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Abstract. Biopolymer films integrated with natural antimicrobial represent a sustainable strategy 

for enhancing food safety and shelf life. This study characterizes a functional starch-chitosan (S-

CH) film incorporated with lemongrass essential oil (LEO). GCMS identified α-citral as the primary 

antimicrobial component of the LEO. The film was prepared using the casting technique, and the 

influence of LEO concentration on mechanical properties, hydrophobicity and surface morphology 

were determined. The findings show that the tensile strength and elongation at break of the S-CH-

LEO films were lower than those of the S-CH film, making them brittle and less stretchy. The 

incorporation of LEO from 0.05% to 0.15% had increased tensile strength and elongation at break 

from 0.143 MPa to 0.873 MPa and from 3.81% to 8.63%, respectively. The hydrophobicity of S-CH-

LEO films increased with the increase in LEO, as evidenced by a higher water contact angle range 

between 52.30° and 84.80°. S-CH-LEO 0.15% film was the best formulation, with a tensile strength 

of 0.873 MPa, an elongation at break of 8.63%, and a contact angle of 71.50°. This study shows that 

S-CH-LEO films improve moisture resistance, a critical factor for extending the food shelf life. 

Therefore, despite the lower tensile strength and elongation at break, the resulting improvements 

in water resistance and functional bioactivity suggest that S-CH-LEO films are viable solution for 

active food packaging applications. 

 

Keywords: Biopolymer Film, Chitosan, Food Packaging, Lemongrass Oil, Starch 

 

INTRODUCTION 

 

Food deteriorates easily due to the 

growth and activity of microorganisms, as 

well as factors such as temperature, moisture, 

and exposure to light and air. To maintain 

food freshness, preservatives are used to 

extend the food’s shelf life. However, the 

overuse of preservatives directly on food 

could be harmful to human health. 
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Antimicrobial packaging offers a new 

effective solution for food preservation. 

Antimicrobial packaging made from a 

biopolymer with an incorporated essential oil 

was integrated into the original food 

packaging to prevent spoilage and oxidation, 

maintain freshness and safety, and prolong 

shelf life by protecting food from internal and 

external environments (Ju et al., 2019).  

Renewable biopolymers derived from 

biomass, such as corn, sugarcane, and 

molasses, offer suitable materials for 

developing eco-friendly packaging. The 

biopolymers possess high permeability, anti-

inflammatory properties, non-toxicity, good 

film-forming ability, biodegradability, and 

high covalent bond-forming ability (Arif et al., 

2022). Those important characteristics are 

attributed to the extensive application of 

biopolymers in film packaging.  

Starch is the most commonly used 

organic polysaccharide in research on 

biodegradable films due to its wide 

availability, strong film-forming properties, 

and cost-effectiveness (Kadir Basha et al., 

2020). However, starch also has certain 

limitations, including its hydrophilic nature 

and unsatisfactory mechanical properties 

(Perdana et al., 2021). Improvements in the 

mechanical properties and flexibility of the 

starch film have been achieved by 

incorporating glycerol into the film or by 

blending it with other biopolymers. 

Chitosan is another material that 

naturally produces a linear polymer, typically 

found in crab and prawn cells. Chitosan has 

been shown to have potent antibacterial 

activity due to its cationic properties. A 

chitosan-based film is a great option for food 

packaging applications because it is 

biodegradable, biocompatible, possesses 

antibacterial activity, is non-hazardous, and 

has excellent film-forming properties 

(Mehdizadeh et al., 2012). Ren et al. (2017) 

discovered that adding chitosan to corn 

starch films caused an increase in tensile 

strength, elongation at break, total color 

differences, and solubility, but a decrease in 

Young’s modulus and water vapor 

permeability. Other research by Shapi’i & 

Othman (2016) also found an increase in 

mechanical properties when chitosan was 

combined with tapioca starch. 

The incorporation of preservatives from 

natural sources, such as plant extracts and 

essential oils, into biopolymer packaging 

represents a green approach to enhance food 

safety and extend shelf life. Essential oils are 

considered safe for use in food by the U.S. 

Food and Drug Administration (FDA), under 

the Generally Recognized as Safe (GRAS) 

status. The use of essential oils as 

antimicrobials and preservatives has been 

proven to ensure food safety, thus potentially 

reducing the use of synthetic substances 

(Perdana et al., 2022).  

Lemongrass essential oil (LEO) mainly 

consists of citral, isoneral, geraniol, and 

citronellal, and is known for its powerful 

antioxidant, antifungal, antibacterial, antiviral, 

and anticancer properties (Ashaq et al., 2024). 

Citral is a major bioactive compound in 

lemongrass, comprising geranial (trans-citral) 

and neral (cis-citral). Typically, lemongrass oil 

contains over 45% citral, although the precise 

amount can vary depending on species 

(Kumar et al., 2023). The strong antimicrobial 

activity of LEO was attributed to the 

biological activities of geraniol and its 

isomers (Mukarram et al., 2021). LEO is one of 

the best options for antimicrobial packaging 

to extend food shelf life and inhibit the 

growth of spoilage microbes. 

Han Lyn & Nur Hanani (2020) 

incorporated lemongrass essential oil into 

chitosan-based films and found that, as the 
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concentration of lemongrass essential oil 

increased, the thickness and elongation at 

break increased, while the tensile strength 

decreased. The incorporation of lemongrass 

essential oil also reduced the water vapor 

permeability, solubility, and moisture content. 

Moreover, lemongrass essential oil was 

effective against Bacillus cereus, Escherichia 

coli, Listeria monocytogenes, and Salmonella 

typhi, indicating its possible use in 

antimicrobial food packaging.  

In addition, Gaspar et al. (2022) found 

that adding lemongrass essential oil 

improves the barrier properties of the 

chitosan film by reducing its water vapor 

permeability and solubility. The films also 

exhibited flexibility, uniformity, and a smooth 

structure. A study by Perdana et al. (2021) 

showed that incorporating lemongrass 

essential oil into a cassava starch-chitosan 

film reduced both tensile strength and 

elongation at break. They also reported that 

a lower glycerol concentration decreased 

both the film’s solubility and its water vapor 

permeability. 

Previous studies have shown that the 

characteristics of starch-based and chitosan-

based films were improved with the 

incorporation of LEO. However, the starch-

chitosan film incorporated with LEO lacked 

barrier properties. Moisture resistance is 

crucial for packaging moisture-sensitive 

products, as moisture can affect product 

longevity. Moreover, the components in LEO 

varied with extraction method, lemongrass 

species, parts, and origin, thereby affecting 

the properties of the starch-chitosan film. 

Therefore, this study addresses this gap by 

developing a starch-chitosan composite film 

incorporating LEO, focusing on mechanical 

properties, hydrophobicity, structural 

interactions, and surface properties. The 

research aims to clarify the relationship 

between the film’s functionality and varying 

LEO concentrations. This research contributes 

to the growing field of bioactive, eco-friendly, 

and biodegradable film packaging materials 

for the food industry. 

 

MATERIALS AND METHOD 

 

Materials 

Chitosan powder (Sigma, Malaysia), 

potato starch (Bendosen, Malaysia), glycerol 

(Chemiz, Malaysia), Tween 80 (R&M 

Chemicals, Malaysia), and acetic acid 

(Chemiz, Malaysia) were used to prepare the 

films. Lemongrass essential oil was purchased 

from a local supplier. 

 

Determination of Lemongrass Essential Oil 

Components 

 The components of LEO were 

determined by using gas chromatography 

(Varian 450-GC, USA)-mass spectroscopy 

(Varian 240-MS, USA). The gas 

chromatographic separation was performed 

on a capillary column, with the injector 

temperature set at 250 C and helium as the 

carrier gas at a flow rate of 1 mL/min. 1 l of 

lemongrass essential oil was injected, 

employing a split ratio of 25:1. The oven 

temperature followed a programmed 

sequence: the initial temperature was held for 

2 minutes at a temperature of 40 C, then was 

increased to 250 C at a rate of 6 C/min and 

maintained at a constant temperature for 

another 10 minutes.  

Mass spectrometry (MS) was performed 

in electron ionization (EI) mode at 70 eV. The 

ion source temperature was set to 220 C, and 

the scan range was set to 30- 300 m/z. The 

substances were identified using a mass 

spectrometry database supplied by the 

National Institute of Standards and 

Technology (NIST). 
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Preparation of Biopolymer Film 

The biopolymer composite film was 

prepared by casting, following the method of 

Shapi’i & Othman (2016) with some 

modifications. A starch solution (1.0% w/v) 

was prepared by dissolving 1 g of potato 

starch in 100 mL of distilled water at 80 C and 

250 rpm. To enhance the film’s flexibility and 

plasticity, 1.5 ml glycerol was added, followed 

by continuous mixing of the starch solution at 

80 C and 250 rpm until gelatinization. The 

mixture was then cooled to 40 C.  

Meanwhile, 2 g of chitosan was dissolved 

in 100 mL of 1% acetic acid. After that, the 

starch and chitosan solutions were mixed and 

stirred at 250 rpm and 40 C. Then, LEO and 

Tween 80 were added at a 1:5 ratio and stirred 

for 30 minutes. Tween 80 was used as a 

surfactant to enhance the solubility of the 

LEO film-forming solution. 20 mL of the 

solution was poured into a petri dish 

(diameter 9 cm) and allowed to dry overnight 

in an oven at 60 C.  

The film was peeled off and kept in a 

desiccator for further analysis. The amounts 

of lemongrass oil used were 0.1 mL, 0.2 mL, 

0.3 mL, and 0.4 mL, and the films were labeled 

as S-CH-LEO 0.05%, S-CH-LEO 0.10%, S-CH-

LEO 0.15%, and S-CH-LEO 0.20%, 

respectively. A film without LEO (S-CH) was 

prepared as the control film. The formulations 

of each sample are presented in Table 1. 

 

Table 1. Formulation of starch-chitosan film 

incorporated with lemongrass oil 

Sample 
Starch 

(g) 

Chitosan 

(g) 

Glycerol 

(ml) 

Tween 80 

(ml) 

LEO 

(ml) 

S-CH 1 2 1.5 0 0 

S-CH-LEO 

0.05% 
1 2 1.5 0.5 0.1 

S-CH-LEO 

0.10% 
1 2 1.5 1.0 0.2 

S-CH-LEO 

0.15% 
1 2 1.5 1.5 0.3 

S-CH-LEO 

0.20% 
1 2 1.5 2.0 0.4 

 

Fourier Transform Infrared Spectroscopy 

(FTIR) Analysis 

The film’s functional groups were 

analyzed using Fourier Transform Infrared 

Spectroscopy (Mettler Toledo, USA). All 

spectra were collected between 4000 and 500 

cm-1 at a resolution of 1 cm-1. 

 

Determination of Mechanical Properties 

Tensile strength and elongation at break 

of the films were measured using a universal 

testing machine (Tinius Olsen H50KT, USA) 

according to ASTM D882 (ASTM, 2010). The 

film was cut into 7 cm x 2 cm strips, then 

placed between the two pneumatic grips 

before testing began. The initial gap between 

the grips was 50 mm, and the crosshead 

speed was 20 mm min−1. The test was done 

in triplicate for each film. 

 

Determination of Water Contact Angle  

The water contact angle (WCA) of the 

films was measured using a contact angle 

meter (VCA-3000S, USA). 5 l of distilled 

water was dropped onto the film surface (50 

mm x 30 mm). After a few seconds of 

exposure, a camera recorded the water drop 

video, and a few photos were chosen and 

sent to the computer for angle measurement. 

The test was done in triplicate for each film. 

 

 

Field Emission Scanning Electron 

Microscopy (FE-SEM) Analysis   

The microstructure of the films was 

observed using field-emission scanning 

electron microscopy (S-4800, HITACHI, 

Japan). The films were cut into 10 mm x 10 

mm sections, with an operating voltage of 15 

kV and a magnification of 10,000.   
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RESULTS AND DISCUSSIONS 

 

Components of Lemongrass Essential Oil  

According to Figure 1 and Table 2, the 

primary components identified were α-citral 

and s-cis-verbenol, which constituted 34.09% 

and 30.82%, respectively. Other significant 

components include trans-geraniol (9.89%) 

and neryl acetate (8.25%). Minor components 

identified were geraniol (3.17%), linalool 

(3.00%), and camphene (2.34%). Other 

components found in trace amounts include 

4-nonanone (1.02%), 6-methyl-5-hepten-2-

one (0.83%), phellandral (0.72%), 2,7-

dimethyl-2,7-octanediol (0.60%), and α-

pinene (0.47%). The bioactive compounds 

present in LEO used in this research were 

expected to contribute uniquely to its overall 

properties and potential applications. 

 

Table 2. Lemongrass oil compounds and 

amounts 

Compounds Amount (%) 

α-Citral   34.09 

S-Cis-Verbenol  30.82 

Trans-Geraniol  9.89 

Neryl Acetate  8.25 

Geraniol  3.17 

Linalool  3.00 

Camphene  2.34 

4-Nonanone  1.02 

6-Methyl-5-Hepten-2-one  0.83 

Phellandral  0.72 

2,7-dimethyl-2,7-octanediol  0.60 

α-pinene  0.47 

Others 4.80 

In a study by Cruz et al. (2023), the 

extracted lemongrass oil contains α-citral 

(34.50%) and β-citral (25.34%), which 

contribute to its lemon flavor. These 

components contributed most of the oil’s 

biological properties, making it a potential 

food preservative and packaging material. 

Jovanović et al. (2024) also found geranial (α-

citral) and neral (β-citral) as the major 

compounds (65.01%), which contributed to 

the biological activity of the lemongrass oil. 

Citral is also reported in the literature as 

the major compound of lemongrass, 

extracted from plant leaves (Saddiq & 

Khayyat, 2010; Shah et al., 2011). Lemongrass 

oil was used as an additive in food, beverages, 

and cosmetic products due to its antifungal, 

bactericidal, and insecticidal properties (Lu et 

al., 2018).  

 

FTIR of Film 

Figure 2 shows the FTIR spectra of S-CH 

and S-CH-LEO films that were prepared 

based on the formulation in Table 1. The 

starch-chitosan film demonstrates a broad 

band at 3286 cm-1. For the starch-chitosan 

film incorporated with LEO, the broad bands 

were observed at 3261 cm-1 (0.20% LEO), 

3313 cm-1 (0.15% LEO), 3313 cm-1 (0.05% 

LEO), and 3357 cm-1 (0.10% LEO). The broad 

peak at 3600–3000 cm-1 indicates the 

stretching vibrations of O–H and –NH groups, 

which are attributed to  the presence of 

chitosan in the film (Jha, 2021). The shift from 

3286 cm-1 to 3278–3357 cm-1 suggests that 

intermolecular hydrogen bonding formed 

between starch, chitosan, and LEO (Jha, 2021). 

The broad band in this range was attributed 

to free intermolecular O–H stretching in 

starch granules and to water absorption 

during the gelatinization of a starch-chitosan 

film solution (Nagar et al., 2020). 

A peak at 2918-2923 cm-1, as shown in 

Figure 2, indicates C-H stretching in starch 

and chitosan. The S-CH-LEO 0.20% film 

shows a peak at 2888 cm-1, corresponding to 

C-H stretching of aliphatic chains present in 

LEO components. Other than that, distinctive 

peaks were observed at 1647-1636 cm-1, 

corresponding to the peak of pure chitosan 

due to the presence of a carbonyl group 

(C=O stretching vibrations, amide I) and NH 

bending (amide II) (Jha, 2021). Next, the 
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functional group of α-citral is an unsaturated 

aldehyde, which shows a strong C=O bond 

absorption at around 1600 cm–1. The peak 

around 1018-1029 cm-1 was assigned to C-O-

C stretching vibrations of the glycosidic 

linkages in starch and chitosan, confirming 

that the polysaccharide backbone remains 

structurally intact after oil incorporation. The 

shift of peak from 2223 to 2336 cm-1 for S-

CH-LEO 0.15% and S-CH-LEO 0.20% were 

attributed to CN or C=O stretching of citral 

components, confirming the presence of LEO. 

 

 

Figure 1. GCMS chromatogram of lemongrass essential oil 

 

Figure 2. FTIR Analysis of Starch-Chitosan Film with LEO
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Mechanical Properties of Film 

From Table 3, the tensile strength for 

starch-chitosan film was 1.105 MPa. The 

addition of LEO resulted in lower tensile 

strengths, ranging from 0.143 MPa to 0.873 

MPa. However, among S-CH-LEO films, the 

increase of LEO from 0.05% to 0.15% had 

increased the tensile strength. Further 

increase of LEO to 0.20% caused a decrease 

in tensile strength. The range of tensile 

strength values in this study was consistent 

with those reported by Resianingrum et al. 

(2016), who reported tensile strengths of 0.47 

MPa to 0.52 MPa when 0.25% to 1.0% 

lemongrass oil was added to cassava starch 

films.  

 

Table 3. Thickness, elongation break, and 

tensile strength of the film 

Sample 
Tensile 

strength (MPa) 

Elongation 

break (%) 

Contact 

angle (°) 

S-CH 1.105 ± 0.04 42.60 ± 6.60 44.70 ± 0.89 

S-CH-LEO-

0.05% 
0.143 ± 0.01 3.81 ± 0.63 52.30 ± 2.10 

S-CH-LEO-

0.10% 
0.245 ± 0.12 6.47 ± 2.15 55.80 ± 2.36 

S-CH-LEO-

0.15% 
0.873 ± 0.19 8.63 ± 1.81 71.50 ± 2.82 

S-CH-LEO-

0.20% 
0.411 ± 0.03 37.63 ± 1.05 84.80 ± 3.90 

 

Wang et al. (2022) also observed an 

increase in tensile strength up to a certain 

concentration, followed by a decrease. They 

explained that water hydrates the polymer 

matrix in the membrane, thereby increasing 

film stability and, correspondingly, tensile 

strength. However, at higher concentrations 

of essential oil, its hydrophobicity can disrupt 

the strong cross-linking between cassava 

starch and chitosan macromolecules, thereby 

reducing tensile strength. 

Besides, Wang et al.  (2021) reported that 

the incorporation of clove bud essential oil 

caused a decrease in the tensile strength. 

They linked the microstructural cracks in the 

integrated essential oils to disturbances in the 

film matrix and a decrease in its structural 

integrity, leading to a decrease in tensile 

strength. In a study by Fangfang et al. (2020), 

the incorporation of virgin coconut oil 

reduced the tensile strength of potato starch 

films, with the reduction increasing cohesion 

as the oil increased. 

 Meanwhile, the starch-chitosan film 

exhibited an elongation at break of 42.6%. 

The incorporation of 0.05%, 0.10%, and 0.15% 

LEO drastically reduced elongation at break 

to 3.18%, 6.47%, and 8.63%, respectively. This 

reduction indicates that the films became less 

flexible and more brittle with the 

incorporation of LEO. Similar findings were 

reported by Resianingrum et al. (2016) when 

lemongrass oil was added to a cassava starch 

film. LEO reduced the elongation at break, 

suggesting weaker intermolecular 

interactions between polymeric chains (Souza 

et al., 2013). Moreover, Perdana et al. (2021) 

reported that incorporating LEO weakens the 

film’s structure, making it more brittle and 

less stretchy. 

 The decrease in tensile strength and 

elongation at break with increasing LEO 

suggests a weakening of the film's network 

and the formation of a more brittle structure. 

Similar findings were reported by do 

Evangelho et al. (2019) when orange essential 

oils were added to corn starch films; both 

tensile strength and elongation at break 

decreased. In this study, the increase in LEO 

decreases tensile strength and lowers 

flexibility.  

 

Water Contact Angle of Film 

The water contact angle indicates the 

wettability of the film surface. A film with a 

water contact angle greater than 65° is 

considered a hydrophobic (Cao & Song, 

2019). Table 3 shows the water contact angle 

for the starch-chitosan films with and without 
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LEO. The starch- chitosan film had a water 

contact angle of 44.70°. The incorporation of 

0.05%, 0.10%, 0.15% and 0.20% LEO 

increased the water contact angle to 52.30°, 

55.80°, 71.50°, and 84.80°, respectively. The 

increase in water contact angle indicates 

decreased wettability, making the films more 

hydrophobic, especially those with 0.15% and 

0.20% LEO.  

According to Dhumal et al. (2019), 

essential oils are hydrophobic; thus, adding 

them to the film increases the water contact 

angle by making the surface more 

hydrophobic. An increase in hydrophobicity 

was also reported for films incorporated with 

soybean oil (Gao et al., 2020), oregano oil 

(Cao & Song, 2019), and lemongrass oil (Cruz 

et al., 2023). Srivastava, Singh, & Das (2024) 

stated that the hydrophobic nature of 

peppermint essential oil had increased the 

hydrophobicity of corn starch biocomposite 

films by reducing the polar groups in the 

starch. Similarly, this study found that the 

water contact angle of starch-chitosan films 

increased with increasing LEO, indicating 

improved hydrophobicity. 

 

  

Film Morphology 

FE-SEM images provide useful 

information on the film’s structure, including 

homogeneity, lamination, and the presence 

of pores, cracks, or rough surfaces (Cheng et 

al., 2021). Figure 3 shows varying degrees of 

roughness and porosity of starch-chitosan 

film incorporated with LEO. The starch-

chitosan film without LEO has a smoother 

surface than the films with LEO, indicating 

that the starch-chitosan films are 

homogeneous and compact, with no phase 

separation.  

Similarly, Song, Zuo, & Chen (2018) found 

that the film surface without lemon essential 

oil shows a smooth, uniform texture. The 

incorporation of 0.05% to 0.20% LEO resulted 

in a greater number of micropores on the 

surface of starch-chitosan films. The surface 

of S-CH-0.10% films was rough, with some 

particles sticking out. As the amount of LEO 

increased to 0.15% and 0.20%, the surface 

became even rougher, and more particles 

appeared. This change in surface structure 

was caused by the phase separation between 

the essential oil and the starch-chitosan film 

matrix throughout the casting process (do 

Evangelho et al., 2019).  

 

   

  

Figure 3. FE-SEM of film a) Starch-Chitosan, b) Starch-Chitosan-LEO 0.05%, c) Starch-Chitosan-

LEO 0.10%, d) Starch-Chitosan-LEO 0.15% and e) Starch-Chitosan-LEO 0.20% 

(a) (b) (c) 

(d) (e) 
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The oil’s hydrophobic nature, along with 

its higher density relative to the starch-

chitosan solution, destabilized the film-

forming solution, leading to uneven, brittle 

film structures (do Evangelho et al., 2019). 

Meanwhile, Han Lyn & Nur Hanani (2020) 

found creases and folds formed on the 

surface of chitosan film incorporated with 

lemongrass oil were likely due to phase 

separation between chitosan and lemongrass 

oil, as well as the buildup of oil droplets on 

the film’s surface. 

The surface morphology was linked to 

the film’s tensile strength. Medina-Jaramillo 

et al. (2017) stated that films with greater 

homogeneity and surfaces with fewer pores 

and cracks could exhibit better mechanical 

and barrier properties. The findings in this 

study were consistent with the literature, 

which states that adding lemongrass 

essential oil to starch-chitosan films 

produced a rougher surface and more pores, 

which correlated with a lower tensile strength 

of the S-CH-LEO film compared to the S-CH 

film. However, among S-CH-LEO films, the 

tensile strength did not correlate with the 

surface morphology. The tensile strength of 

S-CH-LEO film increased with increasing LEO, 

although the FE-SEM images show a non-

homogeneous surface for S-CH-LEO film. As 

stated by Puscaselu et al. (2022), this may be 

explained by the internal microstructure, 

which still contains finely dispersed LEO 

droplets that act as reinforcing fillers when 

the dispersion is uniform. The oil droplets can 

reinforce polymer matrices even though the 

surface morphology becomes rougher. 

 

CONCLUSIONS 

 

In conclusion, this study demonstrated 

that incorporating lemongrass essential oil 

(LEO) into starch-chitosan film modified their 

properties. α-Citral was identified as the 

primary component of LEO and which was 

expected to alter the physicochemical 

characteristics of the starch-chitosan film. The 

incorporation of LEO increased the films' 

hydrophobicity, as proved by the high-water 

contact angle. The mechanical properties 

show that incorporating LEO up to 0.15% 

increased tensile strength. Morphological 

analysis revealed that higher LEO 

concentrations led to rougher surfaces and 

increased microporosity. Among all film 

samples, the S-CH-LEO 0.15% film was the 

best formulation with a tensile strength of 

0.873 MPa, an elongation at break of 8.63% 

and a contact angle of 71.50. Although 

incorporating LEO reduced the film’s tensile 

strength, the resulting film still demonstrated 

enhanced moisture resistance, suggesting 

functional potential for packaging of 

moisture-sensitive food. The findings 

highlight the feasibility of combining natural 

biopolymers and essential oils to produce 

eco-friendly, and antimicrobial films from 

biodegradable materials and a natural 

additive. The bioactive compounds found in 

this study were potentially working as an 

antimicrobial agent. However, the efficacy of 

those bioactive compounds in LEO within the 

polymer matrix against foodborne 

microorganisms should be verified in future 

studies. The effectiveness of the starch-

chitosan-LEO film for real food packaging 

needs to be evaluated by assessing barrier 

performance (water vapor and oxygen 

permeability), biological protection against 

bacteria, and environmental stability.  
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