (2023),
cassava peel chambers with thickened cell
walls and distinct structure resembled honey-
combs. As with earlier studies, there are a lot of
starch granules in the peel.
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300x

BP-1

BP-10

1500x 6500x

Figure 6. Scanning electron micrographs of CPS/SSCHT/SOR films in 300x, 1500x, and 6500x magni-

fications

In contrast to this, micrographs revealed a
porous nature despite the smooth surface of
the starch granules. This could be due to initial
porosity differences and different drying tech-
niques (Thuppahige et al., 2023). Furthermore,
Picar et al. (2025) revealed that BP-4 had the
highest CPS concentration of 82% indicating a
high water uptake level potentially leading to
swelling, making it susceptible to surface
cracks. Moreover, BP-10 had the highest WVTR
with a CPS concentration of 75%. This entails
that bioplastics may crack under considerable
amounts of tension from the evaporating water
(Picar etal., 2025). At 6500x magnification, mi-
nor surface cracks were visible. It is possible
because greater SSCHT concentrations lower
WVTR, and higher CPS concentrations raise
water absorption levels. Due to surface pores,
the samples' low component adhesion lowers
their mechanical qualities and affects their ten-
sile characteristics (Kowser et al.,, 2025). Fur-
thermore, when cassava peels were mesh-

pretreated, the fibrous particles lost their orig-
inal long-rod shape and instead took on a
sphere-like appearance (Zhang et al,, 2024).
Antimicrobial  Susceptibility = Test
CPS/SSCHT/SOR Bioplastic Films

The antimicrobial properties of the bio-
plastic films were evaluated using the disk dif-
fusion method against E. coli and P. aeruginosa.
Escherichia coli was selected for this study due
to its wide usage for testing the efficacy of many
antimicrobial agents and is a common indicator
for fecal pollution (Suryanegara et al., 2021).
Pseudomonas aeruginosa is a known biofilm-
forming bacterium, which can affect the effec-
tiveness of antimicrobial components, making
it a suitable model for evaluating the antimicro-
bial efficacy of the bioplastic (Li et al.,, 2023).
The summary of the antimicrobial susceptibili-
ties of the bioplastics against P. aeruginosa and
E. coli is shown in Table 7.

of

Table 7. Real concentrations of CPS/SSCHT/SOR films and their corresponding inhibition against E.

coli and P. aeruginosa

Bioplastic Compositions

Antimicrobial Susceptibility

CPS (%) SSCHT (%) SOR (%) E. coli P. aeruginosa
77 5 18 +++ +++
70 5 25 +++ +++
76 2.5 21.5 + +
75 0 25 - -
82 0 18 - -
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Unlike conventional antimicrobial plastics
that diffuse into the agar medium and create
clear zones of inhibition, the tested bioplastic
films did not produce measurable inhibition
zones, as shown in Figure 7. This suggests that
the antimicrobial components within the films
remained localized on the bioplastic surface ra-
ther than diffusing into their surrounding me-
dium. The reduction in bacterial colonies was
observed exclusively on the surface of the bio-
plastic itself. This observation aligns with the
findings of Savitskaya et al. (2017), who re-
ported that chitosan, when incorporated into
cellulose composite films, does not readily

diffuse due to its strong integration within the
polymer matrix. Furthermore, chitosan has
limited solubility in neutral and basic environ-
ments, which restricts its application under
such conditions. In this study, the agar medium
used for the disk diffusion test was at neutral
pH, which may have hindered chitosan’s diffu-
sion-based antimicrobial activity due to its re-
duced solubility (Aranaz et al, 2021). Conse-
quently, the disk diffusion test may not be suit-
able for evaluating the antimicrobial activity of
the bioplastic, as their antimicrobial effect re-
lies more on direct contact than on diffusion.

Figure 7. Paper disk diffusion test results of bioplastic films against E. coli and P. aeruginosa, where
(a) represents films with chitosan and (b) represents films without chitosan

Despite the absence of inhibition zones, a
qualitative assessment of bacterial growth on
the bioplastic surfaces revealed differences be-
tween films that had chitosan and those with-
out. The antimicrobial effectiveness of the bio-
plastic films was assessed by categorizing bac-
terial presence on the film surface into three
qualitative groups: +++ (no visible bacterial
growth), + (reduced bacterial presence), and -
(significant bacterial presence). Table 6 sum-
marizes the results of ten trials for different
formulations. Films with chitosan concentra-
tions of 2.5% or higher exhibited a notable re-
duction in bacterial adhesion to their surface.
In contrast, formulations lacking chitosan
could not prevent the growth of bacterial colo-
nies on their surface.

Chitosan demonstrates antimicrobial activ-
ity linked to its amino groups. In acidic condi-
tions, chitosan’s glucosamine monomer gains a
positive charge (-NH3+), enabling it to bind to
negatively charged microbial membranes. This
leads to leakage of intracellular proteins
(Suryanegara et al, 2021; Tanpichai et al,
2020). The effectiveness of this mechanism is
influenced by the degree of deactylation (DD);
a higher DD provides more free amino groups
that can interact with -COO- groups on micro-
bial cell membranes (Aranaz et al., 2021). Addi-
tionally, chitosan can enter bacterial cells, bind
to DNA, and inhibit mRNA synthesis, thereby
disrupting bacterial growth and reproduction
(Suryanegara et al, 2021; Savitskaya et al,
2017; Aranaz et al,, 2021).
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Biodegradability of CPS/SSCHT/SOR Bio-
plastic Films

Figure 8 shows the physical changes of ten
different bioplastic samples across a 30-day pe-
riod of soil burial. Initially, at Day 0, all samples
appear intact with smooth surfaces and a trans-
lucent white coloring. By Day 7, noticeable
swelling and distortion are observed in most
films, likely due to water uptake from the soil,
causing the bioplastics to expand in size. This
expansion is accompanied by varying degrees
of surface roughness, discoloration, and early
signs of biodegradation, signifying the begin-
ning of microbial colonization. As biodegrada-
tion progresses, most examples exhibit
changes in texture and structure, most notably
the crumpling and tearing of BP-2, BP-5, BP-8
and BP-10. By Day 30, the samples proceeded
to shrink, likely due to the evaporation of water

and the breakdown of the material caused by
the microbes in the soil. According to Folino et
al. (2020), the biodegradation of bioplastics
commonly undergoes three stages, 1) bio-dete-
rioration: wherein the polymers undergo phys-
ical, mechanical, and chemical change, 2) bio-
fragmentation: where microbes begin the
breakdown of the material, and lastly 3) assim-
ilation: where the materials get converted into
residual products such as CO2, H20, and bio-
mass. It is important to note that the test likely
did not progress to the assimilation stage, pos-
sibly due to the limited duration of the experi-
mental period. Future studies should extend
the testing period to capture the full biodegra-
dation process, including assimilation, which
likely was not achieved within the 30-day
timeframe.

BP-1 BP-2 BP-3 BP-4 BP-5 BP-6 BP-7 BP-8 BP-9 BP-10
e~ |m [~ [s =l ]~
Mo —|m~—[a[<[e]|=
B o[ [ [~ [®]=]® [~
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Figure 8. Macroscopic images of biodegraded CPS/SSCHT/SOR films during the 30-day soil burial

test.
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Figure 9. Graph of cumulative percentage weight loss over time during the soil burial test.

The biodegradability analysis of the bio-
plastic formulations (BP-1 to BP-10) revealed
differing degradation rates over a 30-day pe-
riod, as illustrated in the graph in Figure 8.

Compositions BP-9 and BP-2 showed the high-
est weight change of 62.38% and 60.56%, re-
spectively, while BP-3 and BP-7 exhibited the
least weight change of 44.50% and 45.16%,
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respectively, as shown in Figure 9. These find-
ings suggest that CPS, SSCHT, and SOR can be
strategically combined to develop bioplastics
with effective biodegradation. The impact of
these individual components on biodegradabil-
ity can be attributed to their physicochemical
properties. CPS, known for its hydrophilicity,
enhances microbial access by promoting water
absorption, which leads to faster absorption.
These observations are consistent with the
findings of Tan et al. (2022), who reported that
starch-based films degrade faster than those
reinforced with chitosan due to the greater wa-
ter affinity of starch matrices. Sorbitol further
contributes to biodegradation by disrupting
the internal hydrogen bonding within starch
structures, leading to increased porosity and
exposure to microbial activity (Lusiana et al,
2019). As a hydrophilic plasticizer, sorbitol at-
tracts water, which facilitates microbial coloni-
zation and the formation of bioplastic film that
further promotes biodegradation (Arief et al,,
2021). Additionally, chitosan can undergo en-

128

0 0.10 0.20
Probability

0.30 0.1

zymatic degradation through enzymes like chi-
tosanase and lysozyme, which cleave through
its glycosidic bonds, leading to depolymeriza-
tion and deacetylation. This process gradually
breaks chitosan into smaller fragments, includ-
ing monomers such as glucosamine, which mi-
croorganisms can utilize (Wronska et al,
2023). Moreover, chitosan can act as a nutrient
source that promotes microbial colonization on
the film surface, further aiding degradation
(Kusumastuti et al., 2020).

To ensure the reliability of the data distri-
bution, normality was assessed using the
Shapiro-Wilk and Anderson-Darling tests. Both
tests confirmed that the data did not signifi-
cantly deviate from a normal distribution. This
is further supported by Figure 10, where the
histogram, box plot demonstrates a relatively
symmetric distribution of weight loss values,
while the Q-Q plot shows that most data points
align closely with the theoretical normal distri-
bution line, indicating that the assumption of
normality.

-0.67 olo 067 1.28

02 03 04 05 06 07 0.8 0.9

Normal Quantile Plot

Figure 10. Graph of histogram and quantile plot of biodegradability weight loss

Table 8. ANOVA of cumulative weight loss at the end of the 30-day soil burial test.

Source DF Sum of squares Mean of squares F ratio Prob >F
Model 4 68.6697 17.1674 0.3258 0.8501
Error 5 263.4401 52.6880 - -

U. Total 9 332.1098 - - -

Following the verification of normality,
ANOVA was conducted to evaluate the signifi-
cance of the compositional effects on biodegra-
dation rate. The ANOVA results (Table 8)

indicate a general trend of biodegradability, alt-
hough not statistically verified due to the high
p-value (0.85) and a low F-ratio (0.3528), sug-
gest that the variance in the proportions of the
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components within the bioplastic formulations
does not significantly affect the biodegradation
rate. Instead, it appears that bioplastics as a
whole share an inherent biodegradability likely
due to their material properties, such as hydro-
philicity, porosity, and microbial accessibility.
While no statistically significant differences
were found in degradation rates (p > 0.05), de-
scriptive trends suggest enhanced biodegrada-
tion in samples with higher CPS and SOR con-
tent.

The key findings demonstrate that water
uptake levels in bioplastics are influenced by
the concentration of CPS. Run 4 showed the
highest water uptake levels, while run 10 had
the lowest. Higher CPS concentrations result in
higher water uptake, leading to increased
WVTR levels. However, SSCHT lowers these
levels due to the film's increased water re-
sistance. The porous nature of starch granules
suggests high water uptake, potentially causing
swelling and surface cracks. BP-10, with a 75%
CPS content, exhibited the highest WVTR, sug-
gesting that bioplastics could break under
strain. The tested bioplastic films did not pro-
duce measurable inhibition zones, consistent
with Savitskaya et al.'s (2017) findings. How-
ever, chitosan demonstrates antimicrobial ac-
tivity linked to its amino groups. Furthermore,
as biodegradation progresses, the films change
texture and structure, with BP-2, BP-5, BP-8,
and BP-10 showing the most crumpling and

ripping.

Conclusion and Recommendations

This study explored the CPS/SSCHT/SOR
bioplastic film's varying barrier and antimicro-
bial properties, including water uptake, water
vapor transmission, antimicrobial susceptibil-
ity, and biodegradability. The findings demon-
strated that due to CPS being hydrophilic,
larger quantities of it resulted in higher levels
of WVTR and water uptake. SSCHT, on the other
hand, decreased WVTR levels primarily due to
its improved water resistance. The films' mor-
phology at 300x demonstrated the bioplastic's
smooth surface; however, at 1500x and 6500x,
the presence of a few surface pores and crev-
ices became apparent because of higher CPS
concentrations, lower WVTR, and higher
SSCHT concentrations, which increased the

levels of water absorption, and SOR, as a plasti-
cizer, contributes to increased flexibility and
reduced tensile strength, which correlates with
higher porosity seen under SEM. Additionally,
surface porosity may enhance microbial attach-
ment, facilitating biodegradation, though it
may also minimize mechanical integrity. Re-
garding antimicrobial activity, chitosan was no-
table for its linkage of amino groups. Its effi-
ciency was influenced by the high degree of
deacetylation (DD), which provided more free
amino groups that could interact with -COO-
groups on microbial cell membranes. Still,
given the localized antimicrobial action ob-
served and the neutral pH of the medium, fur-
ther studies should use contact-based assays to
evaluate antimicrobial efficacy. Furthermore,
the limited solubility of chitosan in neutral en-
vironments highlights the need for alternative
antimicrobial testing approaches, such as di-
rect contact tests or confocal microscopy. For
biodegradability, high levels of CPS with mod-
erate SOR produce the best formulations.
Higher SSCHT concentrations tend to have
lower or inconsistent degradation responses.
As a plasticizer, sorbitol influences mechanical
properties such as elongation as it increases
the flexibility of the bioplastic. This research
suggests that organic waste be valorized for the
composition of antimicrobial bioplastics, but
further research will be necessary to determine
the ideal ratio for high mechanical strength and
sustainability for food packaging, mechanical
strength under real packaging conditions to as-
sess the shelf-life of packaged goods using
these bioplastics, and pilot-scale trials. Con-
sumer safety evaluations will be essential for
future commercialization.
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