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This study aimed to develop and evaluate biodegradable edible films composed of chitosan, cassava starch,
glycerol, and essential oils via the solution-casting method. The optimal formulation for tensile strength was
achieved using the Box-Behnken Design (BBD) with chitosan (1.5-2 g), starch (0.5-1 g), and glycerol
(0.5-1.5 mL). The essential oil concentration was 0.5 mL. The incorporation of essential oils influenced film
thickness, moisture content, swelling, solubility, optical properties, chemical, mechanical, and thermal proper-
ties. All films were fully degraded within 3 days. The green metric evaluation demonstrated good environmental

performance, fulfill the majority of green chemistry principles. These findings suggest that the films hold strong
potential for sustainable active packaging applications.

1. Introduction

Packaging materials are among the tools that ensure the quality,
shelf life, and safety of products [1,2]. The use of plastic from petroleum
that is not biodegradable, nor renewable [3], causes environmental
pollution [4,5]. One strategy is applying edible films [6], which are safe
for consumption [7], biodegradable [8], renewable [9], and environ-
mentally friendly [10]. The manufacture of edible films has been widely
studied to be developed and modified to obtain optimal conditions for
their use. Edible film can enhance food stability by minimizing the
transfer of gases, volatile compounds, moisture, and lipids between the
food and its environment [3].

Materials for edible films must be abundant, inexpensive, and have
good mechanical and protective properties [11]. After starch and cel-
lulose, chitosan, a linear polysaccharide produced by deacetylation of
chitin, is the second most common polymer found in nature [12-17]. It
has a variety of distinctive characteristics and properties that portray a
versatile material suitable for a broad range of applications [18]. Chi-
tosan has functional groups that are easy to modify [19], can thicken the
film. Chitosan functions as an antimicrobial agent [20,21] increasing UV

resistance and mechanical properties of the film [22].

Starch is one of the abundant and biodegradable natural materials
[23], has a large molecular weight, is cheap, has low degradability, and
good biocompatibility. Starch has been widely studied as a selective
polysaccharide coating with good protective properties [24]. Starch can
form film layers due to its transparency and its amylose and amylopectin
content [25]. Even so, starch-based films are subject to certain limita-
tions, such as low mechanical strength, brittleness, and excessive water
solubility. These drawbacks can be addressed by incorporating plasti-
cizers or blending them with other polymers that offer superior me-
chanical performance, thereby improving the films' flexibility and
structural integrity [26].

The use of Response Surface Methodology (RSM) in industry can
balance safety, sustainability, and functionality and meet the growth
requirements of consumers and regulatory bodies. Efficient, more
environmentally friendly processes are considered in the industrial
sector for sustainable preparation and ecological assessment [27-32].
The use of RSM can drive innovation and improve the environmental
impact and overall quality of packaging solutions [33]. Optimization
using RSM on chitosan edible film was studied by [34] and [35]. In
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addition, the chemical sustainability aspect can be studied using the
green metrics value [36].

Previous studies have investigated chitosan-based edible films with
individual additions such as cinnamon essential oil [37], starch [38],
and glycerol plasticizer [39]. However, limited research has combined
chitosan, cassava starch, glycerol, and various essential oils, specifically
anise, cinnamon, and lime oil, into edible film formulation. Moreover,
comprehensive  evaluations covering both  functional and
sustainability-related properties are scarce. This study addresses these
gaps by developing and optimizing a multifunctional edible film using
RSM, followed by extensive characterization and evaluation of its
physical, mechanical, chemical, and green metrics.

2. Materials and methods
2.1. Materials

Chitosan (DD: 97.4%; MW: 52.12 kDa) from Phy Edu Media. Starch
was isolated from cassava from the Sukoharjo area. Glycerol and
aquadest from CV. Agung Jaya Solo. Glacial acetic acid from Cipta
Kimia. Anise oil, cinnamon oil, and lime oil from Happy Green.

2.2. Methods

2.2.1. Experimental design and edible film preparation

Design-Expert version 13.0.5 software (Stat-Ease, Inc.) was used to
optimize the edible film formulation using Response Surface Method-
ology. In this work, chitosan (X;), starch (X2), and glycerol (X3). As
shown in Table 1, the independent variables were coded at three levels
(-1 for low, O for center, and +1 for high). Fifteen experimental runs
were performed to build the desired model. Tensile strength was used as
the dependent variable.

2.2.2. Preparation of edible film enriched with essential oil

The optimum formulation consisted of 1.5 g chitosan, 0.75 g cassava
starch, and 0.5 mL glycerol. The essential oils were anise oil (AEO),
cinnamon oil (CEO), and lime oil (LEO). The addition of essential oils is
based on past research [40], with modifications. Chitosan and starch
were dissolved in acetic acid solution until gelatinized. The formed film
solution was cooled to RT, then 0.5-1.5 mL of glycerol and essential oil
were added to the mixture, which was stirred for 10 min. The mixture
was poured into a petri dish and dried at 37.5 C for 40 h.

2.2.3. Statistical analysis
The optimum formulation was predicted using response surface and
contour plot analyses generated by the RSM model. The adjusted R (Adj-

Table 1
The Box-Behnken Design for the optimization of the edible formulation.

Run Materials Coded Variables Response

. (MPa)

Chitosan Starch Glycerol X1 X2 X3
(€3] ® (mL)

1 1.5 1 1 -1 +1 0 0.663
2 1.5 0.75 0.5 -1 0 -1 4.830
3 1.5 0.75 1.5 -1 0 +1 0.355
4 1.75 0.5 0.5 0 -1 -1 3.520
5 1.75 1 0.5 0 +1 -1 3.090
6 1.75 0.75 1 0 0 0 0.988
7 2 0.75 0.5 +1 0 -1 1.900
8 1.75 1 1.5 0 +1 +1 0.613
9 2 1 1.5 +1 0 +1 2.650
10 1.5 1 1.5 0 -1 +1 0.279
11 1.5 0.5 1 0 0 0 1.110
12 2 1 1 +1 +1 0 1.040
13 2 0.5 1 +1 -1 0 0.959
14 1.75 0.75 1 0 0 0 1.180
15 1.5 0.5 1 -1 -1 0 0.644
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R?) and R-squared (R?) were used as benchmarks for validating the
research model. The average differences in sample values were distin-
guished using variance analysis. Comparison of means was supposed to
be significant at p < 0.05.

2.2.4. GC-MS analysis of essential oil

The main components of the essential oil were determined using a
GC-MS Autosystem XL-Turbo Mass (PerkinElmer, USA). A capillary
column (30 m x 0.25 mmx0.25 pm) coated with 5% phenyl methyl-
polysiloxane was used. The AEO analysis followed the method reported
by Ghosh et al. [41]. Meanwhile, the identification of CEO and LEO
referred to Zhao et al. [42] and Thonglem et al. [43], respectively. The
resulting chromatograms were interpreted by contrasting the mass
spectra of each peak with entries in the NIST library database integrated
within the system.

2.2.5. Characterization of edible film

The thickness was measured using a digital thickness gauge. The film
samples were measured for thickness in mm. Measurements were taken
at 3 random points for each film sample, and the average value was
calculated [44]. Characterization of moisture content (MC), swelling (S),
and water solubility (WS) was carried out simultaneously, following the
protocol by Istiqgomah, Prasetyo, et al. [38].

The films were inspected for their morphology using a Microscope
(Leitz Wetzlar, Germany) with 40x magnification and 0.12 NA. During
observation, measurements were made using a mechanical stage with a
built-in scale. A value of “140” was recorded on the stage scroll. The
surface was also observed using a SEM (Zeiss Evo 10, Germany). First,
the film was coated with palladium. The test run was with an acceler-
ation voltage of 5 kV. The view was observed using 1000x magnifica-
tion. The optical properties were measured based on Othman, Nordin,
et al. [45]. The opacity value was calculated as UV-Vis absorbance at
600 nm divided by film thickness (mm). The mechanical properties were
determined using a Universal Testing Machine (Zwick Roell 20, Ger-
many) in accordance with ISO 527/ASTM D638. The tested film strip
has a thickness of < 14 mm. The film was cut to 2 cm wide by 10 cm
long. Testing was carried out in a rectangular shape without making a
dog bone-like shape. Pre-load: 0,2 N, Speed, tensile modulus:
10 mm/min, test speed: 50 mm/min, and grip-to-grip separation at the
start position: 100 mm.

Characterization of functional groups was carried out using ATR-
FTIR (Agilent Cary 360). Samples were recorded with a mean of 20
scans per sample in the 4000-400 em™? range. The thermal properties
were studied using the TGA-DTA (Linseis PT1600, Germany). The
sample's weight loss was assessed as a function of temperature. The film
was heated at a constant rate of 10 ‘C/min at a temperature range of
30-700 C.

The biodegradability test of edible film refers to the research of
Nigam et al. [46], Istiqgomah et al. (2022a), and Siti Hajar Othman et al.
[26], which was modified. The film was cut into 20 x 20 mm pieces,
dried in an oven at 80 ‘C for 24 h, weighed, and then planted in the soil
to a depth of + 20 mm. Natural biodegradation can be determined by
measuring the film's weight daily for 2 days. The film was cleaned with a
brush to remove soil residue, then dried in an oven at 80 °C for 1 h to
remove moisture. The biodegradability of the film was calculated from
the percentage of weight loss and the degradation rate.

2.2.6. Evaluation of green metrics

The evaluation of sustainability aspects in the form of green metrics
is based on previous research [36,47-49]. The E factor, Mass Intensity,
Water Intensity, and Reaction Mass Efficiency were determined. Then,
the greenness was visualized using a holistic Green Star.
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3. Results and discussion
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a) 3D Plot of AB

3.1. Fitting the tensile strength using RSM and statistical analysis 6
The Box-Behnken Design parameters generated for the optimization 2
of the edible formulation are shown in Table 1. . 4
A second-order quadratic polynomial, given in Eq. (1), was employed g )
to describe the response to the selected parameter, which indicates the =
magnitude of response variation resulting from a unit change in the 'é\ 2
factor while other parameters remain constant. Based on Table 2, the p- 2
value was used to determine whether each coefficient was statistically E 1
significant. The f and p values in the model were significant. The g 0
[

insignificant lack-of-fit results were obtained from the model trans-
formation using the square root.

TS = (1.04 + 0.0744 A + 0.0236B — 0.4594 C + 0.0072AB + 0.4628AC

15
+ 0.0933BC + 0.0365A% — 0.1772B2 + 0.3688 C)? 1)

The predicted and actual R2 values are shown in the Supplementary
Data. The difference in values of more than 0.2 is due to the risk of
overfitting. The optimum formulation with the highest tensile strength
response was obtained from Run 2, with a desirability of 1. The pre-
dicted tensile strength was 4.913 MPa, and the actual data was
4.830 MPa. The difference between the predicted and actual values from 6
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b) 3D Plot of BC

the experiment was 0.083 with a percentage error value of 1.69%. It can

be concluded that the model can be used to predict the next tensile
strength response. This is also supported by the R? value, which explains 4

96.3% of the variability in tensile strength. The high adjusted R? value
confirms the model's reliability. The Adeq Precision value shows a
strong signal-to-noise ratio.

A p-value less than 0.05 was considered statistically significant.
Although some factors showed a positive or negative coefficient in the
regression equation, only those with significant p-values were inter-
preted as having a reliable effect on the response. Based on Table 2, the
values of A (Chitosan), A2, B (Starch), and B2 have p-values of more than
0.05. These values indicate that A and B are not significant. Thus, the

Tensile Strength (MPa)
N

addition of chitosan and starch to the edible film does not greatly in- 1
fluence the tensile strength. On the other hand, the values of C (glycerol)

and C2 show significant p-values. Glycerol has an effect on the edible B: Starch (%)

film. Excess glycerol can cause a strong nonlinearity in tensile strength.
The 3D plots of AB, BC, and AC are shown in Fig. 1. The AB value
(Chitosan-Starch) with a p-value of 0.9315 and a coefficient of 0.0072 in
Eq. (1) indicates that the interaction between chitosan-starch is not
significant in increasing tensile strength. Interpretation of the 3D and 6
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c) 3D Plot of AC

contour plots of AB shows a flat or slightly curved response surface, with 5
no strong peaks or valleys. Simultaneously increasing chitosan and
cassava starch did not significantly affect tensile strength. The AB = 4 _—
a.
b3 3 L
L
Table 2 » ) 2 2 L
ANOVA and the coefficients of the quadratic model. o
b
Source Sum of df Mean F-value p- o 1
Squares Square value é 0
Model 3.29 9 0.3656 14.44 0.0045  significant =
A 0.0443 1 0.0443 1.75 0.2433
B 0.0045 1 0.0045 0.1758  0.6924
C 1.69 1 1.69 66.70 0.0004
AB 0.0002 1 0.0002 0.0082  0.9315 2 19 05
AC 0.8569 1 0859 3385  0.0021 © 183 09 0.7
BS 0.0348 1 0.0348 1.37 0.2939 A: Chitosan (%) '/ 16 e Rt 13 1 ¢ Glycerol (%)
A 0.0049 1 0.0049 0.1944  0.6777 - .
B2 0.1159 1 01159 4.58 0.0854 .
2 0.5023 1 05023 19.84 0.0067 Fig. 1. 3D Plot of AB (a), BC (b), and AC (C).
Residual 0.1266 5 0.0253
Lack of 0.1222 3 0.0407 18.60 0.0514  not interaction is weak because the individual factors A and B are also
Fit significant insignificant.
Pure 0.0044 2 0.0022 .
Error The BC value (Starch-Glycerol) with a p-value of 0.2939 and a co-
Cor Total ~ 3.42 14 efficient of 0.0933 in Eq. (1) indicates that the interaction between
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starch-glycerol has a slight effect on increasing tensile strength. Inter-
pretation of the 3D plot and contour plot of BC shows a slight curvature
in the contour line, but it does not provide a strong effect. Since the C
value is very significant, the effect is mostly due to glycerol. The optimal
region will mostly align with glycerol concentration rather than the level
of cassava starch added.

The AC value (Chitosan-Glycerol) with a p-value of 0.0021 and a
coefficient of 0.4628 in Eq. (1) indicates a strong interaction between
chitosan-glycerol. Interpretation of the 3D and contour plots of AC
shows curvature with visible peaks and valleys. This indicates the
optimal range of chitosan and glycerol. The optimal area is most clearly
obtained in the AC plot because of the significant C and AC. The addition
of chitosan and the reduction of glycerol can improve tensile strength.
Glycerol increases polymer chain mobility and reduces intermolecular
interactions, particularly hydrogen bonding between chitosan and
starch molecules. As a result, the film matrix becomes more flexible but
mechanically weaker, leading to decreased tensile strength at higher
glycerol concentrations.

The optimum formulation with the highest tensile strength response
was obtained from Run 2, with a desirability of 1. The prediction value
of tensile strength was 4.913, and the actual value was 4.830 MPa. The
gap between the predicted and actual values from the experiment of
0.083, it can be concluded that the model can be used to predict the next
tensile strength response. This is also supported by the R? value, which
explains 96.3% of the variability in tensile strength. The high adjusted
R? value confirms the reliability of the model. The Adeq Precision value
shows a strong signal-to-noise ratio.

The use of chitosan, cassava starch, and glycerol was in accordance
with the Run 2 (EF) formula. The edible film enriched with essential oil
obtained was 9 samples with the formulation in Table 3. The resulting
edible film was then tested for tensile strength, and the optimal formula
was determined.

Based on Table 3, the tensile strength of the edible film tended to
decrease as the concentration of essential oil increased. This may be
attributed to the easier incorporation of essential oil into the biopolymer
matrix, thereby reducing intra- and intermolecular interactions [50].
Based on these results, further characterization was carried out on the
edible films EF, EF/AEO, EF/CEO, and EF/LEO, each containing 0.5 mL
of essential oil.

3.2. The main component of essential oils

The chemical composition of the EO incorporated into the edible
films was identified using GC-MS. These three dominant compounds for
each EO were used to further interpret their effects on film character-
istics. The three main components were selected based on the relative
abundance (% area) and the highest similarity index (SI). The AEO was
rich in trans-anethole (82.85%; SI: 924), followed by linalool (4.15%; SI:
961) and a-pinene (3.25%; SI: 934).

Trans-anethole has a strong odor, is water-soluble, is highly volatile,
has antimicrobial properties, and is low in physicochemical stability
[51]. The compound exhibits a sweet, herbaceous odor and a sweetness

Table 3
The tensile Strength of Edible Film Enriched with Essential Oil.

Materials Volume Tensile Strength
(mL) (MPa)
EF/AEO 0.5 4.41
1 3
1.5 2.94
EF/CEO 0.5 10.9
1 3.24
1.5 2.19
EF/LEO 0.5 12.2
1 6.27
1.5 2.39
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nearly 10 times that of conventional sugar. It is regarded as food-grade
and has been affirmed as safe by FEMA and the FDA [52]. The log P
value of trans-anethole is 3.3.

The CEO showed cinnamaldehyde (70.53%; SI: 928), cinnamyl ester
(8.38%; SI: 961), and eugenol (7.56%; SI: 950) as major compounds.
Meanwhile, the major compounds of LEO are limonene (52.40%; SI:
894), y-terpinene (19.33%; SI: 908), and B-pinene (13.81%; SI: 906).
Cinnamaldehyde, a yellowish oily liquid, is one of the most popular EOs.
It has high volatility, is unstable [53], is a hydrophobic aromatic alde-
hyde with low molecular weight, and exhibits high antibacterial activ-
ities. It’s considered safe by the Joint FAO/WHO Expert Committee on
Food Additives [54]. The log P value of cinnamaldehyde is 1.9. Limo-
nene is a colorless liquid having a lemon-like odor [55].
Limonene-enriched EO to show substantial inhibitory effects against
prevalent foodborne pathogens. It is generally recognized as safe (GRAS)
[56] and has a log P value of 3.4. All the log P values were obtained from
the PubChem database. Detailed retention times, peak areas, and com-
pound identifications of the essential oils are presented in
Supplementary Information.

3.3. Physicochemical properties of edible film

The physicochemical properties of edible film are shown in Table 4.
All edible films produced have a maximum thickness of 0.250 mm [57].
The inclusion of EO into edible film can significantly affect the film’s
thickness, depending on its chemical characteristics and interactions
with the film-forming matrix. The addition of LEO increased film
thickness, which may be associated with its relatively high log P value
and greater hydrophobicity, both of which limit its compatibility with
chitosan/starch. This leads to phase separation and a looser structure,
thereby increasing the film’s thickness. In contrast, the EF/CEO film is
thinner than the EF film. This could be attributed to the low log P of
cinnamaldehyde. This value allows the CEO to form hydrogen bonds
with the hydrophilic polymers, resulting in a more compact matrix and
thinner film.

The EF/AEO showed similar MC with EF. This behavior may be
attributed to the trans-anethole, which can interact with the film matrix,
enhancing cohesion and reducing water affinity and molecular mobility.
The CEO and LEO increased the MC. Those changes could be attributed
to the natural oily character of CEO and LEO [38].

Water will be absorbed by the film and make the film smooth and
swell [58]. Both AEO and CEO contributed to a reduction in swelling
properties. This may be attributed to the ability of AEO and CEO to
integrate well with the polymer matrix, enhancing compactness and
reducing water uptake. It can also be shown based on the film’s thick-
ness. Interestingly, EF/LEO exhibited slightly higher swelling values.
This behavior may be associated with structural heterogeneity and
reduced compatibility between lime essential oil and the hydrophilic
polymer matrix, which could facilitate water penetration into certain
regions of the film.

The main component of CEO, cinnamaldehyde, has a low log P,
making it more hydrophilic. It facilitates water uptake and increases the

Table 4
Physicochemical properties of edible film.
Material ~ Thickness MC Swelling ws EAB YM
(mm) (%) (%) (%) (%) (MPa)
EF 0.1067 13.6364 98.2805 54.5918 35 8.27
+ 0.0058 + 0.0003 + 0.0006 + 0.0013
EF/AEO 0.0733 13.3333 95.5857 54.4776 33 8.7
=+ 0.0058 + 0.0006 =+ 0.0009 =+ 0.0003
EF/CEO 0.0867 16.1417 98.0903 73.9496 25 32.4
+ 0.0058 + 0.0006 + 0.0003 + 0.0013
EF/LEO 0.0867 20.5223 98.8229 46.8750 14 11.6
=+ 0.0058 + 0.0006 =+ 0.0003 =+ 0.0003

All measurements were repeated three times.
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water solubility. In contrast, the main component of LEO, limonene, has
a high log P, whichs decrease in WS. The observed reduction can be
explained by the hydrophobic properties of the essential oil. The addi-
tion of oil diminished the number of hydroxyl groups and the presence of
aliphatic components in the film, producing a less soluble matrix.
Consequently, water molecules were repelled, limiting their penetration
and dissolution within the film [59]. Nevertheless, further studies on
film-water interactions are required to confirm the underlying
mechanism.

The addition of essential oils to the edible film causes a decrease in
the EAB value of the edible film. This can be obtained from the
appearance of additional functional groups in essential oils. These
functional groups cause deformation at the polymer position and cause a
less stable structure [38]. Elongation decreases with increasing tensile
strength due to the large number of hydrogen bonds between starch
chains, which cause high tensile strength, thereby reducing molecular
mobility in the starch layer [60].

An increase in the tensile strength value indicates an increase in film
stiffness and an increase in the Young's modulus value [61]. These re-
sults are comparable to the tensile strength test. The addition of essential
oils to edible films increases the Young's modulus, strength, and stiff-
ness, and provides an elastic effect on the film. These results are in
accordance with the previous studies [62,63]. The morphology of edible
film is shown in Fig. 2. The edible film without essential oil has an un-
even, coarse pattern. This attributed to the dehydration of moisture
during the film preparation [64]. In contrast, the addition of EOs showed
a homogenous, smooth pattern in the film’s surface. This result aligns
with previous studies [40,65-67].

Films incorporated with EO showed numerous small patches. This
could be attributed to moisture disturbance in the film. Even though this
study used the same concentration of each EO, the film’s pattern is
slightly different. This could be the different components of EOs [64].
The EF/AEO film displayed the most uniform film. This indicated that
AEO could interact well with the EF. This is consistent with the thick-
ness, MC, S, and WS reported in this study. The dispersion of oil droplets
was absent on the edible film without essential oils, whereas the edible
film enriched with EOs exhibited the presence of numerous droplets
[68]. The addition of essential oils into the film matrix caused some gaps
and holes. This may be due to the hydrophobic nature of the essential
oils [69].

The results of the color and opacity tests are shown in Table 5. The
addition of CEO and LEO decreased the a* value. The decreased a* value
indicates that the film becomes greenish. Meanwhile, the addition of
AEOQ did not significantly affect the EF film. The films also slightly yel-
low, which was confirmed by the tiny positive b* values. The addition of
EOs increased the b* value. The highest b* value was observed from EF/
CEO, followed by EF/LEO and EF/AEO. These results could be attributed
to the type of essential oil, which showed different original colors [70]
when observed visually.

The lightness (L*) value reflects the brightness of the film surface,
with higher values indicating a lighter appearance. Adding EOs de-
creases the lightness value, making the film slightly darker. This
decrease can be caused by an increase in diffuse reflectance due to light
scattering in EO, which reduces the film's whiteness index [70]. The
total color difference (AE) was measured to assess the overall color
variation between the films. All the EOs increased the AE. The differ-
ences between each AE are small and not noticeable visually.

Opacity is measured based on light absorbance at 600 nm by the
film. The thickness of the film affects the light absorption [71]. The
droplet of EOs in the film's matrix blocks the light passage. This addition
contributed to greater film opacity, thereby improving its ability to
block ultraviolet (UV) radiation [70].

The visual appearance of the edible film is shown in Table 6. The film
changed after being planted for 3 days with the planting medium. The
film experienced deterioration in terms of size, appearance, and color
changes. This indicates a change in biological properties that indicates
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degradation on the surface. On the 3rd day, no residue could be recov-
ered, indicating complete degradation. This could be attributed to the
biodegradability properties of chitosan [72] and starch [23].

The decomposition process in the soil causes the films to become
hard, brittle, and easily broken, eventually decreasing in size. The film
color turns black [63]. Microbial activity during burial causes changes in
film weight. All films decreased in weight during the test period. Soil
microbes can utilize the hydrophilic properties of chitosan and starch to
proliferate and break down biopolymers with hydrolytic enzymes [58].
However, all films experienced different weight changes and degrada-
tion rates.

ATR FTIR characterization aims to determine the functional groups
in the material. ATR FTIR spectra of chitosan, cassava starch, and edible
film are shown in Fig. 3. The spectrum of chitosan is comparable to
previous findings as reported [68,69]. A broad absorption band at
approximately 3260 cm ™! represented O-H stretching, which over-
lapped with NH stretching in the same region. The C=0 stretching
(amide I) and NH bending (amide II), in chitosan is affiliated with a peak
at 1585 cm ™, and a small peak near 1630 cm ™}, respectively.

The broad band at 3288 cm™! in the cassava starch spectrum is
referred to as O-H stretching. The band at 2939 cm™? is associated with
symmetric and asymmetric C-H stretching. The band at 1639 cm™! in-
dicates C—O stretching (amide I). The peak at 1339 cm ! was attributed
to C-H bending vibrations of polysaccharides and to the stretching
deformation of C-O-C linkages. The band at 1144 cm™! is associated
with C-O, C-C, and C-O-H stretching vibrations. The band at 991 em!
was assigned to C-O-H bending vibration [73].

Physical versus chemical interactions when two or more substances
are mixed are observed as changes in characteristic spectral peaks [74].
The enhanced band in the region between 3200 and 3300 cm ™! could be
attributed to the reduced extension of free OH or NH groups due to
hydrogen bonding between the O-H groups of chitosan, cassava starch,
and glycerol. This can strengthen the film structure. In general, these
results are in agreement with several previous reports [38].

The absorption band in the range of 2900-3000 cm ™! is related to
the aliphatic C-H group of cassava starch and glycerol. The band in-
dicates the presence of both materials in the film matrix. The incorpo-
ration of cassava starch shifted the amino peak of chitosan from 1585 to
1639 cm™, indicating molecular interactions, most likely hydrogen
bonding, between the hydroxyl (-OH) groups of cassava starch and the
amino (-NH) groups of chitosan [74]. This shift indicates a stronger
hydrogen bond and has the potential to increase the compactness of the
film and affect its mechanical properties.

The weight loss versus temperature curve of edible films is shown in
Fig. 4. All samples showed the first degradation at 45-131 'C. This
degradation can be caused by unbound water, residual solvents, and
evaporation of small molecules [75]. The addition of essential oils
causes the presence of hydrophobic compounds that delay the evapo-
ration of water and other components. The second stage of degradation
at 150-330 "€, which is possible due to the evaporation of glycerol,
amino groups of chitosan, and organic acids. The final degradation oc-
curs at a temperature of 580-700 '€, where the biopolymer is degraded.
Overall, the addition of essential oils makes the film more stable [76].

3.4. Evaluation of green metrics

Evaluation of green metrics in edible film preparation was carried
out using calculations of E-factor, mass intensity (MI), RME, and water
intensity (WI). The raw materials are biodegradable and renewable. The
edible film production involved mechanical homogenization, heat
treatment for gelatinization, and chemical treatment using acetic acid.
This is because chitosan is insoluble in water [77]. The results obtained
are shown in Table 7. The E-factor measures the efficiency of a reaction
by accounting for waste formation, though water is generally excluded
from this evaluation. The result shows the E-factor from all films is close
to zero. This indicates that edible film production is environmentally
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Fig. 2. The morphology of edible film using a light microscope (a) and SEM (b).
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Table 5

Optical and biodegradability properties of edible film.

Next Materials 13 (2026) 102651

Material — a* b* L* AE Opacity Weight Loss Degradation Rate
(Agoo/mm) (%) (%)
Day 1 Day 2 Day 1 Day 2
EF —0.1100 1.2100 93.7033 5.8067 0.8166 42.5532 64.8148 0.0133 0.0058
+ 0.0001 + 0.0001 + 0.0058 =+ 0.0058 + 0.0544 + 0.0003 =+ 0.0003 + 0.0001 + 0.0003
EF/AEO —0.0700 1.5500 92.7733 6.7900 0.9350 13.7097 68.2243 0.0057 0.0122
+ 0.0001 + 0.0001 + 0.1960 =+ 0.1908 + 0.0683 + 0.0006 =+ 0.0001 + 0.0006 + 0.0006
EF/CEO —0.3300 2.0800 92.2367 7.4400 1.1938 59.2105 22.5806 0.0150 0.0012
+ 0.0001 + 0.0141 + 0.0058 + 0.0001 + 0.0940 + 0.0003 + 0.0003 + 0.0003 + 0.0003
EF/LEO —0.4067 0.8950 84.2267 15.1933 1.7837 21.5054 34.2466 0.0067 0.0042
+ 0.0058 + 0.0071 + 0.0058 =+ 0.0058 + 0.0966 + 0.0001 =+ 0.0001 + 0.0012 + 0.0006
All measurements were repeated three times.
Table 6
Visual appearance of edible film during biodegradation test.
Day Edible Film
EF EF/AEO EF/CEO EF/LEO
0 E
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Fig. 3. ATR FTIR spectra of edible film.

friendly [48]. This outcome aligns with the primary tenet of green
chemistry, which prioritizes waste prevention over treatment or disposal
after its generation [78]. Additionally, the almost-zero E Factor value
means that for every gram of product made, there is just under a gram of
waste.

The MI also excluded water. Constable and Curzons stated that the
ideal MI should be close to 1. The MI results of this edible film are in the

Fig. 4. TGA curve of edible film.

range of 2-3. Based on these results, only 2-3 g of raw material are
needed to make every 1 g of product. This value shows material effi-
ciency and is connected to the first and fifth principles. The RME value of
edible film is between 35% and 42%. Higher RME values correspond to
enhanced environmental performance of the edible film production
process [48]. The RME value is directly related to the second principle.
The higher the RME value, the fewer atoms are wasted. Meanwhile, the
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Table 7

The green metric of edible film.
Material E factor MI WI RME

(g/g product) (g/g product) (%)

EF 0.0337 2.7374 75.804 36.5315
EF/AEO 0.0354 3.0609 83.1933 32.6699
EF/CEO 0.0337 2.8389 78.1991 35.2254
EF/LEO 0.0272 2.1616 68.3702 46.2620

WI value of the edible film ranges from 68 to 83. Although water is a safe
solvent (principle 5), this value is quite large and requires energy for
evaporation. Indirectly, the WI value affects the 6th principle (energy
efficiency).

Visualization of these values against the principles of green chem-
istry is shown in Fig. 5. The scale used is between 1 and 3. Scale 1 in-
dicates excellent greenness, value 2 indicates moderate greenness, and 3
indicates poor greenness [49]. Based on the plotting results, excellent
greenness was obtained in accordance with the principles P1, P3, P4, P5,
P6, P7, P8, P10, and P12. The scale on P1 depends on the low value of
the E factor. Scale 1 on P3, P4, and P12 is related to the use of GRAS
materials. The use of 1% acetic acid indicates a safe solvent with a scale
of 1 on P5. The drying process of the edible film at 37.5 °C produces a P6
scale of 1.

All materials used are renewable on P7. In addition, no products are
produced, and the scale is 1 on P8. The materials and products of the
edible film produced can be degraded and produce a scale of 1 on P10.
Meanwhile, moderate greenness is associated with P2 and P9. This is
because the RME value (35-42%) is associated with P2, and the absence
of catalysts used is associated with P9. Meanwhile, in P11, greenness is
poor. This is because there is no real-time analysis in the measurement.
The assessment of the green chemistry principles was based on quali-
tative evaluation.

4. Conclusion

The optimal formula for the best tensile strength was obtained with
chitosan (1.5 g), cassava starch (0.75 g), glycerol (0.5 mL), and essential
oil (0.5 mL). The main components of AEO were trans-anethole,
linalool, and a-pinene. The major components of the CEO were cinna-
maldehyde, cinnamyl ester, and eugenol. Meanwhile, for LEO, there are
limonene, y-terpinene, and f-pinene.

The thickness of all films is < 0.25 mm. The essential oils affect
moisture content, swelling, and water solubility, which differ among the
EOs. The addition of EOs smooths the morphology of the films. Color
and optical properties were also altered by the addition of EOs, which
make the film less transparent and have a higher opacity value. The
addition of EOs decreased the EAB and increased the YM.

The EOs also influence the functional group of edible films. All the
edible films were fully degraded on the 3rd day of the biodegradation
test. The qualitative evaluation of green metrics was fulfilled 9 of the 12
green chemistry principles. The E factor was close to zero, and the mass
intensity was about 2-3. The RME was in the range of 30-50%, while the
water intensity was about 68-83. Based on the holistic green star, the
excellent greenness of edible film was obtained against the principles of
P1, P3, P4, P5, P6, P7, P8, P10, and P12.

Funding

This work was supported by the Institute of Research and Commu-
nity Services, Universitas Sebelas Maret, through Hibah Pascasarjana
(PPs) 2025 No. 369/UN27.22/PT.01.03/2025 and the Ministry of
Higher Education of Malaysia under the Fundamental Research Grant
Scheme No. FRGS/1/2024/TK05/UPM/02/9.

Next Materials 13 (2026) 102651

3
P12 o P2
//
o \
P11 P3
/ \
/ \
/ /
P10 P4
\ /
P9 \< Ps
P8 o P6
P7

Greenness

Fig. 5. Greenstar of edible film.
CRediT authorship contribution statement

Sabella Vegasty: Writing — original draft, Visualization, Software,
Methodology, Conceptualization. Maulidan Firdaus: Writing — review
& editing, Validation, Supervision, Software. Triana Kusumaningsih:
Writing — review & editing, Supervision, Project administration, Fund-
ing acquisition, Conceptualization. Siti Hajar Othman: Validation,
Supervision, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.nxmate.2026.102651.

References

[1] B. Karkar, S. Sahin, D. Bekiz, B. Akga, C. Ozakin, Evaluation of antioxidant films of
chitosan with Aquilaria agallocha extract as packaging material, J. Food Sci. 88 (6)
(2023) 2571-2582, https://doi.org/10.1111/1750-3841.16613.

[2] A. Istigomah, M. Rahmi, M. Firdaus, T. Kusumaningsih, Functional chitosan /
starch composite films enriched with Aloe vera extract for antimicrobial and
antioxidant packaging: Shelf-life study on chicken meat and shrimp, Int. J. Biol.
Macromol. 370 (May) (2026) 152847, https://doi.org/10.1016/j.
ijbiomac.2026.152847.

[3] S.A.A. Mohamed, M. El-Sakhawy, M.A.M. El-Sakhawy, Polysaccharides, Protein
and Lipid -Based Natural Edible Films in Food Packaging: A Review, Carbohydr.
Polym. 238 (February) (2020) 116178, https://doi.org/10.1016/j.
carbpol.2020.116178.

[4] A.Farhan, N.M. Hani, Physicochemical, mechanical and barrier properties of semi-
refined carrageenan packaging films incorporated with germinated fenugreek seed
extract, Food Humanit. 1 (May) (2023) 147-158, https://doi.org/10.1016/j.
foohum.2023.05.006.

[5] B. Sik, E. Lakatos, R. Székelyhidi, Application of whey protein-based edible
coatings containing lemon peel powder and extract to maintain the antioxidant
properties of table grapes during ambient storage, Food Humanit. 5 (July) (2025)
0-6, https://doi.org/10.1016/j.foohum.2025.100819.

[6] C. Antonino, G. Difonzo, M. Faccia, F. Caponio, Effect of edible coatings and films
enriched with plant extracts and essential oils on the preservation of animal-


https://doi.org/10.1016/j.nxmate.2026.102651
https://doi.org/10.1111/1750-3841.16613
https://doi.org/10.1016/j.ijbiomac.2026.152847
https://doi.org/10.1016/j.ijbiomac.2026.152847
https://doi.org/10.1016/j.carbpol.2020.116178
https://doi.org/10.1016/j.carbpol.2020.116178
https://doi.org/10.1016/j.foohum.2023.05.006
https://doi.org/10.1016/j.foohum.2023.05.006
https://doi.org/10.1016/j.foohum.2025.100819

S. Vegasty et al.

[71

[8]

[9

[}

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

derived foods, J. Food Sci. 89 (2) (2024) 748-772, https://doi.org/10.1111/1750-
3841.16894.

K. Priya, N. Thirunavookarasu, D.V. Chidanand, Recent advances in edible coating
of food products and its legislations: A review, J. Agric. Food Res. 12 (May) (2023)
100623, https://doi.org/10.1016/j.jafr.2023.100623.

A. Yadav, M.K. Tripathi, R.S. Jadam, Edible Coating from Food Processing By-
Products for Packaging of Fruits and Vegetables, J. Biosci. 9 (2) (2021). (http://sc
iencebeingjournal.com/sites/default/files/Octa).

S. Galus, E.A.A. Kibar, M. Gniewosz, and K. Krasniewska, “Novel materials in the
preparation of edible films and coatings-A review,” 2020. doi: 10.3390/coating
5s10070674.

A. Kocira, K. Koztowicz, K. Panasiewicz, M. Staniak, E. Szpunar-Krok, and P.
Hortyniska, “Polysaccharides as edible films and coatings: Characteristics and
influence on fruit and vegetable quality—a review,” 2021. doi: 10.3390/agronom
y11050813.

M. Chiumarelli, M.D. Hubinger, Stability, solubility, mechanical and barrier
properties of cassava starch - Carnauba wax edible coatings to preserve fresh-cut
apples, Food Hydrocoll. 28 (1) (2012) 59-67, https://doi.org/10.1016/].
foodhyd.2011.12.006.

N. Nowak, W. Grzebieniarz, G. Khachatryan, A. Konieczna-Molenda, M. Krzan,
K. Khachatryan, Preparation of nano/microcapsules of ozonated olive oil in
chitosan matrix and analysis of physicochemical and microbiological properties of
the obtained films, Innov. Food Sci. Emerg. Technol. 82 (October) (2022) 103181,
https://doi.org/10.1016/j.ifset.2022.103181.

S.A. Rather, P.R. Hussain, P. Suradkar, Evaluating the effects of chitosan
incorporated with seabuckthorn leaf extract composite edible coatings on the shelf
life of peach (Prunus persica L.) fruits, Food Humanit. 2 (February) (2024) 100280,
https://doi.org/10.1016/j.foohum.2024.100280.

W. Tadele, et al., Effects of multilayer Nano/Mini Furcellaran/Chitosan Emulsions
with oregano essential oil and bioactive peptides on sensory, physicochemical
properties and retrogradation in Sushi in cold storage conditions, Innov. Food Sci.
Emerg. Technol. 96 (July) (2024), https://doi.org/10.1016/j.ifset.2024.103767.
I. Ben Amor, H. Hemmami, S.E. Laouini, M.S. Mahboub, A. Barhoum, Sol-Gel
Synthesis of ZnO Nanoparticles Using Different Chitosan Sources: Effects on
Antibacterial Activity and Photocatalytic Degradation of AZO Dye, Catalysts 12
(1611) (2022).

H. Hemmami, et al., Chitosan extraction from Amanita phalloides: yield,
crystallinity, degree of deacetylation, azo dye removal and antibacterial properties,
Front. Chem. (June) (2024) 1-14, https://doi.org/10.3389/fchem.2024.1353524.
1.Ben Amor, et al., Enhancing oxidant and dye scavenging through MgO-based
chitosan nanoparticles for potential antioxidant coatings and efficient
photocatalysts, Biomass-.-. Convers. Biorefinery 14 (24) (2024) 32343-32357,
https://doi.org/10.1007/s13399-023-04923-1.

K.S. Sivasuriyan, S.K.R. Namasivayam, S. Rajendran, A.V. Ganesan Subbulakshmi,
Biocompatible chitosan-starch bio-composite fabricated with Mukia
maderaspatana metabolites: Preparation and evaluation for enhanced potential
pharmacological activities, Mater 8 (July) (2025) 100911, https://doi.org/
10.1016/j.nxmate.2025.100911.

V.K. Mourya, N.N. Inamdar, Chitosan-modifications and applications:
Opportunities galore, React. Funct. Polym. 68 (6) (2008) 1013-1051, https://doi.
org/10.1016/j.reactfunctpolym.2008.03.002.

M. Lazaridou, S. Moroni, P. Klonos, A. Kyritsis, D.N. Bikiaris, D.A. Lamprou, 3D-
printed hydrogels based on amphiphilic chitosan derivative loaded with
levofloxacin for wound healing applications, Int. J. Polym. Mater. Polym.
Biomater. 74 (2) (2024) 67-84, https://doi.org/10.1080/
00914037.2024.2314610.

C. Pinto, L. Méndez, B. Camacho-Rodriguez, I. Silva-Cote, Antibacterial PVA/
Chitosan/alginate/Meropenem-based hydrogel as a potential therapeutic strategy
for chronic ulcers infections, Int. J. Polym. Mater. Polym. Biomater. 73 (12) (2024)
1021-1033, https://doi.org/10.1080/00914037.2023.2243363.

F.S. Mostafavi, D. Zaeim, Agar-based edible films for food packaging applications -
A review, Elsevier B. V. (2020), https://doi.org/10.1016/j.ijbiomac.2020.05.123.
S.N. Ayyubi, A. Purbasari, Kusmiyati, The effect of composition on mechanical
properties of biodegradable plastic based on chitosan/cassava starch/PVA/crude
glycerol: Optimization of the composition using Box Behnken Design, Mater. Today
Proc. 63 (2022) S78-S83, https://doi.org/10.1016/j.matpr.2022.01.294.

A. do Nascimento, L.C. Toneto, B.M. Lepaus, B.S. Valiati, L. Faria-Silva, J.F.B. de
Sao José, Effect of Edible Coatings of Cassava Starch Incorporated with Clove and
Cinnamon Essential Oils on the Shelf Life of Papaya, Membr. (Basel) 13 (9) (2023),
https://doi.org/10.3390/membranes13090772.

T. Ayu, M.H. Khirzin, L. Hafifah, H. Septya, H. Darmokoesoemo, A. Nosakhare,
Biodegradable film from taro starch and gelatin with duck eggshell nano calcium
filler ( TS-G / DES nano calcium): Study chemical, physical, and mechanical
properties, Mater 11 (February) (2026) 101744, https://doi.org/10.1016/j.
nxmate.2026.101744.

S.H. Othman, R.A. Shapi’i, N.D.A. Ronzi, Starch biopolymer films containing
chitosan nanoparticles: A review, Carbohydr. Polym. 329 (December 2023) (2024)
121735, https://doi.org/10.1016/j.carbpol.2023.121735.

R. Amen, et al., Modelling the higher heating value of municipal solid waste for
assessment of waste-to-energy potential: A sustainable case study, J. Clean. Prod.
287 (2021), https://doi.org/10.1016/j.jclepro.2020.125575.

F. Arfelli, et al., Environmental impacts of food packaging: Is it all a matter of raw
materials? Sustain. Prod. Consum. 49 (April,) (2024) 318-328, https://doi.org/
10.1016/j.spc.2024.06.032.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Next Materials 13 (2026) 102651

G. Bishop, D. Styles, P.N.L. Lens, Environmental performance of bioplastic
packaging on fresh food produce: A consequential life cycle assessment, J. Clean.
Prod. 317 (2021) 128377, https://doi.org/10.1016/j.jclepro.2021.128377.

J.S. Mahesh, S. Selvakumarsamy, Optimization of drying and extraction techniques
for antioxidants and acetogenins In Annona muricata leaves using response surface
methodology, Food Humanit. 3 (ember) (2024) 100447, https://doi.org/10.1016/
j.foohum.2024.100447.

A. Mohankumar, V. Packkirisamy, P. Sagar, A. Thirugnanasambandam, Multi-
fidelity machine learning-driven metaheuristic optimization of friction stir
processing for enhanced performance in hybrid surface composites, Mater. Today
Commun. 46 (March) (2025) 112778, https://doi.org/10.1016/].
mtcomm.2025.112778.

A. Mohankumar, A. Thirugnanasambandam, D. Sampathkumar, A.

selvam Thilaharaj, Genetic Algorithm-Based Optimization of Cold-Sprayed
AA2024/YSZ Composite Coating on AZ31 Magnesium Alloy, J. Therm. Spray.
Technol. 35 (4) (2026) 980-1009, https://doi.org/10.1007/s11666-026-02184-8.
A. Istigomah, O.A. Saputra, M. Firdaus, T. Kusumaningsih, Response Surface
Methodology as an Excellent Tool for Optimizing Sustainable Food Packaging: A
Review Central composite design, J. Biosyst. Eng. (0123456789) (2024), https://
doi.org/10.1007/5s42853-024-00243-y.

A.N. Azevedo, et al., Response surface methodology for optimisation of edible
chitosan coating formulations incorporating essential oil against several foodborne
pathogenic bacteria, Food Control. 43 (2014) 1-9, https://doi.org/10.1016/j.
foodcont.2014.02.033.

Z. Cui, Y. Li, X. Feng, Z. Hu, Development, RSM-Based Optimization, and
Characterization of a Unique Edible Composite Film by Incorporating Clove
Essential Oil Based on Sodium Alginate and Aloe vera Gel to Preserve the Quality of
Blueberries, J. Food Process. Preserv. (2023) (2023) 1-12, https://doi.org/
10.1155/2023/3578799.

T. Kusumaningsih, A. Istigomah, M. Firdaus, V. Suryanti, A green metrics approach
toward antibacterial chitosan/starch-based films reinforced with garlic oil for
extending the shelf-life of Capsicum annum, Int. J. Food Sci. Technol. 58 (10)
(2023) 5311-5318, https://doi.org/10.1111/ijfs.16638.

T. Thao, T. Hoa, T. Ngoc, M. Dinh, B. Long, Development and characterization of
cinnamon essential oil — incorporated kudzu starch — based biodegradable films for
food packaging applications $, Mater 11 (ember 2025) (2026) 101790 https://doi.
org/10.1016/j.nxmate.2026.101790.

A. Istigomah, W.E. Prasetyo, M. Firdaus, T. Kusumaningsih, Valorisation of
lemongrass essential oils onto chitosan-starch film for sustainable active
packaging: Greatly enhanced antibacterial and antioxidant activity, Int. J. Biol.
Macromol. 210 (April) (2022) 669-681, https://doi.org/10.1016/j.
ijbiomac.2022.04.223.

S. Elshamy, K. Khadizatul, K. Uemura, M. Nakajima, M.A. Neves, Chitosan-based
film incorporated with essential oil nanoemulsion foreseeing enhanced
antimicrobial effect, J. Food Sci. Technol. 58 (9) (2021) 3314-3327, https://doi.
org/10.1007/s13197-020-04888-3.

W. Yeddes, et al., Combined effect of essential oils from Clove (Syzygium
aromaticum (L.) Merr. & L.M.Perry), Thyme (Thymus vulgaris L.) and Lemon peel
(Citrus limon (L.) Osbeck) on antibacterial, cytotoxic and anti-inflammatory
activities, Trends Phytochem. Res. 6 (1) (2022) 11-18, https://doi.org/10.30495/
tpr.2022.1949608.1239.

A. Ghosh, et al., Characterization of quality and pharmacological assessment of
Pimpinella anisum L. (Anise) seeds cultivars, J. Food Meas. Charact. 13 (4) (2019)
2672-2685, https://doi.org/10.1007/511694-019-00188-3.

A. Zhao, Y. Zhang, F. Li, L. Chen, X. Huang, Analysis of the Antibacterial Properties
of Compound Essential Oil and the Main Antibacterial Components of Unilateral
Essential Oils, Molecules 28 (17) (2023), https://doi.org/10.3390/
molecules28176304.

S. Thonglem, P. Khumweera, N. Lahpun, GC-MS analysis, Antioxidant Activity and
Antimicrobial Activity of Kaffir Lime (Citrus hystrix DC.) and Key Lime (Citrus
aurantifolia (Christm.) Swingle.) Peel Essential Oils, J. Curr. Sci. Technol. 13 (3)
(2023) 620-629, https://doi.org/10.59796/jcst.V13N3.2023.888.

R. Thakur, et al., Characterization of rice starch-i-carrageenan biodegradable
edible film. Effect of stearic acid on the film properties, Int. J. Biol. Macromol. 93
(2016) 952-960, https://doi.org/10.1016/j.ijbiomac.2016.09.053.

S.H. Othman, N. Nordin, N.A.A. Azman, I.S.M.A. Tawakkal, R.K. Basha, Effects of
nanocellulose fiber and thymol on mechanical, thermal, and barrier properties of
corn starch films, Int. J. Biol. Macromol. 183 (2021) 1352-1361, https://doi.org/
10.1016/j.ijpiomac.2021.05.082.

S. Nigam, A.K. Das, M.K. Patidar, Synthesis, characterization and biodegradation of
bioplastic films produced from Parthenium hysterophorus by incorporating a
plasticizer (PEG600), Environ. Chall. 5 (September) (2021) 1-12, https://doi.org/
10.1016/j.envc.2021.100280.

A.S. Matharu, K. Lokesh, CHAPTER 1: Green Chemistry Principles and Global
Drivers for Sustainability - An Introduction, in: RSC Green Chemistry, 2019-Janua,
The Royal Society of Chemistry, 2019, pp. 1-17, https://doi.org/10.1039/
9781788012997-00001.

N. Fantozzi, J.N. Volle, A. Porcheddu, D. Virieux, F. Garcia, E. Colacino, Green
metrics in mechanochemistry, Chem. Soc. Rev. 52 (19) (2023) 6680-6714, https://
doi.org/10.1039/d2cs00997h.

M.G.T.C. Ribeiro, D.A. Costa, A.A.S.C. Machado, Green Star’: A holistic green
chemistry metric for evaluation of teaching laboratory experiments, Green. Chem.
Lett. Rev. 3 (2) (2010) 149-159, https://doi.org/10.1080/17518251003623376.
Y. Zhou, X. Wu, J. Chen, J. He, Effects of cinnamon essential oil on the physical,
mechanical, structural and thermal properties of cassava starch-based edible films,


https://doi.org/10.1111/1750-3841.16894
https://doi.org/10.1111/1750-3841.16894
https://doi.org/10.1016/j.jafr.2023.100623
http://sciencebeingjournal.com/sites/default/files/Octa
http://sciencebeingjournal.com/sites/default/files/Octa
https://doi.org/10.3390/coatings10070674
https://doi.org/10.3390/coatings10070674
https://doi.org/10.3390/agronomy11050813
https://doi.org/10.3390/agronomy11050813
https://doi.org/10.1016/j.foodhyd.2011.12.006
https://doi.org/10.1016/j.foodhyd.2011.12.006
https://doi.org/10.1016/j.ifset.2022.103181
https://doi.org/10.1016/j.foohum.2024.100280
https://doi.org/10.1016/j.ifset.2024.103767
http://refhub.elsevier.com/S2949-8228(26)01068-3/sbref13
http://refhub.elsevier.com/S2949-8228(26)01068-3/sbref13
http://refhub.elsevier.com/S2949-8228(26)01068-3/sbref13
http://refhub.elsevier.com/S2949-8228(26)01068-3/sbref13
https://doi.org/10.3389/fchem.2024.1353524
https://doi.org/10.1007/s13399-023-04923-1
https://doi.org/10.1016/j.nxmate.2025.100911
https://doi.org/10.1016/j.nxmate.2025.100911
https://doi.org/10.1016/j.reactfunctpolym.2008.03.002
https://doi.org/10.1016/j.reactfunctpolym.2008.03.002
https://doi.org/10.1080/00914037.2024.2314610
https://doi.org/10.1080/00914037.2024.2314610
https://doi.org/10.1080/00914037.2023.2243363
https://doi.org/10.1016/j.ijbiomac.2020.05.123
https://doi.org/10.1016/j.matpr.2022.01.294
https://doi.org/10.3390/membranes13090772
https://doi.org/10.1016/j.nxmate.2026.101744
https://doi.org/10.1016/j.nxmate.2026.101744
https://doi.org/10.1016/j.carbpol.2023.121735
https://doi.org/10.1016/j.jclepro.2020.125575
https://doi.org/10.1016/j.spc.2024.06.032
https://doi.org/10.1016/j.spc.2024.06.032
https://doi.org/10.1016/j.jclepro.2021.128377
https://doi.org/10.1016/j.foohum.2024.100447
https://doi.org/10.1016/j.foohum.2024.100447
https://doi.org/10.1016/j.mtcomm.2025.112778
https://doi.org/10.1016/j.mtcomm.2025.112778
https://doi.org/10.1007/s11666-026-02184-8
https://doi.org/10.1007/s42853-024-00243-y
https://doi.org/10.1007/s42853-024-00243-y
https://doi.org/10.1016/j.foodcont.2014.02.033
https://doi.org/10.1016/j.foodcont.2014.02.033
https://doi.org/10.1155/2023/3578799
https://doi.org/10.1155/2023/3578799
https://doi.org/10.1111/ijfs.16638
https://doi.org/10.1016/j.nxmate.2026.101790
https://doi.org/10.1016/j.nxmate.2026.101790
https://doi.org/10.1016/j.ijbiomac.2022.04.223
https://doi.org/10.1016/j.ijbiomac.2022.04.223
https://doi.org/10.1007/s13197-020-04888-3
https://doi.org/10.1007/s13197-020-04888-3
https://doi.org/10.30495/tpr.2022.1949608.1239
https://doi.org/10.30495/tpr.2022.1949608.1239
https://doi.org/10.1007/s11694-019-00188-3
https://doi.org/10.3390/molecules28176304
https://doi.org/10.3390/molecules28176304
https://doi.org/10.59796/jcst.V13N3.2023.888
https://doi.org/10.1016/j.ijbiomac.2016.09.053
https://doi.org/10.1016/j.ijbiomac.2021.05.082
https://doi.org/10.1016/j.ijbiomac.2021.05.082
https://doi.org/10.1016/j.envc.2021.100280
https://doi.org/10.1016/j.envc.2021.100280
https://doi.org/10.1039/9781788012997-00001
https://doi.org/10.1039/9781788012997-00001
https://doi.org/10.1039/d2cs00997h
https://doi.org/10.1039/d2cs00997h
https://doi.org/10.1080/17518251003623376

S. Vegasty et al.

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Int. J. Biol. Macromol. 184 (December 2020) (2021) 574-583, https://doi.org/
10.1016/j.ijpiomac.2021.06.067.

E.D. Iftitah, W. Warsito, V. Nurhadianty, F.A.S. Miranda, R.N. Hafidah, Extraction
of trans-Anethole from Star Anise (Illicium verum) Using Combination of
Microwave, Ultrasonic, and Enzyme Assisted Methods and Evaluation of Their
Antibacterial Activity, Indones. J. Chem. 24 (2) (2024) 325-333, https://doi.org/
10.22146/ijc.79341.

M. Lal, et al., Anethole rich Clausena heptaphylla (Roxb.) Wight & Arn., essential
oil pharmacology and genotoxic efficiencies, Sci. Rep. 12 (1) (2022) 1-13, https://
doi.org/10.1038/541598-022-13511-8.

S. Chen, et al., Improved stability and antibacterial activity of cinnamaldehyde
emulsion co-stabilized by cyclodextrin glycosyltransferase-catalyzed starch
products and Tween 80, Food Hydrocoll. 154 (April) (2024) 110142, https://doi.
0rg/10.1016/j.foodhyd.2024.110142.

Q. Gao, et al., Molecular encapsulation of cinnamaldehyde in V-type starch: The
role of solvent and temperature, Food Hydrocoll. 136 (PA) (2023) 108285, https://
doi.org/10.1016/j.foodhyd.2022.108285.

A. Gupta, E. Jeyakumar, R. Lawrence, Journey of limonene as an antimicrobial
agent, J. Pure Appl. Microbiol. 15 (3) (2021) 1094-1110, https://doi.org/
10.22207/JPAM.15.3.01.

M.H.R. Barbosa, S. de A. Gongalves, L. Marangoni Jinior, R.M.V. Alves, R.P. Vieira,
Physicochemical properties of chitosan-based films incorporated with limonene,
J. Food Meas. Charact. 16 (3) (2022) 2011-2023, https://doi.org/10.1007/
511694-022-01337-x.

F. Hamsina, Hermawati Doan, 1. Safira, R. Hasani, Modification of Cassava Peel
Starch, Substituting Chitosan and Seaweed: Production of High Quality Edible
Film, J. Res. Sci. Educ. 10 (2) (2024) 654-661, https://doi.org/10.29303/jppipa.
v10i2.6428.

S.H. Othman, N.D.A. Ronzi, R.A. Shapi’i, M. Dun, S.H. Ariffin, M.A.P. Mohammed,
Biodegradability of Starch Nanocomposite Films Containing Different
Concentrations of Chitosan Nanoparticles in Compost and Planting Soils, Coatings
13 (4) (2023), https://doi.org/10.3390/coatings13040777.

F. Han Lyn, Z.A. Nur Hanani, Effect of Lemongrass (Cymbopogon citratus)
Essential Oil on the Properties of Chitosan Films for Active Packaging, J. Packag.
Technol. Res. 4 (1) (2020) 33-44, https://doi.org/10.1007/541783-019-00081-w.
S.H. Othman, N.R.A. Kechik, R.A. Shapi’i, R.A. Talib, .S.M.A. Tawakkal, Water
sorption and mechanical properties of starch/chitosan nanoparticle films,

J. Nanomater. 2019 (2019), https://doi.org/10.1155/2019/3843949.

S.H. Othman, N.F.L. Othman, R.A. Shapi’i, S.H. Ariffin, K.F.M. Yunos, Corn starch/
chitosan nanoparticles/thymol bio-nanocomposite films for potential food
packaging applications, Polym. (Basel) 13 (3) (2021) 1-19, https://doi.org/
10.3390/polym13030390.

S.H. Othman, B.M. Wane, N. Nordin, N.Z. Noor Hasnan, R. A. Talib, J.N.

W. Karyadi, Physical, mechanical, and water vapor barrier properties of starch/
cellulose nanofiber/thymol bionanocomposite films, Polym. (Basel) 13 (23) (2021)
1-16, https://doi.org/10.3390/polym13234060.

A. Istigomah, M.R. Utami, M. Firdaus, V. Suryanti, T. Kusumaningsih, Antibacterial
chitosan-Dioscorea alata starch film enriched with essential oils optimally prepared
by following response surface methodology, Food Biosci. 46 (February) (2022)
101603, https://doi.org/10.1016/j.fbio.2022.101603.

10

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Next Materials 13 (2026) 102651

K. Venkatachalam, N. Rakkapao, S. Lekjing, Physicochemical and Antimicrobial
Characterization of Chitosan and Native Glutinous Rice Starch-Based Composite
Edible Films: Influence of Different Essential Oils Incorporation, Membr. (Basel) 13
(2) (2023), https://doi.org/10.3390/membranes13020161.

C. Sabphon, et al., Dissolvable and edible film for long-lasting kaffir lime aroma in
food, Int. J. Food Sci. Technol. 55 (4) (2020) 1523-1530, https://doi.org/10.1111/
ijfs.14426.

P.J.P. Espitia, et al., Physical and antibacterial properties of acaf edible films
formulated with thyme essential oil and apple skin polyphenols, J. Food Sci. 79 (5)
(2014), https://doi.org/10.1111/1750-3841.12432.

N.M. Yusof, J. Jai, F. Hamzah, A. Yahya, S. Pinijsuwan, Effect of concentration of
Curcuma longa L. on chitosan-starch based edible coating, J. Phys. Conf. Ser. 885
(1) (2017), https://doi.org/10.1088/1742-6596,/885,/1/012008.

S. Khruengsai, P. Phoopanasaeng, T. Sripahco, N. Soykeabkaew, P. Pripdeevech,
Application of chitosan films incorporated with Zanthoxylum limonella essential
oil for extending shelf life of pork, Int. J. Biol. Macromol. 262 (P1) (2024) 129703,
https://doi.org/10.1016/j.ijbiomac.2024.129703.

A. Tiigen, B. Ocak, 0. Ozdestan-Ocak, Development of gelatin/chitosan film
incorporated with lemon essential oil with antioxidant properties, J. Food Meas.
Charact. 14 (6) (2020) 3010-3019, https://doi.org/10.1007/s11694-020-00547-5.
S.H. Othman, et al., Tapioca starch-based films containing oregano, Vietnamese
mint, and curry leaf essential oils for food packaging applications, Int. Food Res. J.
30 (2) (2023) 497-513, https://doi.org/10.47836/ifrj.30.2.19.

J. Zhao, Y. Wang, C. Liu, Film Transparency and Opacity Measurements, Food
Anal. Methods 15 (10) (2022) 2840-2846, https://doi.org/10.1007/s12161-022-
02343-x.

D. Quy Huong, T. Duong, P.C. Nam, Effect of the Structure and Temperature on
Corrosion Inhibition of Thiourea Derivatives in 1.0 M HCI Solution, ACS Omega 4
(11) (2019) 14478-14489, https://doi.org/10.1021/acsomega.9b01599.

S.M. Amaraweera, et al., Preparation and characterization of biodegradable
cassava starch thin films for potential food packaging applications, Cellulose 28
(16) (2021) 10531-10548, https://doi.org/10.1007/s10570-021-04199-6.

Y.X. Xu, K.M. Kim, M.A. Hanna, D. Nag, Chitosan-starch composite film:
Preparation and characterization, Ind. Crops Prod. 21 (2) (2005) 185-192, https://
doi.org/10.1016/j.indcrop.2004.03.002.

H.N. Nguyen, K.D. Dinh, and L.T.K. Vu, “Carboxymethyl Cellulose /Aloe vera Gel
Edible Films for Food Preservation,” Proc. 2020 5th Int. Conf. Green Technol.
Sustain. Dev. GTSD 2020, no. 60 mL, pp. 203-208, 2020, doi: 10.1109/GTSD50082
.2020.9303129.

Y. Liu, et al., Development of Chitosan-Based Films Incorporated with Chestnut
Flower Essential Oil That Possess Good Anti-Ultraviolet Radiation and
Antibacterial Effects for Banana Storage, Coatings 14 (5) (2024), https://doi.org/
10.3390/coatings14050548.

N. Mufioz-Tebar, J.A. Pérez-Alvarez, J. Fernandez-Lopez, M. Viuda-Martos,
Chitosan Edible Films and Coatings with Added Bioactive Compounds:
Antibacterial and Antioxidant Properties and Their Application to Food Products: A
Review, Polym. (Basel) 15 (2) (2023), https://doi.org/10.3390/polym15020396.
R.A. Sheldon, Metrics of Green Chemistry and Sustainability: Past, Present, and
Future, ACS Sustain. Chem. Eng. 6 (1) (2018) 32-48, https://doi.org/10.1021/
acssuschemeng.7b03505.


https://doi.org/10.1016/j.ijbiomac.2021.06.067
https://doi.org/10.1016/j.ijbiomac.2021.06.067
https://doi.org/10.22146/ijc.79341
https://doi.org/10.22146/ijc.79341
https://doi.org/10.1038/s41598-022-13511-8
https://doi.org/10.1038/s41598-022-13511-8
https://doi.org/10.1016/j.foodhyd.2024.110142
https://doi.org/10.1016/j.foodhyd.2024.110142
https://doi.org/10.1016/j.foodhyd.2022.108285
https://doi.org/10.1016/j.foodhyd.2022.108285
https://doi.org/10.22207/JPAM.15.3.01
https://doi.org/10.22207/JPAM.15.3.01
https://doi.org/10.1007/s11694-022-01337-x
https://doi.org/10.1007/s11694-022-01337-x
https://doi.org/10.29303/jppipa.v10i2.6428
https://doi.org/10.29303/jppipa.v10i2.6428
https://doi.org/10.3390/coatings13040777
https://doi.org/10.1007/s41783-019-00081-w
https://doi.org/10.1155/2019/3843949
https://doi.org/10.3390/polym13030390
https://doi.org/10.3390/polym13030390
https://doi.org/10.3390/polym13234060
https://doi.org/10.1016/j.fbio.2022.101603
https://doi.org/10.3390/membranes13020161
https://doi.org/10.1111/ijfs.14426
https://doi.org/10.1111/ijfs.14426
https://doi.org/10.1111/1750-3841.12432
https://doi.org/10.1088/1742-6596/885/1/012008
https://doi.org/10.1016/j.ijbiomac.2024.129703
https://doi.org/10.1007/s11694-020-00547-5
https://doi.org/10.47836/ifrj.30.2.19
https://doi.org/10.1007/s12161-022-02343-x
https://doi.org/10.1007/s12161-022-02343-x
https://doi.org/10.1021/acsomega.9b01599
https://doi.org/10.1007/s10570-021-04199-6
https://doi.org/10.1016/j.indcrop.2004.03.002
https://doi.org/10.1016/j.indcrop.2004.03.002
https://doi.org/10.1109/GTSD50082.2020.9303129
https://doi.org/10.1109/GTSD50082.2020.9303129
https://doi.org/10.3390/coatings14050548
https://doi.org/10.3390/coatings14050548
https://doi.org/10.3390/polym15020396
https://doi.org/10.1021/acssuschemeng.7b03505
https://doi.org/10.1021/acssuschemeng.7b03505

	Insights into physicochemical properties, optimization using response surface methodology, and green metrics evaluation of  ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Experimental design and edible film preparation
	2.2.2 Preparation of edible film enriched with essential oil
	2.2.3 Statistical analysis
	2.2.4 GC-MS analysis of essential oil
	2.2.5 Characterization of edible film
	2.2.6 Evaluation of green metrics


	3 Results and discussion
	3.1 Fitting the tensile strength using RSM and statistical analysis
	3.2 The main component of essential oils
	3.3 Physicochemical properties of edible film
	3.4 Evaluation of green metrics

	4 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Appendix A Supporting information
	References


