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INTRODUCTION

The growing environmental concerns as-
sociated with synthetic plastic waste have led 
to an urgent need for sustainable alternatives 
in packaging applications. Conventional petro-
leum-based plastics contribute significantly to 
pollution and are persistent in the environment 
due to their non-biodegradable nature (Hasan 
et al., 2024). As a response, biopolymer-based 
films have gained increasing attention as eco-
friendly materials that offer biodegradability 

while maintaining essential packaging prop-
erties (Hasan et al., 2023). Chitosan and sago 
starch (CH/SS) have emerged as promising bio-
polymers for the development of biodegradable 
films due to their natural abundance, biocom-
patibility, and excellent film-forming proper-
ties  (Lau et al., 2024).  Chitosan, a derivative of 
chitin, possesses antimicrobial and antioxidant 
activities, while sago starch provides good me-
chanical strength and flexibility. However, pure 
CH/SS films exhibit limitations in water barrier 
properties and susceptibility to environmental 
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degradation, which restrict their practical ap-
plications in food and biomedical packaging  
(Gamage et al., 2024).

To address these challenges, the incorpora-
tion of hydrophobic agents, such as extra virgin 
olive oil (EVOO), has been explored as a poten-
tial strategy to enhance the functional properties 
of biopolymer films. EVOO is rich in bioactive 
compounds, including polyphenols and tocoph-
erols, which contribute to improved antioxidant 
properties and increased hydrophobicity (Hasan 
et al., 2020). Recent studies have demonstrated 
that the addition of active compounds, such as 
plant extracts, essential oils, and phenolic com-
pounds, into biopolymer matrices significantly 
improves their functional properties (Gunal-Ko-
roglu and Capanoglu, 2024). For instance, the in-
corporation of lemongrass essential oil into cassa-
va starch-based films enhanced their antioxidant 
and antimicrobial properties while improving the 
water resistance of the films (Istiqomah et al., 
2022). Similarly, the integration of rambutan peel 
extract into cassava starch-whey protein films 
resulted in improved moisture barrier properties 
and increased antioxidant activity, further dem-
onstrating the effectiveness of bioactive additives 
in enhancing biopolymer-based films (Chollakup 
et al., 2020). (Othman et al., 2024) also reported 
that chitosan-starch composite films containing 
active agents, such as phenolic extracts, exhib-
ited enhanced thermal stability and antimicrobial 
properties, emphasizing their multifunctional ap-
plications. Despite extensive studies on chito-
san–starch films incorporating lipids or vegetable 
oils, most reports focus on commonly used starch 
sources and emphasize isolated property en-
hancements rather than integrated functional and 
environmental performance. In addition, limited 
attention has been given to understanding how 
hydrophobic additives such as extra virgin olive 
oil influence structure–property–biodegradation 
relationships in chitosan–sago starch systems. 
Compared to our previous studies focusing on 
chitosan-based composite films, this work ex-
tends the investigation toward EVOO-modified 
chitosan–sago starch systems with an emphasis 
on integrated functional and environmental per-
formance. Therefore, this study aims to develop 
and comprehensively characterize biodegradable 
chitosan-sago starch composite films incorporated 
with EVOO, and to evaluate the effects of EVOO 
on their structural, mechanical, barrier, thermal, 
antioxidant, and biodegradation properties.

MATERIAL AND METHODS

Materials 

Native sago starch powder was obtained from 
Sago Aren Co., Ltd. (Indonesia). Extra virgin ol-
ive oil (EVOO) was sourced from Gautama In-
dah Perkasa Co., Ltd. (Jakarta, Indonesia). Blue 
crab shell-derived chitosan powder (particle size: 
200–300 mesh; molecular weight: 102 kDa; de-
gree of deacetylation: 96.24%) was supplied by 
Chimultiguna Co., Ltd. (Indramayu, Indonesia). 
Meanwhile, 2,2-diphenyl-1-picrylhydrazyl, glyc-
erol, and glacial acetic acid were procured from 
Sigma Aldrich (Darmstadt, Germany).

Preparation of chitosan/sago starch (CH/SS) 
biofilms

CH/SS biofilms were prepared by the solvent 
casting method following (Hiremani et al., 2021), 
with slight modifications. Chitosan (2% w/v) was 
dissolved in 1% acetic acid under stirring for 24 
h, while sago starch (3% w/v) was gelatinized in 
distilled water at 80 °C for 30 min. The two solu-
tions were mixed at a 1:1 ratio, and glycerol (30% 
w/w, based on total polymer weight) was added 
as a plasticizer. The mixture was homogenized at 
10.000 rpm for 5 min, followed by the incorpora-
tion of EVOO at 0, 1, 2, and 5% (w/w). The re-
sulting solutions were cast into petri dishes, dried 
at 40 °C for 48 h, and conditioned at 50% relative 
humidity for 48 h prior to characterization

Fourier transform infrared spectroscopy 
(FTIR) analysis

The chemical structure of the films was ana-
lyzed using a Cary 630 FTIR spectrometer in 
transmission mode. Each film sample was cut 
into small sections (approximately 1 × 1 cm) and 
placed directly in the sample holder for measure-
ment. The spectra were recorded over the wave-
number range of 4000–400 cm⁻¹, with a spectral 
resolution of 4 cm⁻¹ and 32 scans per sample. Pri-
or to measurement, the background spectrum was 
collected to eliminate atmospheric interference.

X-ray diffraction analysis

The crystalline structure and molecular or-
dering of the films were examined using X-ray 
diffraction (XRD). Diffraction patterns were 
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recorded using an X-ray diffractometer operat-
ing at 40 kV and 30 mA with Cu Kα radiation 
(λ = 1.5406 Å). Film samples were cut into flat 
strips and mounted on the sample holder to en-
sure uniform exposure. Data were collected over 
a 2θ range of 5–35° at a scan rate of 2°/min. The 
obtained diffractograms were smoothed and nor-
malized before analysis

Thermal analysis (simultaneous TGA–DSC and 
DTG calculation) 

Thermal behavior of the films was evaluated 
using a DSC–TGA Linearis STA PT 1600 simul-
taneous thermal analyzer. Approximately 5–10 
mg of each film sample was placed in an alumina 
crucible and heated from 30 to 600 °C at a con-
stant heating rate of 10 °C/min under a nitrogen 
atmosphere to prevent oxidative degradation. 
The instrument simultaneously recorded ther-
mogravimetric (TGA) and differential scanning 
calorimetry (DSC) signals. The derivative ther-
mogravimetric (DTG) curves were obtained by 
numerically differentiating the TGA data. From 
these thermal profiles, Tonset, Tmax, Tend, ma-
jor decomposition stages, and residual mass were 
determined to assess the thermal stability of the 
EVOO-modified CH/SS films.

Mechanical properties analysis (tensile 
strength and elongation at break)

The mechanical properties of the films were 
evaluated using an IK Tester MCT-2150 apparatus 
following the ASTM D638 standard. Film samples 
were cut into dumbbell-shaped specimens with 
dimensions specified by the standard, and each 
specimen was conditioned at 25 °C and 50% rela-
tive humidity for 24 hours prior to testing. Tensile 
strength (TS) and elongation at break (EB) were 
measured at a crosshead speed of 5 mm/min. At 
least three replicates were tested for each formula-
tion. The obtained stress–strain curves were used 
to calculate TS and EB, and the results were ex-
pressed as mean ± standard deviation.

Water uptake 

The water uptake of the films was measured 
by immersing them in distilled water for 10, 20, 
30, and 40 seconds, following the procedure de-
scribed by (Iyuke et al., 2023), with minor adjust-
ments. The films were blotted with filter paper, 

and the weight gain was recorded.  Water uptake 
(%) was calculated as:

	 Water uptake (%) = 𝑊𝑊𝑓𝑓−𝑊𝑊𝑖𝑖
𝑊𝑊𝑖𝑖

× 100                  (1) 
 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑊𝑊
𝐴𝐴 × 𝑡𝑡                                                    (2) 

 
𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑊𝑊 × 𝑥𝑥

𝐴𝐴 × 𝑡𝑡 × ∆𝑃𝑃                                                 (3) 
 

𝐷𝐷𝑃𝑃𝑃𝑃𝑃𝑃 (%) = 𝐴𝐴𝑐𝑐−𝐴𝐴𝑠𝑠
𝐴𝐴𝑐𝑐

 × 100                                (4) 
 

	 (1)

where:	Wf and Wi are the final and initial weights 
of the films, respectively.

Water vapor transmission rate (WVTR)

Water vapor transmission rate (WVTR) was 
determined following the ASTM E96 standard 
gravimetric method, as described by (Ashfaq et 
al., 2022),  with slight procedural modifications. 
The films were cut into circular pieces and sealed 
on the top of test cups containing silica gel. The 
cups were placed in a desiccator maintained at 
75% relative humidity and 25 °C. The weight gain 
of the cups was recorded at specific time intervals. 
The WVTR was calculated using the equation:

	

Water uptake (%) = 𝑊𝑊𝑓𝑓−𝑊𝑊𝑖𝑖
𝑊𝑊𝑖𝑖

× 100                  (1) 
 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑊𝑊
𝐴𝐴 × 𝑡𝑡                                                    (2) 

 
𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑊𝑊 × 𝑥𝑥

𝐴𝐴 × 𝑡𝑡 × ∆𝑃𝑃                                                 (3) 
 

𝐷𝐷𝑃𝑃𝑃𝑃𝑃𝑃 (%) = 𝐴𝐴𝑐𝑐−𝐴𝐴𝑠𝑠
𝐴𝐴𝑐𝑐

 × 100                                (4) 
 

	 (2)

where:	W is the weight gain (g), A is the film area 
(m²), and t is the time (h).

Water vapor permeability

Water vapor permeability (WVP) was deter-
mined using the gravimetric method, as described 
by (Hasan et al., 2023), with minor adjustments 
to suit the experimental setup. The films were 
mounted on test cups containing silica gel, sealed, 
and stored in a desiccator at 75% relative humid-
ity. The weight gain was recorded at intervals, 
and WVP was calculated using the following 
equation:

	

Water uptake (%) = 𝑊𝑊𝑓𝑓−𝑊𝑊𝑖𝑖
𝑊𝑊𝑖𝑖

× 100                  (1) 
 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑊𝑊
𝐴𝐴 × 𝑡𝑡                                                    (2) 

 
𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑊𝑊 × 𝑥𝑥

𝐴𝐴 × 𝑡𝑡 × ∆𝑃𝑃                                                 (3) 
 

𝐷𝐷𝑃𝑃𝑃𝑃𝑃𝑃 (%) = 𝐴𝐴𝑐𝑐−𝐴𝐴𝑠𝑠
𝐴𝐴𝑐𝑐

 × 100                                (4) 
 

	 (3)

where:	W is the weight gain (g), x is the film 
thickness (m), A is the permeation area 
(m²), t is time (h), and ΔP is the partial 
vapor pressure difference (Pa).

Antioxidant activity

The antioxidant activity of the films was 
evaluated using the DPPH radical scavenging as-
say, as described by (Vostrejs et al., 2020), with 
minor modifications. Film extracts were prepared 
by dissolving 0.1 g of film in 10 mL of methanol. 
The extracts (1 mL) were mixed with 2 mL of 
0.1 mM DPPH solution and incubated in the dark 
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for 30 minutes. The absorbance was measured at 
517 nm using a UV-Vis spectrophotometer. The 
percentage of DPPH scavenging activity was cal-
culated using:

	

Water uptake (%) = 𝑊𝑊𝑓𝑓−𝑊𝑊𝑖𝑖
𝑊𝑊𝑖𝑖

× 100                  (1) 
 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑊𝑊
𝐴𝐴 × 𝑡𝑡                                                    (2) 

 
𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑊𝑊 × 𝑥𝑥

𝐴𝐴 × 𝑡𝑡 × ∆𝑃𝑃                                                 (3) 
 

𝐷𝐷𝑃𝑃𝑃𝑃𝑃𝑃 (%) = 𝐴𝐴𝑐𝑐−𝐴𝐴𝑠𝑠
𝐴𝐴𝑐𝑐

 × 100                                (4) 
 

	 (4)

where: Ac is the control absorbance and As is the 
sample absorbance.

Biodegradation study

The biodegradation of the films was assessed 
through a soil burial test, following the method 
outlined by (Wattanawong and Aht-Ong, 2021), 
with minor modifications to align with the experi-
mental conditions. Film samples (2 × 2 cm) were 
buried in compost at 60% moisture content and 
incubated at room temperature. The weight loss 
was recorded at intervals of 5, 10, 15, and 20 days 
to determine the degradation rate.

Statistical analysis

All experiments were performed in triplicate, 
and results were expressed as mean ± standard de-
viation. One-way ANOVA was conducted to eval-
uate significant differences among groups. Tukey’s 
post-hoc test was subsequently applied for multi-
ple comparisons at a significance level of p < 0.05.

RESULT AND DISCUSSION

Chemical structure characterization

The FTIR spectra of CHSS0, CHSS1, 
CHSS2, and CHSS5 films (Figure 1a) re-
veal the characteristic functional groups of the 

chitosan–sago starch matrix and the structural 
modifications induced by EVOO incorporation. 
All samples exhibited a broad absorption band 
centered around 3300 cm⁻¹, corresponding to the 
overlapping O–H and N–H stretching vibrations 
(Arcana et al., 2010), which originate from hy-
droxyl groups of starch and chitosan as well as 
amino groups of chitosan. The slight decrease 
in intensity of this band with increasing EVOO 
concentration suggests a reduction in hydrogen 
bond density, likely due to partial replacement of 
polymer–polymer interactions by polymer–lipid 
interactions (Kittur et al., 2002).

A distinct peak around 2900 cm⁻¹ was ob-
served for all films, attributed to C–H stretching of 
aliphatic chains. This band becomes slightly more 
pronounced in EVOO-containing films, consis-
tent with the presence of long-chain fatty acids in 
EVOO that introduce additional alkyl stretching 
contributions (Hasan et al., 2020). The region near 
1550 cm⁻¹, corresponding to amide II vibrations 
(N–H bending coupled with C–N stretching), re-
mained present across all samples, confirming the 
structural integrity of chitosan’s amide function-
alities (Borges et al., 2019). Minor shifts in this 
band in EVOO-loaded films indicate weak inter-
actions between chitosan and lipid components, 
likely arising from hydrophobic–hydrophilic mi-
crophase reorganization (Kishimoto, 2021).

The absorption band at approximately 1000 
cm⁻¹, assigned to C–O–C stretching of glycosidic 
linkages in starch and chitosan, persisted in all 
formulations. A gradual decrease in intensity with 
increasing EVOO concentration suggests a subtle 
alteration in the polysaccharide network, poten-
tially due to decreased crystallinity or increased 
molecular mobility induced by the lipid phase 
(Ferreira et al., 2021). Overall, the FTIR results 
demonstrate that EVOO incorporation does not 

Figure 1. (a) FTIR spectra showing characteristic functional groups and (b) XRD patterns illustrating structural 
features of CHSS films incorporated with varying concentrations of EVOO
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introduce new functional groups, confirming the 
absence of chemical reactions between compo-
nents. Instead, EVOO induces physical interac-
tions primarily through hydrogen bond disruption 
and hydrophobic association – which collectively 
influence the structural arrangement of the bio-
polymer matrix. These spectral changes correlate 
well with observed variations in mechanical, bar-
rier, and thermal properties reported in subse-
quent sections.

Structural ordering and crystallinity evolution

The XRD patterns of CHSS0, CHSS1, 
CHSS2, and CHSS5 films (Figure 1b) reveal the 
partially crystalline nature of the chitosan–sago 
starch matrix and the structural modifications in-
duced by EVOO incorporation. All samples dis-
played a broad diffraction halo centered around 
2θ = 18–22°, which is characteristic of the semi-
crystalline polysaccharide network formed by in-
termolecular hydrogen bonding among chitosan 
and starch chains (Tan et al., 2022). This diffuse 
peak is typically associated with the amorphous–
crystalline transition zone of biopolymer films 
(Kovtun et al., 2024). For the control sample 
(CHSS0), the broad halo is relatively more pro-
nounced, indicating a moderate degree of structur-
al ordering within the matrix (Bajer et al., 2020). 
As EVOO concentration increased, a consistent 
decrease in peak intensity and slight broadening 
of the halo were observed, particularly in CHSS2 
and CHSS5. These changes suggest a reduction in 
crystallinity, likely caused by interference of lipid 
molecules with the alignment of polysaccharide 
chains, thereby disrupting intermolecular packing 
(Esfandiari et al., 2025).

The hydrophobic triglycerides and fatty acids 
present in EVOO may act as spacing agents, re-
ducing the extent of chain–chain association and 
producing a more amorphous structure. This aligns 
with FTIR observations indicating weakened hy-
drogen bonding in EVOO-containing films. The 
decreased structural ordering is also consistent 
with the enhanced flexibility and decreased tensile 
strength seen in mechanical testing. No new crys-
talline peaks appeared upon the addition of EVOO, 
confirming that the lipid does not crystallize into 
detectable domains within the matrix and remains 
molecularly dispersed or forms amorphous mi-
crophases (Wang et al., 2025). The overall trend 
of reduced crystallinity with increasing EVOO is 
typical for polymer–lipid composite films and has 
been reported widely for chitosan-based bioplas-
tics (Esfandiari et al., 2025; Hasan et al., 2025). 
Taken together, the XRD analysis demonstrates 
that EVOO incorporation leads to a progressive 
amorphization of the film structure, which contrib-
utes to the observed changes in barrier behavior, 
water uptake, and thermal properties discussed in 
subsequent sections (Wang et al., 2025).

Mechanical behavior of the films

The mechanical properties of the CHSS films 
were evaluated through tensile strength (TS) and 
elongation at break (EB) measurements (Figure 
2). The control film (CHSS0) exhibited the high-
est TS, reflecting the intrinsic strength of the chi-
tosan–sago starch matrix reinforced by extensive 
hydrogen bonding and semi-crystalline domains 
(Hermawan et al., 2019). Upon incorporation of 
EVOO, a noticeable decline in TS was observed 
across all modified films (CHSS1–CHSS5), with 

Figure 2. Mechanical properties, (a) tensile strength and (b) elongation at break of CHSS0, CHSS1, CHSS2, and 
CHSS5. note: Different letters above the bars indicate statistical groupings based on Tukey’s HSD test (p < 0.05)
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CHSS5 showing the lowest value. This progres-
sive reduction can be attributed to the plasticizing 
and matrix-disrupting effects of EVOO, which 
interferes with polysaccharide–polysaccharide 
interactions and reduces molecular packing effi-
ciency (Devi et al., 2024) , as supported by the 
FTIR and XRD analyses.

In contrast to TS, the EB values increased 
with higher EVOO content, indicating enhanced 
ductility. EVOO, which contains long-chain tri-
glycerides and unsaturated fatty acids, acts pri-
marily as a natural plasticizer, increasing polymer 
chain mobility and reducing brittleness (Khalil 
et al., 2019; Souto et al., 2021). The CHSS5 
film exhibited the highest EB, consistent with a 
more flexible and less ordered polymer network. 
This inverse relationship between TS and EB is 
characteristic of films in which lipid components 
disrupt the original hydrogen-bonded network of 
chitosan and starch (Wibowo et al., 2023). Statis-
tical analysis using Tukey HSD (p > 0.05) indi-
cated that the differences among treatments were 
not statistically significant, with CHSS0 distinct 
from all EVOO-containing films in both TS and 
EB measurements. The absence of statistically 
significant changes in tensile strength and elonga-
tion at break indicates that EVOO incorporation 
does not compromise the mechanical integrity of 
CHSS films, while still enabling functional en-
hancements critical for active and biodegradable 
packaging applications. The intermediate samples 
(CHSS1 and CHSS2) showed transitional values, 
reflecting partial modification of the polymer ma-
trix, whereas CHSS5 represented the most pro-
nounced plasticization effect. These mechanical 
trends corroborate structural findings from FTIR 
and XRD, indicating that EVOO incorporation 

induces a shift toward a more amorphous, flex-
ible system. Overall, the mechanical data dem-
onstrate that EVOO effectively modulates the 
strength–flexibility balance of the films. While 
higher EVOO levels reduce tensile strength, they 
substantially enhance ductility, offering tunable 
mechanical performance for specific packaging 
applications where flexibility is desirable.

Water uptake and water vapor permeability 
(WVTR and WVP)

The water uptake behavior of the films is pre-
sented in Figures 3a–b. All samples exhibited a rap-
id increase in water absorption during the first 10 
seconds, which is typical for polysaccharide-based 
films due to the abundance of hydrophilic –OH 
groups. After this initial phase, the rate of absorp-
tion gradually decreased and approached a plateau. 
The control film (CHSS0) displayed the lowest 
water uptake (~12%), whereas the incorporation of 
EVOO progressively increased water absorption, 
with the highest values observed for CHSS5 (~18–
20%). This trend is associated with the increased 
structural heterogeneity caused by dispersed oil 
droplets, which introduce microvoids within the 
chitosan–starch matrix and thereby facilitate wa-
ter diffusion (Khalil et al., 2019). As shown by the 
Tukey HSD analysis (Figure 4b), CHSS5 differed 
significantly from CHSS0 (p < 0.05), while CHSS1 
and CHSS2 fell into overlapping statistical groups, 
indicating that the effect of EVOO becomes more 
pronounced only at higher concentrations.

Water vapor transmission properties are 
shown in Figures 4a–b. The WVTR values de-
creased consistently from CHSS0 to CHSS5, 
demonstrating that EVOO acts as a hydrophobic 

Figure 3. (a) Water vapor transmission rate (WVTR) of CHSS0, CHSS1, CHSS2, and CHSS5 films, (b) water 
vapor permeability (WVP) of the films. Different letters above the bars denote significant differences among 

samples (Tukey, p < 0.05)
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phase capable of hindering water vapor migra-
tion through a tortuosity barrier mechanism (Li-
yanapathiranage et al., 2023). In the control film, 
vapor molecules diffuse relatively freely through 
the continuous hydrophilic matrix. However, the 
presence of oil droplets disrupts this continuity, 
forcing water vapor to navigate more complex 
and winding pathways, thereby reducing flux 
(Esfandiari et al., 2025). A similar trend is ob-
served for WVP: CHSS0 exhibited the highest 
permeability, followed by CHSS1 and CHSS2, 
while CHSS5 showed the lowest value. Overall, 
increasing EVOO content enhances the film’s 
moisture barrier efficiency.

Statistical analysis of WVP (Figure 4b) further 
reveals that only CHSS0 differs significantly from 
the EVOO-containing films (p < 0.05), whereas the 
differences among CHSS1, CHSS2, and CHSS5 
were not statistically significant. This suggests 
that although EVOO improves water vapor barrier 
properties, incremental increases beyond 1–2% do 
not produce sufficiently large changes to be statis-
tically distinguishable at the 95% confidence level. 
Taken together, these results show that EVOO ex-
erts a dual influence: (i) it increases water uptake 
due to the generation of microstructural voids that 
enhance short-term water absorption, while (ii) si-
multaneously decreasing water vapor permeability 
as the hydrophobic oil droplets create a more tor-
tuous diffusion pathway. This combination results 
in a unique mass transport profile characteristic of 
lipid-modified biopolymer films.

Thermal properties

The thermal degradation profiles of the 
films are presented in Figure 5a–b. All samples 

exhibited a characteristic three-stage decomposi-
tion pattern typical of chitosan–starch systems. 
The initial mass loss occurring below 120 °C 
corresponds to the evaporation of free and bound 
water, reflecting the hydrophilicity of the poly-
saccharide matrix (Rachmina et al., 2024). Films 
containing EVOO (CHSS1–CHSS5) showed 
slightly lower moisture-related loss compared to 
the control sample (CHSS0), indicating reduced 
water affinity due to the hydrophobic nature of the 
oil phase. The major degradation event was ob-
served between 230 and 320 °C, as shown by the 
prominent DTG peaks (Figure 5b). This region is 
associated with the depolymerization of chitosan 
and starch backbones, including cleavage of gly-
cosidic linkages and decomposition of the poly-
saccharide structures (Hasan et al., 2025). The 
DTG_max values for CHSS1 and CHSS2 shifted 
marginally toward higher temperatures relative 
to CHSS0, suggesting a slight improvement in 
thermal stability. This enhancement is likely at-
tributed to EVOO acting as a physical barrier 
that slows heat transfer and inhibits chain mobil-
ity (Giannakas et al., 2017). However, at higher 
EVOO concentration (CHSS5), the DTG peak re-
turned closer to that of the control film, implying 
that excessive oil disrupts polymer–polymer in-
teractions and weakens the structural cohesion of 
the matrix (Devi et al., 2024). A final degradation 
region (>450 °C) corresponds to the decomposi-
tion of carbonaceous char. Samples containing 
EVOO produced slightly higher residual mass at 
600 °C compared to CHSS0, indicating enhanced 
char formation. The hydrophobic EVOO domains 
may promote localized carbonization during high-
temperature treatment, contributing to improved 
thermal resistance (Mbonambi et al., 2025).

Figure 4. (a) Water uptake profiles of CHSS0, CHSS1, CHSS2, and CHSS5 films, (b) average water uptake 
(%) of the films after reaching equilibrium, with error bars representing standard deviations and different letters 

indicating statistically significant differences (Tukey, p < 0.05)
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Figure 5c shows the DSC thermograms, 
which further support the observations from 
TGA. The first endothermic transition around 
80–100 °C corresponds to water loss and re-
laxation of amorphous domains. A broad ther-
mal event between 250 and 300 °C represents 
the main decomposition peak of the chito-
san–starch network, consistent with the DTG 
analysis (Javaid et al., 2020). Films containing 
EVOO exhibited subtle shifts in peak intensity 
and onset temperature, suggesting that the oil 
modifies chain mobility and microstructural 
packing (Hasan et al., 2024). Notably, a high-
temperature exothermic region (480–550 °C) 
appeared more pronounced in EVOO-contain-
ing samples, attributed to oxidation of carbo-
naceous residues. Overall, the combined TGA, 
DTG, and DSC results indicate that moderate 
EVOO incorporation (1–2%) slightly enhances 
thermal stability by reinforcing char formation 
and increasing the energy required for degra-
dation (Shamsuri and Md. Jamil, 2020). How-
ever, at higher loading (5%), the discontinu-
ity introduced by large oil domains weakens 
structural integrity, reducing the stabilizing ef-
fect. These findings highlight the importance 
of balancing EVOO concentration to optimize 
both thermal and functional properties of the 
biocomposite film.

Antioxidant activity

Figure 6 illustrates the antioxidant activity of 
CH/SS films as a function of EVOO concentra-
tion. Antioxidant properties play a crucial role in 
extending the shelf life of food products by inhib-
iting oxidative degradation. EVOO is known to be 
rich in bioactive compounds such as polyphenols 
and tocopherols, which can significantly enhance 
the antioxidant activity of biopolymer films (Hos-
sen et al., 2024). The results indicate a progres-
sive increase in antioxidant activity with increas-
ing EVOO content. CHSS0 exhibited the lowest 
antioxidant capacity, whereas CHSS5 demon-
strated the highest activity. This trend suggests 
that EVOO effectively incorporated its bioactive 
components into the CH/SS matrix, contributing 
to the radical scavenging ability of the films (La-
feuillee and Maharaj, 2025). Statistical analysis 
further confirms significant differences between 
the formulations, with CHSS5 showing a marked 
improvement compared to the control (CHSS0). 

The correlation between antioxidant activity 
and EVOO concentration highlights the potential 
of these biofilms for active packaging applications. 
Films with higher antioxidant properties can help 
protect food products from oxidative deterioration, 
thereby extending their shelf life (Zhu et al., 2023). 
However, the homogeneity of EVOO dispersion 
within the polymer matrix should be considered 

Figure 5. (a) TGA curves of CHSS0, CHSS1, CHSS2, and CHSS5 films, (b) DTG profiles highlighting 
differences in decomposition rates, (c) DSC thermograms



38

Journal of Ecological Engineering 2026, 27(6), 30–41

to ensure consistent antioxidant performance 
throughout the film. These findings underscore the 
multifunctional role of EVOO in CH/SS biofilms, 
providing both moisture barrier enhancement and 
antioxidant activity (Wang et al., 2022). 

Biodegradation behavior

The biodegradation behavior of the films un-
der soil burial conditions is presented in Figure 
7a–b. Visual observations (Figure 7a) show a 
progressive deterioration of all samples over the 
20-day burial period. During the first 5 days, the 
films primarily exhibited surface softening and 

increased opacity, reflecting the initial microbial 
colonization and moisture penetration into the 
polysaccharide matrix (Arooj et al., 2024). By day 
10, the structural integrity of the films was visibly 
reduced, with fragmentation becoming evident, 
especially in CHSS0, CHSS1, and CHSS2. After 
15–20 days, all films were substantially degrad-
ed, with only irregular fragments remaining and 
pronounced darkening due to soil–microbe in-
teraction. The quantitative weight-loss data (Fig-
ure 7b) closely align with the visual degradation 
trend. All films showed a rapid degradation phase 
during the first 5 days, losing approximately 50% 
of their initial mass, an expected behavior for 

Figure 6. Antioxidant activity of films. Different letters above the bars indicate statistically significant 
differences among samples according to Tukey’s HSD test (p < 0.05) 

Figure 7. (a) Visual degradation of CHSS0, CHSS1, CHSS2, and CHSS5 films during soil burial for 0–20 days. 
(b) weight loss (%) of the films during soil burial biodegradation



39

Journal of Ecological Engineering 2026, 27(6), 30–41

hydrophilic biopolymer films that readily absorb 
water and are susceptible to enzymatic hydrolysis 
(Tan et al., 2022). Beyond day 10, the degrada-
tion rate continued but gradually slowed as the 
remaining fragments became smaller and less ac-
cessible to microorganisms.

Interestingly, the EVOO-modified films dem-
onstrated slightly different biodegradation pro-
files. CHSS0, CHSS1, and CHSS2 exhibited sim-
ilar weight-loss patterns, with final degradation 
values approaching 75–80% by day 20. In con-
trast, CHSS5 showed a noticeably lower degrada-
tion rate during the mid-phase (days 5–15), likely 
due to the higher hydrophobic component intro-
duced by the 5% EVOO. The dispersed oil drop-
lets can partially shield the polymer matrix from 
microbial enzymes and moisture, thereby slow-
ing degradation (Gupta et al., 2022). However, 
by day 20, CHSS5 still reached a substantial total 
degradation of approximately 70%, confirming 
that EVOO incorporation does not inhibit biode-
gradability but merely modulates the degradation 
kinetics. It should be noted that the 20-day soil 
burial test provides an early-stage and compara-
tive evaluation of biodegradation behavior rather 
than a complete long-term degradation profile. In 
summary, the soil-burial test demonstrates that 
all films remain fully biodegradable despite the 
presence of EVOO. The rapid early-stage degra-
dation followed by slower fragmentation is char-
acteristic of polysaccharide-based materials, and 
the slight retardation observed at higher EVOO 
levels reflects the predictable influence of hydro-
phobicity. These results confirm the suitability of 
the EVOO-modified chitosan–starch films for en-
vironmentally responsible applications and high-
light their potential as sustainable active packag-
ing materials.

Despite the promising functional and en-
vironmental performance of EVOO-modified 
CHSS films, several limitations should be ac-
knowledged. The biodegradation and antioxidant 
evaluations were conducted as short-term assess-
ments and did not capture long-term stability un-
der extended storage, light exposure, or tempera-
ture variations. In addition, EVOO incorporation 
primarily acted as a functional structure modifier 
rather than a mechanical reinforcement agent, 
which may limit applications requiring high me-
chanical strength. Furthermore, the present study 
was performed at laboratory scale, and future 
work is needed to assess scalability and long-term 
performance under real-use conditions.

CONCLUSIONS

This study developed chitosan–sago starch 
(CHSS) films incorporated with extra virgin ol-
ive oil (EVOO) as a natural functional additive. 
Structural analyses confirmed that EVOO modi-
fied the molecular organization of the polymer 
matrix through physical interactions, leading 
to reduced crystallinity without forming new 
chemical bonds. Although mechanical properties 
were not significantly affected, EVOO clearly 
influenced moisture-related behavior by increas-
ing water uptake while simultaneously reducing 
WVTR and WVP due to hydrophobic barrier 
formation. Thermal analysis indicated a typical 
three-stage degradation with slight improve-
ments in stability at moderate EVOO contents. 
Importantly, EVOO significantly enhanced the 
antioxidant activity of the films while maintain-
ing high biodegradability (>70% mass loss within 
20 days). Overall, EVOO-modified CHSS films 
exhibit improved functional performance without 
compromising structural integrity or environmen-
tal degradability, highlighting their potential for 
sustainable active food packaging applications.
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