


Development and Characterization of Rice Starch–Lemon Essential Oil Nano- emulsion-Based Biodegradable Films for Active Food Packaging
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The current crisis of plastic pollution urges the development of high-performance and biodegradable packaging alternatives. This brings into focus the use of biopolymers like rice starch for the development of active food packaging. Accordingly, this study aimed at the development and characterization of rice starch films incorporated with lemon essential oil using nanoemulsion technology and comparing their performances with those of bulk emulsion and control films. The LEO nanoemulsion had a significantly smaller mean particle size (87.3 ± 56 nm) and a higher colloidal stability, as depicted by a high zeta potential (-62.8 mV) and low polydispersity index of 0.24, than the bulk emulsion, which had particle sizes in the range of 4251.2 ± 1297 nm. The nanoemulsion-based films in this study, RS+LEONE, depicted enhanced physical properties comprising improved mechanical strength of about 16.8 ± 1.1 MPa and better transparency of about 76.8 ± 2.5% transmittance, and also enhanced water resistance, depicted by a lower moisture content and lower solubility of 9.0 ± 0.7% and 21.1 ± 2.0%, respectively. As such, RS+LEONE film also illustrated better functional efficacy, showing higher antioxidant activity of 99.03 ± 0.94% and higher antimicrobial activity against both Escherichia coli and Staphylococcus aureus with 11.0 ± 0.7 and 13.0 ± 0.8 mm, respectively. In general, the nanoemulsion film outperformed its bulk emulsion and control film counterparts for all the evaluated parameters. The rice starch-LEO nanoemulsion film developed herein, therefore, remains highly promising and functional for active biodegradable food packaging applications.
Keywords: Nanoemulsion, Lemon essential oil, Active Packaging, Antimicrobial activity
Introduction
The high reliance on petroleum-based polymers in food packaging has engendered a catastrophic environmental crisis, depicted by increased plastic pollution globally and pervasive ecological contamination (Geyer et al., 2017). These non-renewable materials resist natural degradation and are among the leading contributors to landfills and microplastic pollution of marine and terrestrial ecosystems (Jambeck et al., 2015). This alarming scenario has fueled the demand for sustainable and biodegradable food packaging from renewable biological resources urgently (Rhim et al., 2013).
Biopolymers, in this context, have emerged as promising materials for the next generation of packaging systems. Among them, the most attractive are polysaccharides, including starch, cellulose, and chitosan, due to their abundance, low cost, biodegradability, nontoxicity, and excellent film-forming properties. Starch-based edible and biodegradable films have gained considerable attention due to the fact that they arise from renewable agricultural crops and provide essential barrier protection while considerably minimizing the environmental footprint of packaging waste.
Among plant starches, rice starch is exceptionally important in packaging because it is widely available and can be supplied sustainably (Shi et al., 2018). Rice starch demonstrates good film-forming abilities, especially if rich in amylose, yielding transparent, flexible, and food-safe films with the ability for direct contact with foodstuffs (Li et al., 2020; Laohakunjit & Noomhorm, 2004). However, most of the limitations are evident in the inherent properties of native rice starch films, including high moisture sensitivity, poor water resistance, brittleness, and lack of intrinsic bioactivity (Woggum et al., 2015; Han et al., 2018). The concept of active packaging has been adopted as a response to these deficiencies. In general, packaging materials in active packaging are intentionally designed to interact with the food system to improve safety and extend shelf life (Appendini & Hotchkiss, 2002). It is common practice that the active functionality of packaging is achieved by adding natural additives to the formulation, which often have antimicrobial and antioxidant characteristics (Lang & Buchbauer, 2012). Among various natural bioactive compounds, EOs have gained significant acceptance due to their rich antioxidant and antimicrobial activities (Burt, 2004). These volatile compounds have shown immense ability to act against microbial growth and delay oxidative spoilage in food systems (Ben Hsouna et al., 2017).
Lemon essential oil (LEO), rich in limonene, β-pinene, and γ-terpinene, demonstrates high broad-spectrum antimicrobial activity against Gram-positive and Gram-negative bacteria, Staphylococcus aureus and Escherichia coli, respectively, with significant antioxidant potential (Ben Hsouna et al., 2017; Liu et al., 2022). However, despite all these advantages, the major incorporation of essential oils into hydrophilic starch matrices still poses big challenges because of problems like phase separation, reduced transparency, weakened mechanical properties, and loss of volatile compounds during processing and storage (Weiss et al., 2008; Restrepo et al., 2018; Pranoto et al., 2005).
Nanoemulsion technology has emerged as a highly effective strategy to overcome these limitations. Nanoemulsions are ultra-fine oil droplets in the size range of 20-200 nm that provide enhanced kinetic stability, homogeneous dispersion, and improved optical clarity when incorporated into biodegradable polymer matrices. The nanoscale dispersion of essential oils significantly enhances the bioavailability, antioxidant efficiency, and antimicrobial performance owing to greater interfacial surface area and improved interaction with microbial cells (Lou et al., 2017).
Moreover, nanoemulsified essential oils enhance the water resistance and mechanical integrity of starch-based films through reduced moisture absorption and preservation of polymer network continuity. However, Kalateh-Seifari et al. (2021) and Singh et al. (2023) conducted a systematic comparative study to investigate the performance of rice starch films incorporated with lemon essential oil in nanoemulsion and bulk emulsion forms.
Therefore, the aim of this study was to develop and comparatively appraise rice starch-based biodegradable films incorporated with lemon essential oil in bulk emulsion and nano emulsion forms for active food packaging applications. The objective of this paper was thus to characterize nano emulsions and compare the mechanical, optical, moisture-related, antioxidant, and antimicrobial properties of control rice starch films, bulk emulsion, and nano emulsion incorporated rice starch films.
Materials and Methods
Materials
The rice starch powder 99% (NUMEX CHEMICAL PRODUCTS, INDIA), Glycerol (SRL Pvt. Ltd., Mumbai), and Tween 80 (HI MEDIA) used are of analytical grade. Lemon essential oil (BRM Herbals) is used for the experiment. 
Film Preparation 
A 2% (w/v) starch solution was prepared by dissolving rice starch powder in distilled water, heating and stirring until it gelatinised (85°C for 5 min). It was then cooled to 45±2°C. Sorbitol was added as 40% of the starch and mixed well for 10 minutes. The Lemon essential oil nanoemulsion was added and stirred continuously for 10-15 minutes. The solution was further cast on the silicone trays and peeled off after drying at 50°C. The total of 3 film compositions is made and labelled accordingly i.e. Rice starch control (RS), Rice starch with Lemon essential oil bulk emulsion (RS+LEO), and Rice starch with Lemon essential oil nanoemulsion (RS+LEONE).
Film tests
Thickness
A precision digital micrometer (Digimatic Indicator, Mitutoyo Corporation, Japan) was used to measure the films' thickness at five different random points on the film, to the nearest 0.0001 (±5%). Tensile strength (TS) was measured using the mean thickness values for each sample.
Tensile strength (TS) and elongation at break (E)
The mechanical properties like tensile strength (TS) and Elongation at Break (EAB) were measured using LLOYD UTM LRx Plus from AMETEK Instruments India Pvt Ltd., India. Five sample strips (25x100mm) of each formulation were cut and clamped between grips. Force (N) and deformation (mm) were recorded during extension at 0.2 mm/s and with an initial distance between the grips of 50 mm. The parameters determined were: Tensile Strength (MPa) and Elongation at break (%). The samples were conditioned in a dessicator with a relative humidity of 50% for a day before the mechanical assays.
Optical Properties
The optical properties like Haze, Transmittance and Colour are measured. The Haze and transmittance property is measured using Haze meter equipment from CHN Spec Technology (Zhejiang) Co., Ltd., China. Colour is measured using ColorFlex by Hunter Associates Laboratory Inc., Reston, Virginia, through the lightness/brightness (L∗), redness/greenness (a∗) and yellowness/blueness (b∗) parameters.
Water-related properties
The moisture percentage and solubility were measured by the method previously used by (Liu et al., 2020, p. 20).
Antioxidant and Antimicrobial Activity
The DPPH assay was used to determine the antioxidant activity, and the well diffusion assay of the films was performed to check the antimicrobial activity of the films.
Particle size, Zeta potential, and PDI
The particle size, zeta potential and PDI were estimated by the particle size analyser via DLS method.
Results and Discussion
Thickness
The thickness of the obtained film (Figure 1) was altered as a function of the lemon EO absorption form. The average thickness of rice starch film was 0.06 ± 0.02 mm, which could indicate the production of relatively thin and homogeneous matrices under the casting conditions used (Laohakunjit & Noomhorm, 2004). Incorporation of lemon EO as a bulk emulsion significantly increased film thickness due to the presence of oil droplets dispersed throughout the coating, which disturbs polymer chain packing, resulting in a more expanded coating structure (Martins et al., 2021a). Films produced with lemon EO nanoemulsion were thicker than EO's bulk emulsion films, confirming better dispersion of the EO at the nanoscale and a denser polymer network (Kalateh-Seifari et al., 2021a). Overall, these findings show that even though the addition of EO enhances the thickness of the film, NE-based systems ensure control over the film structure and homogeneity.
Tensile and Elongation at break

Figure 1: Mechanical Properties of the Films
Incorporation of lemon EO significantly affected the mechanical properties of rice starch-based films, as shown in Table 1. The rice starch film exhibited the highest tensile strength but a low elongation at break, indicating the inherently brittle nature of the starch matrix (Laohakunjit & Noomhorm, 2004). Conversely, films with lemon EO in bulk emulsion form showed a significant decrease in tensile strength, associated with a considerable increase in elongation at break, reflecting the strong plasticising effect of the oil phase and disruption of intermolecular interactions within the starch network (Kalateh-Seifari et al., 2021a; Martins et al., 2021b). Films prepared with nanoemulsified lemon EO exhibited an intermediate mechanical performance, showing higher tensile strength and slightly lower elongation at break compared to the films containing lemon EO in bulk emulsion form (Singh et al., 2023). Such balanced performance could be related to the improved dispersion of EO at the nanoscale level, leading to the more efficient transfer of stress and, hence enhancing flexibility without excessive loss of mechanical strength.
Optical Properties

Figure 2: Optical Properties of the Films
Incorporation of lemon EO significantly affected the optical and colour properties of rice starch–based films as shown in Figure 2. The rice starch film showed low haze and high light transmittance, reflecting a transparent film structure, which was further confirmed by its high lightness value with minimal chromaticity (Laohakunjit & Noomhorm, 2004). Films containing lemon EO as a bulk emulsion showed a significant increase in haze and a corresponding decrease in transmittance, indicating increased light scattering from (Restrepo et al., 2018) larger heterogeneously dispersed oil droplets. These films also showed reduced lightness with a significant increase in yellowness, typical of lemon EO incorporation (Zhou et al., 2021). Films prepared with lemon EO nano emulsion exhibited an intermediate optical behaviour; they had a lower value for haze and higher value for transmittance than the respective films with bulk emulsion and an improved lightness and reduced yellowness compared to the ones with lemon EO bulk emulsion. Overall, the results suggest that nano emulsion incorporation improves optical clarity and colour uniformity due to finer EO dispersion within the starch matrix.
Water-related Properties

Figure 3: Water related properties of the films
Incorporation of lemon EO significantly affected the water-related properties of rice starch–based films as shown in Figure 3. The neat 3% rice starch film presented high moisture content and higher water solubility, which reflects the hydrophilic nature of starch and the availability of a high number of accessible hydroxyl groups in the polymer matrix (Woggum et al., 2015). However, when EO was incorporated into the film as a bulk emulsion, the moisture content and film solubility significantly decreased, which indicated improved water resistance because of the incorporation of hydrophobic oil domains that prevent or hinder water penetration and polymer–water interactions (Song et al., 2018). Films prepared with lemon EO nanoemulsion showed the lowest moisture content and solubility, suggesting that the finer nanoemulsion reduces moisture intake and dissolution in water more effectively (Kalateh-Seifari et al., 2021b). These results conclude that nanoemulsion-based incorporation of lemon EO is more efficient than using bulk emulsions in improving the water resistance of rice starch films.
Particle size, zeta potential and PDI
Table 1: Particle size, zeta potential and PDI of bulk emulsion and nanoemulsion
	Film type
	Particle size
	Zeta potential
	PDI

	RS+LEO
1:3(oil: Tween 80)
	4251.2±1297 nm
	-45.3 mV
	0.41

	RS+LEONE
1:3(oil: Tween 80)
	87.3±56 nm
	-62.8 mV
	0.24



The particle size, zeta potential, and polydispersity index of lemon EO incorporated rice starch films clearly provide evidence of the influence of emulsion type on dispersion stability. Indeed, the bulk emulsion–based film exhibits large mean particle size and a relatively high polydispersity index, which indicates a broader particle size distribution and lower homogeneity. Such large droplet sizes are characteristic of coarse emulsions obtained through conventional mixing and indicate poor interfacial stabilization of droplets of lemon EO in the starch matrix (Han et al., 2025a). The zeta potential reflects moderate electrostatic stability; however, the combination of large droplet size with higher polydispersity index may promote droplet aggregation during the formation of films, which may adversely affect the functional performance (Medina‐Pérez et al., 2019).
On the other hand, the rice starch-lemon EO nanoemulsion film exhibited a significantly reduced mean particle size, along with a lower PDI value, confirming the development of a finer and more homogeneously dispersed system. The highly increased negative zeta potential reflects increased electrostatic repulsion between droplets, contributing to the superior stability of emulsions. The improved nanoscale dispersion ensures better distribution of EO within the starch network, which is in concert with the enhanced antioxidant and antimicrobial properties observed for nanoemulsion-based films.
Antioxidant and Antimicrobial Properties
Table 2: Antimicrobial and Antioxidant Activity of the Films
	Film type
	Antioxidant activity (%)
	Antimicrobial activity (E. coli)
	Antibacterial activity (Staphylococcus aureus)

	RS
	10.26 ± 0.62
	Nil
	Nil

	RS+LEO
	86.97 ± 1.85
	5.0 ± 0.4 mm
	9.0 ± 0.6 mm

	RS+LEONE
	99.03 ± 0.94
	11.0 ± 0.7 mm
	13.0 ± 0.8 mm



Antioxidant and antimicrobial activities of rice starch–based films incorporated with lemon essential oil (EO) are presented in Table 2. The antioxidant activity of the control rice starch film was very low due to the absence of phenolic or bioactive constituents in the starch matrix. Also, any detectable antimicrobial or antibacterial activity against Escherichia coli or Staphylococcus aureus was not observed for the control film, confirming that native rice starch does not have any inherent antimicrobial properties. In contrast, the incorporation of lemon EO in a bulk emulsion form into these films definitely improved its functional performance remarkably, giving rise to an antioxidant activity and notable antimicrobial effects against both E. coli and S. aureus. This is mainly because of the presence of bioactive compounds in lemon EO like limonene and other terpenoids which are known for radical-scavenging and membrane-disrupting properties (Ben Hsouna et al., 2017).
A further significant improvement was obtained by incorporating lemon EO in nanoemulsion form. Amongst the prepared systems, rice starch-lemon EO nanoemulsion film displayed the highest values for antioxidant activity and antimicrobial efficacy against E. coli and S. aureus at 11 and 13 mm, respectively (T. Liu et al., 2022). This supports the fact that increasing the surface area by decreasing droplet size improves the distribution of EO in the starch matrix, thus improving its interaction with microbial cell membranes (Lou et al., 2017). The higher sensitivity of S. aureus than E. coli is in agreement with structural features of cell walls of Gram-positive and Gram-negative bacteria (Han et al., 2025b). From all the above discussions, one can see that nanoemulsification is an efficient strategy to maximize the functionality of EO-incorporated starch films, holding huge promise for active and biodegradable food packaging.
Conclusion
In the current study, rice starch-based biodegradable films were developed and their functionalities successfully improved with the addition of LEO in nano emulsion form. The prepared nano emulsion showed a much smaller droplet size with superior physicochemical stability compared to the bulk emulsion, which proved the efficacy of nano emulsification.
The improved LEO dispersion in the rice starch matrix directly translated to improved film performance. The nanoemulsion-containing films indeed possessed better mechanical properties and higher transparency compared to the bulk emulsion films, an indication of a more homogeneous and continuous polymer network. These films also showed lower moisture content and reduced water solubility, which indicated increased resistance to water uptake along with enhanced structural stability.
Functionally, nano emulsion films exhibited significantly higher anti-oxidant activities, coupled with much stronger antimicrobial activities against Escherichia coli and Staphylococcus aureus when compared with the control and bulk emulsion films. These confirm, quite clearly, that nano-emulsification indeed acts to improve bioactivity and controlled release behaviour for lemon essential oil within a starch matrix.
In general, nano emulsion films were superior to bulk emulsion and control films in all respects: mechanical, optical, moisture-related properties, antioxidant, and antimicrobial activities. The results establish beyond doubt that the nano emulsion-based delivery of lemon essential oil is an extremely effective approach to improve functional performance of rice starch-based biodegradable films. These nano emulsion films hold great promise as sustainable active food packaging material with the potential to enhance food safety, prolong shelf life, while reducing reliance on conventional plastic packaging.
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Mechanical Properties of Films

Tensile strength (MPa)	0.06  mm	0.09 mm	0.07  mm	RS	RS+LEO	RS+LEONE	21.5	14.2	16.8	Elongation at break (%)	0.06  mm	0.09 mm	0.07  mm	RS	RS+LEO	RS+LEONE	8.5	22.8	18.899999999999999	



Optical Properties

RS	Haze (%)	Transmittance (%)	L* (lightness)	a*	b*	12.4	88.6	92.4	0.4	2.1	RS+LEO	Haze (%)	Transmittance (%)	L* (lightness)	a*	b*	34.700000000000003	65.2	86.1	0.8	12.6	RS+LEONE	Haze (%)	Transmittance (%)	L* (lightness)	a*	b*	22.1	76.8	88.9	0.5	9.3000000000000007	



Moisture content (%)	RS	RS+LEO	RS+LEONE	19.8	11.2	9	Film solubility in water (%)	RS	RS+LEO	RS+LEONE	43.6	24.3	21.1	






