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Food packaging is a significant contributor to plastic waste, prompting a 

search for sustainable alternatives. Among these alternatives, modified 

starch-based materials have emerged as promising solutions due to their 

biodegradability, renewability, and abundance. However, the hydrophilic 

nature, poor mechanical properties, and limited thermal stability of native 

starch pose challenges for its use in food packaging. This review explores 

various modification techniques—chemical, physical, and enzymatic—that 

enhance the performance of starch-based materials for food packaging. The 

methods discussed include acetylation, crosslinking, heat-moisture 

treatments, and enzymatic hydrolysis, each improving the material's strength, 

flexibility, and barrier properties. Results demonstrate that starch 

modifications significantly improve the mechanical, thermal, and water vapor 

barrier properties of packaging films. Notably, the combination of modified 

starch with other biopolymers such as chitosan or gelatin further enhances 

these properties, making them suitable for active packaging applications. The 

incorporation of antimicrobial agents and nanofillers into starch-based films 

has expanded their functionality, enabling food shelf-life extension and 

quality monitoring. Despite these advancements, challenges remain in 

balancing the biodegradability and durability of starch-based films. Future 

research should focus on optimizing modification processes, enhancing 

scalability, and addressing regulatory concerns to ensure the commercial 

viability of modified starch as an eco-friendly packaging material. 
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1. INTRODUCTION 

Plastic has been widely used in the packaging industry because it is strong, lightweight, and easy to shape. 

However, after it’s used, most plastic ends up as waste that doesn’t break down, staying in the environment for 

hundreds of years. Food packaging is one of the biggest sources of this plastic waste [1][2]. To help reduce the 

use of plastic in food packaging, we need alternative materials that can do the same function but are more 

environmentally friendly [3][4]. 

Growing awareness of environmental protection and circular economy practices has driven researchers 

and industries to explore biodegradable materials that can replace conventional petroleum-based plastics. 

Among these alternatives, polysaccharide-based materials such as starch, cellulose, and chitosan have gained 

significant attention due to their abundance and biodegradability [5][6]. Among these, starch stands out as one 

of the most promising candidates because of its low cost, renewability, and wide availability from various 

sources such as corn, potato, cassava, and rice [7][8][9].  

Starch, a renewable polysaccharide polymer, has been extensively studied and has attracted significant 

commercial interest for sustainable packaging applications [10][11]. It has the potential to replace conventional 

plastics in various applications, particularly in the packaging industry. Its biodegradability, renewability, 

abundance, and low cost make starch one of the most suitable materials for developing environmentally 

friendly packaging alternatives [12][13]. 

Despite these advantages, several limitations hinder the broader commercial application of starch. These 

include its hydrophilic nature, limited thermal and mechanical stability, rapid degradability, and the presence 

of strong intra- and intermolecular hydrogen bonding within the polymer chains, all of which affect its melt 

processability and end-use performance [10],[14]. Starch-based materials are particularly sensitive to moisture, 

which can lead to poor water vapor barrier properties and reduced tensile strength [15][16]. Although the use 

of plasticizers can improve melt processability, the overall material performance remains limited under certain 

conditions.  

To overcome these challenges, starch requires modification strategies that enhance its physicochemical, 

thermal, and mechanical characteristics. Starch can be modified using physical treatments (e.g., annealing, 

heat-moisture), chemical treatments (e.g., acetylation, oxidation, crosslinking), enzymatic methods, or 

blending with other biopolymers to improve its performance [17][18]. These approaches aim to reduce water 

sensitivity, enhance barrier properties, and increase the durability of starch-based films for food packaging. 

In recent years, modified starch has shown remarkable improvement in its functional properties, including 

enhanced tensile strength, flexibility, and water vapor barrier performance, making it comparable to 

conventional plastics in some applications [19][20]. Incorporation of active agents (such as antimicrobials or 

natural antioxidants) and nanofillers has further expanded the functionality of starch-based films, allowing the 

development of active and intelligent packaging systems that can extend food shelf life and monitor food 

quality [21][22]. 

This review contributes to provide a comprehensive overview of the various starch modification 

techniques and their effects on the functional properties of starch-based packaging materials. Emphasis is 

placed on how chemical, physical, and biological treatments can enhance mechanical, barrier, and thermal 

properties. The review also discusses recent innovations, applications, and challenges for scaling up modified 

starch-based materials in the food packaging industry. By highlighting these developments, this article 

underscores the potential of modified starch as a sustainable and eco-friendly alternative to conventional 

plastics. 

 

2. METHODS 

This review is based on literature collected from ScienceDirect and Google Scholar, focusing on 

publications from 2010 to 2024. Keywords such as "modified starch," "starch-based packaging," 

"biodegradable food packaging," "chemical modification," "physical modification," and "enzymatic 

modification" are used to identify relevant studies in titles, abstracts, and keywords. The material included is a 

peer-reviewed research article, a review paper, and a book chapter that discusses starch modification methods, 

its effects on material properties, and their application in food packaging. Studies that only focus on real starch, 

less relevant to packaging, or not reviewed by peers are excluded. After an initial screening of more than 200 

results, around 80 relevant and high-quality publications were selected for full review. These sources form the 

basis for discussing the potential of modified starch in sustainable food packaging. 

 

3. RESULT AND DISCUSSION 

3.1. Types of Starch Modifications 

Starch can be modified through chemical, physical, and biological (enzymatic) methods to alter its 

structure and improve its functional properties for food and industrial applications can be seen in Figure 1 [23]. 



ISSN: 2685-9572 Buletin Ilmiah Sarjana Teknik Elektro  17 

 Vol. 8, No. 1, February 2026, pp. 15-32 

 

 

Isnainul Kusuma (Modified Starch-Based Materials for Sustainable Food Packaging) 

Each modification approach induces specific changes at the molecular level, particularly in the arrangement 

and interaction of amylose and amylopectin chains, resulting in altered physicochemical behavior [24][25] . 

 

 
Figure 1. Starch modification methods 

 

Chemical modification involves the introduction of chemical groups into the starch molecule, typically 

through processes such as acetylation, cross-linking, oxidation, or phosphorylation. These treatments change 

the native starch structure by modifying the hydroxyl groups, disrupting the original hydrogen bonding network 

[23],[26]. As a result, the starch becomes more resistant to enzymatic digestion, leading to an increase in 

resistant starch content [27]. Additionally, chemical modifications can improve thermal stability, reduce 

retrogradation, enhance water retention, and provide better textural properties in processed foods [28]. 

In contrast, physical modification alters starch structure through non-chemical means such as heating, 

cooling, and mechanical treatment. A common example is autoclaving-cooling, where the starch undergoes 

gelatinization followed by retrogradation [29][30]. This cycle promotes the rearrangement of amylose chains 

into more ordered, crystalline regions, forming resistant starch type 3 (RS3) or amylose-lipid complexes (RS5) 

[31]. Physical treatments improve properties like water holding capacity, swelling power, and thermal stability, 

making the starch more suitable for applications requiring enhanced texture, shelf life, or slow digestibility 

[23]. 

Biological or enzymatic modification employs specific enzymes, such as α-amylase or pullulanase or 

microbial fermentation to selectively hydrolyze starch molecules [32]. These methods break glycosidic bonds 

in a controlled manner, producing smaller, functional starch fragments or facilitating the formation of resistant 

starch type 4 [33]. The enzymatic modification can tailor starch for improved digestibility, prebiotic activity, 

or enhanced functionality in emulsification and film-forming applications [34]. Overall, each type of starch 

modification affects the molecular structure in a unique way, contributing to improved nutritional, functional, 

or sensory properties depending on the intended use of the final product. 

 

3.1.1. Chemical Modifications 

Native starch exhibits promising properties such as biodegradability, renewability, and film-forming 

ability, making it attractive for sustainable food packaging [35][36]. However, its inherent limitations, such as 

poor water resistance, low mechanical strength, and high retrogradation tendency, limit its direct application. 

To overcome these drawbacks, chemical modifications are widely applied to tailor the physicochemical 

properties of starch and enhance its functionality in food packaging films. Key modification methods include 

acetylation, oxidation, crosslinking, and graft polymerization, each introducing distinct structural changes that 

improve film performance [37]. Acetylation involves the introduction of acetyl groups (-COCH₃) into the 

starch backbone, which reduces hydrogen bonding and increases hydrophobicity [38]. This modification 
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lowers the gelatinization temperature and enhances flexibility and transparency of the films. It also significantly 

improves water resistance, a critical feature for packaging high-moisture foods [39]. 

Oxidized starch, produced by treating starch with oxidizing agents like sodium hypochlorite, introduces 

carbonyl and carboxyl groups, increasing film-forming ability and transparency while also reducing viscosity. 

However, oxidation can decrease tensile strength due to chain scission, so optimization is crucial [40]. 

Crosslinking is another widely applied modification that improves starch film stability by forming covalent 

bonds between starch chains, resulting in a more compact structure [24]. This enhances mechanical strength, 

thermal stability, and resistance to swelling, making it highly suitable for packaging applications that involve 

moisture or elevated temperatures [41]. Common crosslinking agents include sodium trimetaphosphate 

(STMP), citric acid, or epichlorohydrin [42]. Films made from crosslinked starch exhibit less retrogradation 

and improved durability during storage. 

Additionally, graft polymerization, in which synthetic or natural monomers are grafted onto the starch 

backbone can produce starch-based copolymers with enhanced functional properties [43]. This method enables 

the introduction of tailored functionalities such as antimicrobial activity, increased hydrophobicity, or UV 

resistance, depending on the grafted polymer [44]. For instance, grafting acrylic acid or polycaprolactone onto 

starch can significantly improve film elasticity and barrier properties [37]. Overall, chemical modification of 

starch is a powerful strategy to overcome the native limitations of starch and create advanced materials tailored 

for food packaging. Each technique offers specific benefits, and combinations of these methods are often 

employed to balance mechanical strength, barrier properties, biodegradability, and visual appeal. 

 

3.1.2. Physical Treatments 

Physical modification methods offer an eco-friendly and cost-effective approach to improving the 

properties of native starch without introducing chemical reagents [17]. Among the most commonly applied 

physical treatments are heat-moisture treatment (HMT), annealing (ANN), and ultrasonication, each of which 

alters the crystalline structure and functional behavior of starch granules. These methods are particularly 

valuable for developing biodegradable packaging materials because they maintain the natural and non-toxic 

profile of starch while enhancing its mechanical, thermal, and barrier properties [45]. 

Heat-moisture treatment (HMT) involves subjecting starch to relatively low moisture (usually <35%) and 

high temperature (90–120 °C) for a specific duration [45]. HMT disrupts the crystalline arrangement and 

induces molecular reorganization, which leads to reduced swelling power, improved thermal stability, and 

enhanced film resistance to water vapor permeability [46]. This treatment also contributes to stronger 

intermolecular bonding, thus increasing tensile strength and decreasing film solubility, important traits for 

packaging integrity [17]. Similarly, annealing (ANN) is a milder process, performed at higher moisture levels 

(>60%) and below the gelatinization temperature [47]. Unlike HMT, annealing enhances crystallinity and 

thermal stability without major structural breakdown. This process typically results in more organized granule 

structures, reduced amylose leaching, and improved film smoothness and clarity—favorable for packaging 

where visual appeal matters [48]. When applied to starch used in film formation, ANN-treated starches can 

yield films with balanced flexibility and transparency [45]. 

Ultrasonication, on the other hand, is a relatively modern technique that utilizes acoustic cavitation to 

break hydrogen bonds and alter granule morphology [49]. This method reduces particle size, enhances surface 

area, and can improve starch dispersion in composite films. Films prepared using ultrasonicated starch typically 

show higher tensile strength, greater transparency, and lower water vapor permeability, especially when 

combined with other biopolymers or plasticizers [50]. Additionally, ultrasonication can facilitate the mixing of 

additives, improving the uniformity of active packaging materials. In summary, physical modification 

techniques like HMT, ANN, and ultrasonication play a critical role in fine-tuning starch-based materials for 

food packaging without compromising their biodegradability. These treatments provide a green route to modify 

structure-function relationships, offering tailored solutions for different food packaging requirements. 

 

3.1.3. Biological/Enzymatic 

Biological or enzymatic modification is a mild, eco-friendly approach to altering starch properties using 

specific enzymes. This method does not require toxic reagents or extreme conditions, making it particularly 

attractive for developing safe and sustainable food packaging materials. Among the enzymes used, amylases, 

a group of hydrolases that break down starch into smaller sugar units are the most widely studied for starch 

modification [51]. Depending on the type and source, amylases can hydrolyze amylose and amylopectin at 

different sites, resulting in varied structural and functional changes suitable for packaging applications. 

Amylase treatment can significantly affect the molecular weight distribution, viscosity, and film-forming 

behavior of starch. Controlled hydrolysis using α-amylase can produce low molecular weight starch fragments 

that improve the dispersion of starch molecules during film casting, leading to more uniform and transparent 
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films. On the other hand, partial degradation by 𝛽-amylase or glucoamylase can enhance flexibility and reduce 

brittleness in starch-based films. This enzymatic tailoring enables the fine-tuning of mechanical properties, 

such as tensile strength and elongation, as well as barrier properties, including oxygen and water vapor 

permeability [52]. Furthermore, enzymatically modified starch often exhibits better compatibility with other 

biopolymers, such as chitosan, gelatin, or polyvinyl alcohol, due to increased hydroxyl group availability. This 

can enhance crosslinking or blending efficiency, resulting in composite films with superior functionality. For 

instance, films derived from enzyme-treated starch have been reported to show improved thermal stability and 

greater uniformity in microstructure, which are essential for food protection during storage and transport [53]. 

Biological treatment also aligns well with green chemistry principles, as it reduces energy consumption 

and avoids environmental hazards associated with synthetic reagents. Moreover, since many of these enzymes 

are GRAS (Generally Recognized As Safe), the resulting materials are highly suitable for direct food contact 

[54]. However, challenges remain in terms of controlling the degree of hydrolysis and ensuring batch-to-batch 

consistency, which are critical for industrial scalability [55]. In conclusion, enzymatic modification using 

amylase presents a promising strategy for customizing starch for intelligent and active food packaging. It offers 

precision, safety, and environmental compatibility, supporting the transition to biodegradable and high-

performance alternatives to petroleum-based plastics. 

 

3.2. Improvement of Functional Properties 

3.2.1. Mechanical Properties 

One of the main limitations of native starch in food packaging applications is its poor mechanical 

performance, particularly its brittleness and sensitivity to moisture. Tensile strength, elongation at break, and 

flexibility are critical parameters in determining the suitability of starch-based films for packaging, as they 

influence the film’s ability to withstand stress during handling, storage, and transportation. Unmodified starch 

tends to form rigid and fragile films due to strong hydrogen bonding between starch chains, which limits its 

use in flexible packaging [56]. To address this, various modification techniques have been employed to enhance 

the mechanical behavior of starch films, either by chemically modifying the starch structure or by blending it 

with other biopolymers or plasticizers (Figure 2). 

 

 
Figure 2. Modification materials to improve mechanical properties of starch-based film 

 

Chemical modifications, such as acetylation, oxidation, and crosslinking, have been widely used to reduce 

intermolecular interactions and improve film flexibility. Acetylated starch, for instance, incorporates acetyl 

groups that reduce hydrogen bonding, resulting in increased elongation at break and improved flexibility 

without significantly compromising tensile strength [38]. Crosslinking, on the other hand, creates a more robust 

and less water-sensitive network by introducing covalent bonds between polymer chains, thereby enhancing 

tensile strength and film durability [57][58]. These modifications not only improve the mechanical integrity of 

the films but also help stabilize the material under varying humidity conditions, which is crucial for food 

packaging applications.  

Another effective strategy is the incorporation of plasticizers such as glycerol, sorbitol, or polyethylene 

glycol. These compounds reduce brittleness by increasing the free volume between starch chains, leading to 

enhanced chain mobility and flexibility. However, the amount and type of plasticizer must be optimized, as 

excessive plasticizer content can lead to phase separation, stickiness, and reduced tensile strength [57],[59]. 
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The right balance allows for the development of films with sufficient tensile strength to resist tearing while 

still maintaining flexibility for practical use. 

Blending starch with other biopolymers, such as chitosan, gelatin, or polyvinyl alcohol (PVA), has also 

proven effective in improving mechanical performance. These composite films exhibit improved tensile and 

elongation properties due to the synergistic interactions between starch and the secondary polymer [60]. For 

example, starch–gelatin films demonstrate enhanced elasticity and strength due to the protein’s plasticizing 

effect and ability to form intermolecular hydrogen bonds [61]. The resulting materials are better suited to a 

variety of packaging formats, from pouches to wraps, and are more resistant to mechanical failure under load.  

Overall, improving the mechanical properties of starch-based films through modification, plasticization, 

and blending is essential for broadening their commercial viability in food packaging. These enhancements 

allow the films to meet industry standards while maintaining biodegradability and safety. Future research 

should continue to focus on optimizing the composition and processing conditions to achieve high-performance 

packaging materials with both functionality and sustainability. 

 

3.2.2. Barrier Properties 

Barrier properties, particularly water vapor permeability (WVP) and oxygen permeability, are critical 

factors in determining the effectiveness of food packaging materials. These properties control the rate at which 

moisture and gases (especially oxygen) pass through the packaging film, directly affecting the shelf life, 

texture, and safety of food products [62]. Native starch films generally exhibit poor moisture barrier properties 

due to their hydrophilic nature, which leads to high WVP and limited use in packaging applications for high-

moisture or oxygen-sensitive foods [63]. To address this, various modification techniques have been 

implemented to enhance starch film resistance against water and gas permeation. 

Chemical modifications, such as acetylation or crosslinking, are known to reduce the availability of 

hydroxyl groups in the starch structure, thereby decreasing its affinity for water. These modifications help 

create a more compact and less polar matrix, which significantly reduces WVP and improves oxygen barrier 

performance [64]. For example, oxidized and acetylated starch-based films have shown improved moisture 

resistance and reduced permeability, making them more suitable for products like dried snacks or baked goods 

[65]. Similarly, crosslinked starch networks enhance film integrity, providing greater resistance to diffusion 

pathways for gas and water molecules. 

Another effective strategy involves the incorporation of hydrophobic additives or nanofillers, such as 

lipids, waxes, or nanoparticles like 𝑍𝑛𝑂 and montmorillonite clay. These components reduce the hydrophilicity 

of starch matrices and create tortuous paths that slow down vapor and gas transmission. The presence of clay 

nanoparticles in particular has been shown to significantly enhance the oxygen barrier properties by forming 

layered structures that block molecular diffusion [66]. Moreover, combining starch with other biopolymers, 

such as chitosan or polyvinyl alcohol (PVA), can synergistically improve barrier behavior by enhancing the 

film’s density and reducing free volume within the matrix [67]. 

In addition to modifying the composition, processing methods such as casting, extrusion, or lamination 

also influence barrier properties. Films produced under optimized drying or extrusion conditions exhibit 

smoother surfaces and lower porosity, both of which contribute to decreased permeability. However, a trade-

off often exists: improving water resistance may compromise film flexibility or transparency. Thus, achieving 

an optimal balance of properties is essential for meeting specific packaging requirements. 

In conclusion, enhancing the barrier properties of starch-based films is crucial for extending food shelf 

life and expanding application potential. Through a combination of chemical modifications, nanocomposite 

formulations, and processing innovations, researchers have successfully developed starch films with 

significantly reduced WVP and oxygen permeability. Continued research is needed to ensure these 

improvements can be scaled sustainably while maintaining biodegradability and food safety standards. 

 

3.2.3. Thermal Properties 

Thermal stability is a critical factor in the application of starch-based films for food packaging, 

particularly when the packaging is subjected to high-temperature processes such as thermal sealing, 

sterilization, or hot filling [68]. Native starch films, while biodegradable and non-toxic, generally suffer from 

low thermal stability due to their semicrystalline structure and sensitivity to moisture. Thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) are widely used to evaluate the thermal behavior 

of starch films, providing insights into their degradation temperatures, thermal transitions, and heat resistance 

under processing or storage conditions [69]. 

To improve thermal stability, chemical modifications like crosslinking, acetylation, or oxidation have 

been employed to restructure the starch polymer chains. Crosslinking in particular creates a more thermally 

stable matrix by forming covalent bonds between starch molecules, increasing the onset degradation 
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temperature observed in TGA profiles. For instance, films made from crosslinked starch typically exhibit two 

main degradation stages: initial moisture loss at 100°C and major decomposition between 250–350°C, 

indicating enhanced thermal stability compared to native starch [70]. DSC studies also reveal higher glass 

transition temperatures (𝑇𝑔) and melting temperatures (𝑇𝑚) in modified starch films, reflecting improved 

resistance to thermal softening [71].  

In addition, the incorporation of nanomaterials or secondary biopolymers (e.g., chitosan, cellulose, PVA) 

into starch matrices has demonstrated significant improvements in thermal performance [72]. Nanoparticles 

such as 𝑍𝑛𝑂, 𝑇𝑖𝑂2, and clay form interactions with starch chains and limit polymer mobility, thus delaying 

thermal degradation and increasing the heat flow required for thermal transitions [73]. These changes are 

clearly observed in DSC thermograms as shifts toward higher 𝑇𝑔 and 𝑇𝑚 values, while TGA shows delayed 

weight loss onset, often by 20–30°C compared to control films [74]. 

The plasticizer content also influences thermal behavior. Glycerol and sorbitol, commonly used to 

improve film flexibility, may lower the 𝑇𝑔 due to increased molecular mobility, potentially compromising 

thermal stability. However, when used in optimized concentrations and in conjunction with nanofillers or 

chemical modifications, their negative impact on thermal resistance can be minimized [67]. Thus, thermal 

property enhancement requires a holistic design of formulation components to achieve both flexibility and 

thermal resistance.  

In conclusion, enhancing the thermal properties of starch-based films through chemical modifications, 

nanocomposite design, and polymer blending is essential for their application in real-world packaging 

environments. Advanced TGA and DSC analyses provide essential data to guide material optimization, 

ensuring that starch-based packaging materials can endure industrial conditions without compromising safety 

or performance. 

 

3.2.4. Transparency/Appearance 

Visual appeal plays a vital role in food packaging, influencing consumer perception, product 

attractiveness, and marketing value. In this regard, transparency and surface appearance are essential 

characteristics for starch-based films, particularly in applications where visibility of the food product is desired, 

such as fresh produce, confectionery, or snacks. Native starch films are typically semi-transparent and can 

appear cloudy or brittle due to the high crystallinity and phase separation of starch polymers [75].  

Therefore, enhancing the optical clarity and smoothness of starch-based films has become a key focus in 

functional property improvement. Various modification techniques have been applied to improve transparency. 

Chemical modifications, such as acetylation or oxidation, reduce intermolecular hydrogen bonding, resulting 

in a more homogeneous and amorphous film matrix that enhances light transmittance. For example, acetylated 

starch films show increased clarity due to their improved compatibility with plasticizers and reduced 

retrogradation [76]. Likewise, blending with other biopolymers, such as gelatin, polyvinyl alcohol (PVA), or 

chitosan, has been shown to reduce surface irregularities and phase separation, improving film glossiness and 

overall visual quality [77]. 

The choice and concentration of plasticizers also significantly impact the appearance of starch films. 

Glycerol and sorbitol, when added in appropriate amounts, improve flexibility and surface homogeneity, 

leading to more transparent and smoother films. However, excessive plasticizer content may result in sticky or 

tacky films with poor optical quality. In contrast, incorporating nanoparticles (e.g., 𝑍𝑛𝑂, 𝑇𝑖𝑂2, 

montmorillonite) may enhance mechanical and barrier properties but sometimes reduce transparency due to 

light scattering from dispersed particles [78].  

Therefore, nanoparticle dispersion must be optimized to avoid visible agglomeration. Moreover, film 

processing techniques, such as solution casting, drying rate, and film thickness, directly affect surface 

morphology and clarity. Films with uniform thickness and controlled drying conditions tend to exhibit better 

light transmission and a smoother surface, while rapid drying or uneven film formation can introduce bubbles 

or surface defects that hinder transparency [79]. Advanced techniques, such as extrusion-blown film or 

multilayer film design, are being explored to achieve both good optical properties and functional performance 

[80]. 

In conclusion, improving the transparency and appearance of starch-based films is critical not only for 

aesthetic reasons but also for enhancing consumer trust and product visibility. Through careful selection of 

starch sources, modification methods, and processing techniques, it is possible to produce biodegradable 

packaging films that are visually appealing while still offering the necessary mechanical and barrier functions 

required for food preservation. 

 

3.3. Active and Intelligent Packaging 

3.3.1. Incorporation of Bioactives 
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The incorporation of bioactive compounds into starch-based films has opened new possibilities in 

developing active packaging that not only acts as a physical barrier but also contributes to food preservation. 

Bioactives such as essential oils, antimicrobial agents, and antioxidants can be embedded into starch matrices 

to provide extended shelf life, inhibit microbial growth, and reduce oxidative degradation in food products 

[81]-[83]. Modified starch enhances the compatibility of these bioactives within the polymer network, leading 

to improved dispersion and controlled release. Essential oils such as cinnamon, oregano, clove, ginger, and 

thyme have demonstrated broad-spectrum antimicrobial properties when incorporated into starch films, making 

them promising natural alternatives to synthetic preservatives [84]-[86]. 

Moreover, these bioactive have shown significant antioxidant activity when included in starch-based 

films, protecting food from lipid oxidation, especially in meat and dairy products. The antioxidative effect is 

primarily attributed to the presence of phenolic compounds in plant-derived essential oils and extracts [87]-

[90]. Their inclusion in the film formulation not only enhances the preservation quality but also contributes to 

improved functional properties of the films, such as increased barrier resistance and slightly modified flexibility 

or transparency [91]. Encapsulation techniques or nanoemulsification have also been utilized to improve the 

stability and release behavior of essential oils within the packaging system [92]. 

Importantly, the interaction between bioactives and starch matrices is influenced by several factors 

including the method of starch modification, plasticizer concentration, and environmental conditions like 

temperature and humidity. A balance must be achieved to ensure the bioactivity remains effective without 

compromising film integrity. Additionally, sensory impacts such as odor from essential oils must be considered 

to avoid negatively affecting the packaged food’s quality. Overall, the incorporation of natural bioactives into 

modified starch-based films not only addresses food safety and shelf life but also aligns with the growing 

consumer demand for clean-label and environmentally friendly packaging solutions [93]. Table 1 depict the 

incorporation of bioactive compound in the natural packaging for food product application. 

 
Table1. Application of active packaging on food 

Main Component Bioactive Compound Function Sample Reference 

Polyethylene Terephthalate (PET 12 µm) and Low-

Density Polyethylene (LDPE 35 µm) 

Thymus numidicus 

essential oil 
Antimicrobial 

Soft date 

fruits 
[94] 

Brazilian purple yam starch - 

Absorbing exudate 

and antimicrobial 

activity 

Fresh 
cheese 

[95] 

Crude tangerine pectin /gelatin Green tea extract 
Antioxidant and 

antibacterial 
- [96] 

Cassava starch, microcellulose, and β-cyclodextrin Menthol and D-limonene Antimicrobial Blueberry [97] 
Corn starch ε-polylysine hydrochloride Antibacterial Beef [98] 

 

3.3.2. pH-responsive Films 

The development of intelligent packaging that can monitor food quality in real-time has gained growing 

interest, especially with the integration of pH-sensitive natural indicators into starch-based films. Among these, 

anthocyanins water-soluble pigments found in various fruits and vegetables mare commonly used for their 

excellent color-changing ability across a wide pH range. When embedded in modified starch matrices, 

anthocyanins serve as visual indicators of food spoilage by changing color in response to volatile basic 

compounds (e.g., ammonia or amines) released during protein decomposition [58],[99]. This functionality 

allows consumers to easily assess freshness without opening the package, promoting both food safety and 

reduced waste. The examples of starch with bioactive compound for intelligent packaging is present in Table 

2.  
Table 2. Application of intelligent packaging on food 

Main component Bioactive Compound Function Sample Reference 

Ginger starch 
Coconut oil and silver 

nanoparticles 
Biodegradable cast films - [100] 

Octenyl succinic anhydride 

starch/polyvinyl alcohol 

Curcumin and Roselle 

anthocyanins 

Freshness monitoring and shelf-life 

extension 

Shrimp and 

beef 
[101] 

Starch and esterified starch Black rice anthocyanin 
Monitor food quality, water quality 

and soil properties 
Pork belly [102] 

Pea starch and κ-carrageenan Black raspberry extract Food freshness monitoring Pork [103] 

Carboxymethyl starch/polyvinyl 
alcohol 

Cu-LTE nanocrystal Monitoring deterioration Shrimp [104] 

 

Anthocyanins typically shift from red in acidic conditions to purple or blue in neutral pH and green or 

yellow in alkaline environments, making them ideal for freshness detection in perishable foods such as fish, 

meat, or dairy products [105]-[108]. Starch-based films act as excellent carriers due to their biocompatibility, 

transparency, and film-forming capabilities, while modification (e.g., crosslinking or blending) can further 
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enhance the retention and stability of anthocyanins during storage [5],[109]. Several studies have demonstrated 

the successful incorporation of anthocyanins from sources like red cabbage, black rice, and butterfly pea flower 

into starch matrices to create colorimetric indicators responsive to food spoilage [110]-[113].  

However, challenges such as anthocyanin degradation under heat, light, or oxygen exposure still limit 

commercial applications [114][115]. Recent research has explored solutions like encapsulating anthocyanins 

with cyclodextrins or incorporating UV-blocking agents to improve their stability [116][117]. Additionally, 

combining anthocyanins with modified starch and other biopolymers such as chitosan or gelatin can produce 

more robust films with enhanced barrier and mechanical properties [118][119]. These advancements highlight 

the potential of starch-based pH-responsive films not only for intelligent packaging but also for applications 

aligned with consumer demand for natural, sustainable, and informative food systems. 

 

3.3.3. Nanotechnology Enhancement 

The integration of nanotechnology into starch-based packaging has significantly enhanced the 

functionality and durability of biodegradable films [120]. Nanoparticles such as zinc oxide (𝑍𝑛𝑂), titanium 

dioxide (𝑇𝑖𝑂2), and clay are among the most widely used inorganic fillers in starch matrices due to their 

reinforcing properties and ability to introduce new functionalities [121][122]. These nanomaterials, when 

evenly dispersed in the polymer network, increase the mechanical strength, thermal stability, and barrier 

performance of starch films, making them more suitable for food packaging applications [123]. Their nanoscale 

size enables better interaction with starch chains, thereby creating a compact matrix that hinders the diffusion 

of water vapor and gases like oxygen. 

Among these, 𝑍𝑛𝑂 nanoparticles are particularly valued for their strong antimicrobial activity against 

both Gram-positive and Gram-negative bacteria, offering active packaging functions. Additionally, 𝑇𝑖𝑂2 

nanoparticles provide not only UV-blocking ability but also antimicrobial properties under UV exposure 

through photocatalytic activity, helping to protect sensitive food products from light-induced spoilage [124]. 

On the other hand, clay nanoparticles such as montmorillonite or halloysite act as effective reinforcements by 

forming layered structures within the starch matrix that create a tortuous path for moisture and gas molecules, 

thereby improving barrier properties without sacrificing biodegradability [125]. 

However, to fully benefit from these nanoparticles, dispersion and compatibility within the starch film 

must be carefully optimized. Surface modification of nanoparticles or the use of plasticizers and 

compatibilizers is often necessary to prevent aggregation and maintain transparency and flexibility of the films 

[126]. Moreover, while these nanoparticles improve functionality, concerns related to migration, toxicity, and 

regulatory approval remain key issues for commercial application, especially for direct food contact materials. 

Continued research is needed to develop safe, scalable, and eco-friendly nanocomposite starch films, ensuring 

that the advantages of nanotechnology can be harnessed without compromising food safety or environmental 

sustainability [127]. 

 

3.4. Blending with Other Biopolymers 

In recent years, modified starch-based composites have emerged as promising candidates for sustainable 

food packaging, especially when blended with other biopolymers such as chitosan, gelatin, alginate, and 

cellulose [127]. These combinations aim to overcome the inherent limitations of starch films namely their poor 

mechanical strength, high water sensitivity, and suboptimal barrier properties while leveraging the 

complementary advantages of each biopolymer [128][129]. For example, chitosan brings intrinsic 

antimicrobial activity, thanks to its polycationic structure that disrupts microbial cell membranes, whereas 

gelatin contributes excellent film-forming capability, flexibility, and optical clarity due to its proteinaceous 

nature [130]. 

The synergistic blending of starch with chitosan, gelatin, alginate, and cellulose has been shown to 

significantly improve the mechanical, barrier, and antimicrobial properties of resulting films, making them 

more suitable for active food packaging applications [131][132]. For instance, composite films of corn starch, 

chitosan, and cellulose nanocrystals displayed enhanced tensile strength, reduced water vapor permeability, 

and superior antimicrobial function when compared to pure starch films [133][134]. Moreover, gelatin–

chitosan composites effectively prolonged shelf life of perishable foods by reducing microbial spoilage, 

improving antioxidant capacity, and enhancing film integrity under various storage conditions [135][136]. 

Alginate and cellulose-based reinforcements further strengthen these starch–biopolymer matrices, 

improving structural rigidity, moisture resistance, and durability. Alginate contributes robust gel-forming 

ability and bio-compatibility, while nanocellulose or cellulose derivatives dramatically raise mechanical 

performance and barrier function thanks to their high crystallinity and hydrogen-bond-forming capacity [137] 

[138]. In active packaging systems, the incorporation of nano-reinforcements (e.g., 𝑍𝑛𝑂, cellulose 

nanocrystals, montmorillonite) has also produced films exhibiting improved tensile strength, elasticity, 
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antimicrobial activity, UV protection, and reduced solubility—effectively demonstrating the synergistic 

benefits of multi-polymer and nanoparticle incorporation [139]. 

 

3.5. Degradability and Environmental Impact 

Modified starch-based materials are increasingly being explored for sustainable food packaging due to 

their biodegradability and low environmental impact. In natural conditions such as soil, compost, or aquatic 

environments, starch-based films can be broken down by microorganisms into carbon dioxide, water, and 

biomass. This process is largely driven by microbial enzymatic activity targeting the glycosidic bonds of starch 

molecules [109],[140]. The rate of biodegradation is influenced by environmental factors (temperature, 

moisture, microbial density), the type of starch modification (e.g., physical, chemical), and the presence of 

additional biopolymers [141]. Although some modifications, such as cross-linking, may slightly delay 

degradation by increasing structural stability, the materials remain biodegradable within a reasonable time 

frame [142]. This feature distinguishes starch-based packaging from conventional plastics, which can persist 

in the environment for hundreds of years. 

Blending modified starch with other biopolymers such as chitosan, gelatin, alginate, or cellulose does not 

inhibit biodegradability but often enhances it. The hydrophilic nature and biodegradability of these natural 

polymers allow microbial communities to access and break down the matrix more efficiently. Moreover, such 

blends improve water uptake, enzymatic accessibility, and reduce structural crystallinity, all of which facilitate 

microbial degradation [143]. In composting systems, starch-based films typically disintegrate within a few 

weeks, making them suitable for industrial composting programs that meet biodegradability standards like EN 

13432 or ASTM D6400 [144]. These materials also pose minimal risk in aquatic environments, where they 

tend to fragment and decompose faster than synthetic polymers, reducing the accumulation of microplastics. 

The life-cycle assessment (LCA) of starch-based packaging materials confirms their environmental 

benefits compared to petroleum-based plastics. Studies have shown that starch films generally have lower 

carbon footprints, energy consumption, and ecotoxicity indicators throughout their life cycle [145]. When 

derived from agro-industrial waste, such as yam, cassava, or corn byproducts, the sustainability is further 

enhanced by utilizing renewable, non-food biomass and promoting circular economy practices. Nonetheless, 

LCAs also highlight trade-offs, including potential water usage, competition with food resources (in the case 

of edible starch), and shorter durability, which may influence the overall environmental balance [146]. 

Therefore, careful selection of starch sources, processing methods, and end-of-life scenarios is essential to 

optimize environmental outcomes. 

 

3.6. Challenges and Future Perspective 

Despite their environmental advantages, modified starch-based materials face a critical challenge in 

balancing biodegradability with functional durability. Native starch and its modified derivatives tend to be 

highly hydrophilic, making them prone to moisture absorption, which weakens mechanical integrity and 

accelerates degradation under humid conditions [147]. While chemical modifications such as cross-linking or 

blending with more stable biopolymers like chitosan and cellulose can enhance film strength and barrier 

properties, these treatments may slow down biodegradability [148]. This trade-off creates a design tension 

between creating packaging that is durable enough for commercial use yet still capable of degrading efficiently 

in compost or soil environments [149]. Therefore, the formulation of starch-based films must carefully 

optimize structural stability during use and rapid disintegration after disposal. 

In addition to technical barriers, scalability and cost-effectiveness remain significant obstacles for 

industrial application. Although starch is an abundant and renewable raw material, the processes involved in 

modifying it such as physical treatments, chemical functionalization, or blending with performance-enhancing 

additives can increase production complexity and cost [150]. This may limit the commercial competitiveness 

of starch-based packaging compared to petroleum-derived plastics, which are produced at scale with mature, 

cost-efficient infrastructure [151]. Furthermore, the shelf life and moisture sensitivity of starch films often 

necessitate multilayer or composite structures, further raising material and processing costs. Overcoming these 

issues requires the development of low-cost modification techniques, the use of agro-industrial byproducts as 

feedstocks, and the improvement of mechanical and barrier properties through optimized processing [152]. 

From a regulatory and societal perspective, modified starch-based packaging holds strong promise but 

requires continued support and standardization. While consumers are increasingly aware of and interested in 

eco-friendly packaging, confusion persists over terms such as “biodegradable” and “compostable,” especially 

when the materials require industrial composting facilities to fully degrade [153]. Regulatory frameworks must 

ensure accurate labeling and provide clear guidelines for safety, performance, and environmental compliance. 

At the same time, incentives and policies supporting bio-based packaging development alongside public 

education are essential to foster market confidence and adoption. Moving forward, interdisciplinary 
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collaboration between material scientists, policymakers, and industry stakeholders will be crucial to realizing 

the full potential of starch-based packaging in reducing plastic pollution and supporting a circular economy. 

 

4. CONCLUSIONS 

Modified starch presents a highly promising alternative for eco-friendly food packaging due to its 

biodegradability, renewability, and versatility. Various modification techniques such as chemical, physical, 

enzymatic, and nanotechnology-based methods have been shown to significantly enhance starch’s mechanical 

strength, barrier performance, thermal stability, and even active or intelligent functionalities, making it suitable 

for real-world applications. However, to enable large-scale commercialization, future efforts must focus on 

developing scalable and cost-effective modification processes, improving long-term material stability, and 

addressing regulatory and consumer acceptance issues. Successful advancement in this field will require strong 

collaboration between researchers, industry stakeholders, and policy makers to bridge the gap between 

laboratory innovations and market-ready solutions. 
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