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Highlights 

•	 Biodegradable polysaccharide-based materials are suitable replacements for conventional petrochemical 
polymers.

•	 Polysaccharides display biocompatibility, biodegradability, non-toxicity, and edibility.
•	 The interactions between polysaccharides and active ingredients are crucial for designing adequate functional 

packaging.
•	 Addition of plasticizers, surfactants, cross-linkers, and other functional additives improves the physiochemi-

cal properties of polysaccharide films.
•	 Polysaccharides offer sustainable packaging solutions for food preservation.

Abstract

Polysaccharide-based biopolymers have emerged as sustainable alternatives to conventional petroleum-derived 
plastics in food packaging because of their natural abundance, biodegradability, and film-forming ability. 
Common polysaccharides, such as starch, cellulose, alginate, and chitosan, offer eco-friendly packaging solu-
tions that reduce environmental impact while maintaining food quality. This review explores the development 
of polysaccharides-based films, emphasizing recent advances in their mechanical, barrier, and functional prop-
erties. Various fabrication methods and the incorporation of bioactive compounds have significantly improved 
their antimicrobial and antioxidant performance, contributing to enhanced shelf life and safety of packaged foods. 
The integration of nanomaterials has addressed limitations, such as poor water resistance and mechanical weak-
ness, enabling the creation of nanocomposite systems with superior properties. The review discusses regula-
tory aspects, biodegradability, and challenges in commercializing these materials, including cost, scalability, and 
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attention as sustainable and cost-effective materials 
for food packaging applications. Their abundance and 
renewable nature make them attractive alternatives to 
traditional petroleum-based polymers. Moreover, the 
organoleptic characteristics and optical properties of 
polysaccharide-based biopolymers often align well with 
food packaging requirements. However, these materials 
often demonstrate poor barrier and mechanical prop-
erties because of their hydrophilic nature and weak 
intermolecular interactions (primarily hydrogen and 
covalent bonds), ultimately compromising their pro-
tective functionality in food packaging applications. To 
address the limitations, the incorporation of functional 
ingredients and the use of copolymers are effective strat-
egies. Adding functional additives, such as nanoparti-
cles (NPs) or active compounds, significantly enhances 
the physical, chemical, and barrier properties of these 
materials, as depicted in Table 1. Similarly, employing 
copolymers, which consist of two or more different poly-
mers, results in a synergistic improvement in the overall 
performance of the packaging system. These strategies 
aim to develop advanced and versatile food packaging 
solutions that ensure the quality, safety, and shelf life of 
food products. The effectiveness of incorporating func-
tional ingredients into biopolymer films is influenced by 
several factors, including the fabrication technique, the 
chemical properties of additives, and the biopolymer’s 
ability to rearrange and accommodate these additives 
effectively. By leveraging these approaches, researchers 
and manufacturers can design more robust and sustain-
able food packaging solutions, ensuring better protection 
and preservation of food items while addressing envi-
ronmental concerns associated with traditional packag-
ing materials. This review comprehensively explores the 
integration of polysaccharide-based biopolymers with 
functional additives to overcome the inherent limita-
tions of conventional biopolymer films. Unlike previous 
studies that often focus on individual polysaccharides or 
basic composites, this work synthesizes recent advance-
ments in fabrication techniques, molecular interactions, 
and multifunctional modifications, leading to advanced 
nanocomposite films. By critically examining innova-
tions with scalable potential, as well as regulatory and 
commercialization challenges, this review offers valuable 
insights into the development of sustainable, active, and 
intelligent food packaging systems.

Introduction 

Food packaging plays a crucial role in preserving 
the quality, safety, and shelf life of food products. 
Conventional food packaging materials, such as glass, 
metal, and plastic, are widely used for their effectiveness 
in protecting food from environmental factors. However, 
the growing environmental concerns and the need for 
sustainable practices have prompted the exploration of 
more eco-friendly packaging alternatives. Traditionally, 
a variety of materials are employed for different types 
of food packaging, including primary, secondary, and 
tertiary packaging (Junaid et al., 2023). These materials 
are selected carefully to provide the desired mechanical, 
physical, and thermal resistance, optical barrier, and anti-
bacterial properties. Petroleum-based polymers, such 
as polyethylene (PE), polystyrene (PS), polypropylene 
(PP), and polyethylene terephthalate (PET), are widely 
used in food packaging because of their high mechanical 
strength, high barrier properties, lightweight quality, and 
low cost. However, these materials often pose significant 
environmental challenges, such as non-biodegradability, 
substantial carbon footprint, high energy consumption 
during production, and potential marine and micro-
plastic pollution (Law and Narayan, 2022). Their pro-
duction also consumes a lot of water and produces toxic 
pollutants, which pollute the environment and water 
during the production and disposal stages. The search 
for sustainable packaging solutions has become a press-
ing concern for the food industry, driven by environ-
mental concerns and changing consumer preferences. 
Eco-friendly approaches that prioritize environmental 
sustainability, while maintaining the essential protec-
tive functions of food packaging, are gaining credence. 
Innovative materials, such as bionanocomposites and 
nature-based packaging are actively researched and 
developed to address sustainability challenges in food 
packaging. These advanced solutions seek to enhance key 
functional characteristics of packaging, including barrier 
performance, mechanical strength, and thermal stabil-
ity. Biopolymers derived from plant sources are increas-
ingly recognized as excellent and safe alternatives of food 
packaging (Udayakumar et al., 2021). Their exceptional 
solubility and gel-forming abilities make them promising 
candidates for food packaging applications. Biopolymers, 
mainly polysaccharides, have gained significant 

compliance. A special focus is placed on the molecular-level interactions between polysaccharides and additives, 
which play a crucial role in determining the stability and functionality of films. Polysaccharide-based biopolymers 
present a promising pathway toward environmentally responsible, active, and intelligent packaging solutions in 
the food industry.

Keywords: biopolymers; food packaging; functional ingredients; packaging films; polysaccharides
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Table 1.  An overview of recent studies demonstrating the functionalization of polysaccharide matrices with plant-based extracts, 
nanoparticles, probiotics, and other bioactive agents.

Polysaccharide Functional ingredient Function properties References

Cellulose Silver and copper nanoparticles + Vitex negundo 
leaf  extract

Antimicrobial activity against Gram-positive and 
Gram-negative bacteria

Mamatha et al., 
2021

Blueberry and red grape skin extract Higher antioxidant activity in grape skin extract vs. 
blueberry extract

Kurek et al., 2019

Carnauba wax + cellulose nanofibers (CNFs) Reduced water vapor transmission rate (WVTR) 
and oxygen transmission rates (OTR)

Zhu et al., 2024

Zinc oxide (ZnO) nanoparticles Ultraviolet (UV) shielding (UPF increased from 
1.31 to 1603.98 at 90% ZnO)

Liao et al., 2023

Chitosan Nickel oxide nanoparticles Antibacterial activity against S. aureus and S. 
typhimurium

Ardebilchi et al., 
2021

Plant extracts + nano-keratin/cellulose 
nanocrystals (CNCs)

42% reduction in water vapor permeability (WVP) Khanzada et al., 
2023

α-Tocopherol (0.2 wt.%) Reduced UV transmittance Martins et al., 2012

Lactobacillus casei + Bacillus coagulans Extended shelf  life of  chicken fillets by reducing 
oxidative/microbial spoilage

Salimiraad et al., 
2022

Alginate Lemon essential oil Antimicrobial and antifungal properties Hammoudi et al., 
2020

Gum tragacanth + hydroxypropyl methylcellulose Increased WVP; decreased oxygen permeability 
(OP)

Hadi et al., 2023

Copper sulfide nanoparticles UV blocking (dose-dependent reduction in 
transmittance)

Wang et al., 2017

Lactobacillus plantarum High probiotic survival during drying/storage Akman et al., 2021

Starch Silver + ZnO nanoparticles Antimicrobial activity against S. aureus and E. coli Zhai et al., 2022

Rosemary extract High antioxidant activity in lipophilic simulants Estevez-Areco  
et al., 2019

Chitin nanofibers Reduced WVP Tanpichai et al., 
2023

Carvacrol UV-C shielding (near-zero transmittance at 
200–280 nm)

Mao et al., 2023

Lactobacillus rhamnosus Probiotic viability dependent on film composition/
pH

Singh et al., 2019

Carrageenan Rosmarinus officinalis L. extract Antibacterial activity against B. cereus, E. coli, P. 
aeruginosa, and S. aureus

Nouri et al., 2018

Grapefruit essential oil Significant antioxidant activity (DPPH/ABTS 
radical scavenging assays)

Bhatia et al., 2024

CNCs Significant improvement in water barrier properties Gupta et al., 2023

ZnO nanoparticles (ZnO) Optimal UV barrier at 1.0% ZnO; 1.5% ZnO 
showed highest UV screening but reduced 
transparency

Khoirunnisa et al., 
2018

Lactobacillus acidophilus, L. plantarum, and 
mixed culture (Lactobacillus spp., Lactococcus 
spp., Bifidobacterium spp.)

Enhanced probiotic survival during storage Sogut et al. 2022

Agar Silver nanoparticles Strong antimicrobial activity against L. 
monocytogenes and E. coli

Rhim et al., 2013

Melanin nanoparticles Concentration-dependent antioxidant activity 
(DPPH/ABTS assays)

Roy and Rhim, 
2019

Montmorillonite nanoclay WVP decreased 10.53% with increasing nanoclay 
content

Lee et al., 2019

Melanin nanoparticles Significant UV-blocking enhancement Wang et al., 2017

Lactobacillus plantarum Effective gastric fluid protection and intestinal fluid 
resistance for controlled delivery

Albadran et al., 
2020

(continues)
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Table 1.  Continued.

Polysaccharide Functional ingredient Function properties References

Pectin Silver/zinc/copper nanoparticles Bactericidal activity against E. coli and S. aureus Panneerselvam  
et al., 2023

Curcumin Increased antioxidant activity (DPPH: 73.0%; 
ABTS: 95.2%)

Ezati and Rhim, 
2020

CNCs + sodium montmorillonite nanoparticles 35% reduction in WVP Souza et al., 2022

ZnO nanoparticles Improved UV barrier properties Hari et al., 2021

Lactobacillus casei, B. bifidum, L. acidophilus, L. 
rhamnosus

1.5-log reduction in L. monocytogenes; 2-log 
reduction in probiotic viability after 30 days at 4°C

Nisar et al., 2022

Gums Silver-copper alloy nanoparticles Antimicrobial activity against L. monocytogenes 
and S. typhimurium

Arfat et al., 2017

Grape skin extract DPPH/ABTS radical scavenging activity Kang et al., 2021

Nanoclay (2.5 wt.%) Maximum reduction in WVTR Saurabh et al., 
2015

Lignin Dose-dependent UV transmittance reduction Rukmanikrishnan 
et al., 2020

Lactococcus lactis + cranberry extract Enhanced antibacterial and antioxidant activities Yang et al., 2023

UPF: ultraviolet protection factor; DPPH: 2,2-diphenyl-1-picrylhydrazyl; ABTS: 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid).

Polysaccharide-Based Biopolymers

The widespread application of polysaccharide-based 
biopolymers in food, pharmaceuticals, agriculture, and 
environmental remediation has gained significant impor-
tance. These naturally occurring biopolymers exhibit 
remarkable features, such as biodegradability, biocompat-
ibility, and susceptibility to chemical or enzymatic mod-
ification, making them excellent alternatives to synthetic 
polymers. Growing public awareness of the environmen-
tal impact of non-biodegradable, petroleum-based plas-
tics has further driven interest in polysaccharide-derived 
biopolymers. Derived from natural sources such as cellu-
lose, starch, chitin, and alginates, these biopolymers are 
increasingly recognized as sustainable replacements for 
synthetic polymers across diverse applications.

Common polysaccharides used in food packaging

To address the need for sustainable food packaging, 
naturally occurring polysaccharides have emerged as 
promising alternatives to petroleum-based plastics. 
Biopolymers, such as starch, cellulose, chitosan, and algi-
nate, have attracted significant attention as film-forming 
materials because of their inherent biodegradability and 
susceptibility to enzymatic, microbial, and environmental 
degradation (Awasthi et al., 2022). Cellulose abundantly 
available in nature, demonstrates excellent film-form-
ing ability. Its advantages include biocompatibility, low 
cost, wide availability, minimal environment pollution, 
rapid degradation, and recyclability for food packaging 

(Islam et al., 2024). Structurally, cellulose consists of lin-
ear (1,4)-linked β-D-glucan chains with three hydroxyl 
(-OH) groups per anhydro glucopyranose (C₆H₁₀O₅) 
unit  (Vijayanand et al., 2020). Sourced from wood, cot-
ton, bark, and agro-residues, cellulose is commercially 
available as fiber. Nanocrystalline cellulose, produced 
through acid hydrolysis, offers nanoscale advantages, 
such as high strength, stiffness, and low weight, making 
it valuable for nanocomposites with enhanced mechan-
ical, thermal, and barrier properties. Starch, a versatile 
biopolymer derived from crops such as corn, potato, and 
wheat, has expanded beyond nutritional uses to appli-
cations in food packaging, textiles, and biomedicine. Its 
chemical and physical properties can be tailored through 
mechanical, chemical, or enzymatic modifications. As a 
renewable material, starch is processed into films, coat-
ings, foams, and rigid containers for eco-friendly pack-
aging. Chitosan, the second most abundant natural 
polymer after cellulose, is derived from chitin (deter-
mined in crustacean exoskeletons) via deacetylation 
(Hamed et al., 2016). Its structure comprises randomly 
distributed β-(1→4)-linked D-glucosamine and N-acetyl-
D-glucosamine units, conferring unique properties. The 
cationic disposition of chitosan grants inherent antimi-
crobial activity by disrupting microbial cell membranes 
(Kong et al., 2010), making it suitable for edible packag-
ing. This antimicrobial activity allows chitosan to be used 
as a natural edible food packaging material. Chitosan is 
chemically modified to improve its solubility, mechan-
ical strength, and other functional characteristics, fur-
ther expanding its utility in diverse industries, including 
agriculture, water treatment, and cosmetics.
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branching. Cellulose (β-1,4) forms a rigid structure, while 
starch (α-1,4 and α-1,6) is more amorphous, enabling 
thermoplastic behavior and enzymatic degradation. 
Cellulose’s crystallinity confers strength and stability, 
making it suitable for ultraviolet (UV)-barrier films. 
Alginate (mannuronate/guluronate) forms hydrogels, 
while lignin’s phenolic structure provides UV-blocking 
and antioxidant properties. Availability of high func-
tional group allows extensive modifications for enhanced 
barrier and mechanical traits (Kocira et al., 2021).

Degree of  polymerization (DP)
Degree of polymerization defines the number of linked 
sugar units, influencing crystallinity and physical per-
formance. High DP improves viscosity, strength, and 
barrier properties (Chaudhary et al., 2022). Cellulose 
(DP: 7,000–15,000) offers high strength; starch (lower 
DP) varies between amylose and amylopectin. DP affects 
enzymatic degradation and application suitability across 
food, pharma, and material sectors (Megashah et al., 
2020).

Crystallinity and morphology
Polysaccharides exhibit varying degrees of crystallinity 
based on the arrangement of their monosaccharide units, 
glycosidic linkages, and branching (Lin et al., 2012). 
Highly crystalline polysaccharides, such as cellulose and 
chitin, have tightly packed structures, offering excellent 
mechanical strength, thermal stability, and resistance to 
degradation. In contrast, polysaccharides, such as starch 
and glycogen, display mixed amorphous and crystalline 
morphologies, resulting in properties such as increased 
swelling and enzymatic susceptibility. The overall mor-
phology, whether linear, branched, or globular, further 
influences their physicochemical behavior and functional 
performance across food, pharmaceutical, and material 
applications.

Thermal and mechanical properties
The thermal and mechanical properties of polysaccha-
rides are strongly influenced by their molecular struc-
ture, degree of polymerization, and crystallinity, which 
together determine their performance in diverse appli-
cations. Highly crystalline polysaccharides, such as 
cellulose and chitin, demonstrate superior thermal sta-
bility, higher glass transition temperatures, and excellent 
mechanical strength because of their ordered molecular 
arrangements and extensive hydrogen bonding (Benalaya 
et al., 2024). In contrast, amorphous or semi-crystal-
line polysaccharides such as starch and glycogen exhibit 
lower thermal stability and greater flexibility, with prop-
erties further modulated by plasticizers or moisture 
content. Mechanical characteristics, such as tensile and 
compressive strength, are closely linked to polymer chain 
arrangement and the presence of reinforcing elements, as 
summarized in Table 2.

The other examples of biopolymers derived from 
brown and red seaweeds are alginate and carrageenan. 
Alginate is composed of varying proportions of two 
uronic acid monomers—α-L-guluronic acid (G) and 
β-D-mannuronic acid (M). The ratio of G and M deter-
mines the chemical and physical properties of algi-
nate. The properties of film-forming, emulsifying, and 
gel-forming, make alginate an excellent biopolymer for 
food packaging applications. Alginate forms gels in the 
presence of divalent cations, such as calcium, allowing 
it to be used for encapsulation and sustained release of 
active compounds (Tønnesen and Karlsen, 2002). 

Carrageenan is another family of sulfated polysaccha-
rides extracted from red seaweed, with the three main 
types being kappa (κ), iota (ι), and lambda (λ), each 
exhibiting distinct structural and functional character-
istics. Carrageenan is primarily valued for its gelling, 
thickening, and stabilizing properties, which make it a 
common additive in food, cosmetic, and pharmaceutical 
formulations, with kappa and iota carrageenan forming 
firm and elastic gels, and lambda carrageenan acting as 
a viscosifier without gel formation. Both alginate and 
carrageenan are renewable, biodegradable, and gener-
ally recognized as safe (GRAS) for use in food and other 
consumer products, making them attractive alternatives 
to synthetic polymers. In addition, the use of pectin as 
a film-forming agent is explored for various food appli-
cations. These biodegradable and renewable polysac-
charide-based biopolymers offer an effective solution to 
plastic food packaging (Bashir et al., 2025).

Physicochemical properties of polysaccharide-based 
biopolymers

Polysaccharide-based biopolymers possess diverse phys-
icochemical properties that make them valuable for 
food packaging. Their film-forming, gelling, and coat-
ing capabilities depend on degree of polymerization, 
molecular weight, and functional groups. Monomer 
ratios (e.g., amylose–amylopectin in starch, and man-
nuronic–guluronic acids in alginate) and carrageenan 
types (kappa, iota, or lambda) influence gel strength and 
functionality (Afoakwah et al., 2023). Their swelling and 
water-holding capacities support applications in hydro-
colloids, wound dressings, and drug delivery. Solubility 
and dispersibility enable active compound incorpora-
tion, while chemical modifications (e.g., plasticizers and 
charged groups) enhance film properties and biodegrad-
ability (Das et al., 2023).

Molecular structure and configuration
Polysaccharides consist of long monosaccharide chains 
linked by glycosidic bonds. Their physical properties 
depend on linkages (α or β), molecular weight, and 
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Table 2.  Percentage changes in tensile strength (TS) and elongation at break (EAB) result by the addition of various active agents to 
chitosan, alginate, and cellulose films.

Polymer Active agent Change in TS Change in EAB References

Chitosan Xanthan gum (50:50 w/w) 48% increase 55.81% decrease Morais Lima et al., 2017

Nettle extract (250 mL/L) 57.49% decrease 70.70% increase Flórez et al., 2023

Yam extract (60 wt.%) 58.38% decrease 41.29% decrease Li et al., 2023c

Rose essential oil (2 v/v%) ≈60% decrease ≈2% decrease Liu et al., 2023

Silica nanoparticles (8 mg/mL) 23.63% increase 52.6% decrease Dong et al., 2022

Sodium alginate Gallnut extract (2.5–25 wt.%) 48–103% increase 135–185% increase Aloui et al., 2021

Soybean oil (1.5 v/v%) 118% increase 196.6% increase Gutiérrez-Jara et al., 2020

Zinc oxide (2 wt.%) 20.4% increase 41.7% decrease Satriaji et al., 2020

Halloysite nanotubes (5 wt.%) 154% increase 7.55% decrease Kouser et al., 2021

Co-MOF nanopowder (9 wt.%) 16.84% increase 16.67% decrease Feng et al., 2023

Cellulose Zataria multiflora Boiss. essential oil (3 v/v%) 4.45% decrease 22.6% decrease Dashipour et al., 2015

Falcaria vulgaris extract (0.3 wt%) 18.4% decrease 29.41% increase Hassanloofard et al., 2023

Chitosan-citric complex (3 wt%) 6.45% decrease 59.32% decrease Song et al., 2021

Curcumin (1 wt.% of  cellulose laurate) 53.87% decrease 45.85% decrease Song et al., 2021

Zinc oxide nanoparticles (2 wt.%) + Oleic acid 
(0.3 mL)

73.85% decrease 28.36% increase Noshirvani et al., 2017

Co-MOF nanopowder: nanoscale cobalt-based metal-organic framework.

Fabrication Techniques for Polysaccharide-
Based Packaging

Polysaccharide-based food packaging materials exhibit 
a wide range of properties depending on their source, 
molecular structure, preparation technique, and degree 
of cross-linking between polymer chains. The specific 
fabrication methods employed for incorporating these 
polysaccharide-based materials into functional food 
packaging films can significantly influence the final 
porosity, compactness, and surface rearrangement mor-
phology, necessitating careful consideration of material 
compatibility and sensitivity to various external envi-
ronmental factors. Efficient and effective incorporation 
of diverse functional ingredients, such as antimicrobi-
als, antioxidants, and nutraceuticals, into polysaccha-
ride-based film matrices can be achieved through the 
utilization of a variety of techniques, such as solvent 
casting, extrusion processing, hydrocolloid gelation, elec-
trospinning, microencapsulation, and emulsion coating. 
Understanding the chemical composition and molecular 
interactions between polymeric materials and functional 
ingredients is crucial for selecting the most appropriate 
and efficient fabrication method for a food packaging 
application. 

Film and coating formation

The solvent casting technique allows for the uniform 
incorporation of active ingredients into biopolymer-based 

films by dispersing them in the casting solution before 
drying under controlled conditions, as shown in Figure 1. 
Reinforcing polysaccharides with nanomaterials or cre-
ating nanofibrous mats enhances mechanical properties 
and enables applications in drug delivery, pharmaceu-
ticals, and food packaging. While techniques such as 
solvent casting and electrospinning are challenging for 
irregularly shaped food surfaces, bioactive food coatings 
offer a practical alternative by forming protective layers 
that extend shelf life and maintain quality.

Solvent casting
Solvent casting is a widely used and reliable method for 
producing biopolymer-based packaging films by dissolv-
ing functional ingredients in a film-forming solution, 
spreading it on a flat surface, and drying it under con-
trolled conditions (Othman et al., 2023). This technique 
is particularly common for polysaccharide-based films, 
including starch and alginate, and allows for the incorpo-
ration of additives and composites to enhance film proper-
ties. Uniform polymer dissolution, often achieved through 
heat and continuous mixing, is essential for producing 
films with consistent strength, flexibility, and barrier per-
formance. While solvent casting enables the development 
of robust and homogeneous films, it faces limitations such 
as slow production, sensitivity to environmental condi-
tions, and challenges in maintaining hygienic processing.

Coating
Food coatings offer an effective and sustainable approach 
to preserving food quality and extending shelf life by 
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Figure 1.  Schematic overview of polysaccharide‑based film fabrication techniques. Illustrated are four common methods used 
to produce composite and nanocomposite films: (A) coating, (B) film casting, (C) electrospinning, and (D) 3D printing.

forming a thin, protective film around the product. 
These coatings, often developed from water-soluble bio-
polymers, can be enriched with bioactive compounds 
to provide antimicrobial and antioxidative properties. 
Polysaccharide-based coatings are commonly used but 
require plasticizers, such as oils or plant extracts, to 
reduce hygroscopicity and improve performance (Junaid 
et al., 2024). Applied through dipping, spraying, or brush-
ing, coatings act as barriers against moisture loss, oxygen, 
and light, helping to reduce flavor degradation, ripening, 
and post-harvest losses. Their edibility and compatibility 
with various food surfaces make them particularly suit-
able for perishable items, such as fruits, vegetables, dairy 
products, and meats.

Electrospinning
Electrospinning is a versatile and cost-effective technique 
for producing polymer-based nanofiber mats using an 
electrodynamic process. By applying a high-voltage elec-
tric field to a polymer solution, a charged jet is ejected 

from a Taylor cone, stretching into ultrafine fibers that 
deposit onto a grounded collector. As solvent evaporates, 
the fibers form a non-woven mat with tunable morphol-
ogy, ranging from micro- to nanoscale. The method is 
continuous, non-thermal, and mechanically simple, mak-
ing it ideal for preserving heat-sensitive compounds such 
as natural extracts and bioactive agents. Electrospun 
nanofibers offer a high surface area-to-volume ratio, 
enhanced porosity, and customizable composition, mak-
ing them valuable for applications, such as food pack-
aging and tissue engineering. Starch-based nanofibers 
(20–30% concentration) improve barrier and mechanical 
properties, while the incorporation of plant extracts fur-
ther enhances performance. Electrospinning ensures uni-
form distribution of functional ingredients within fibers, 
enhancing their efficacy in bioactive delivery systems.

3D printing
Three-dimensional (3D) printing offers various advan-
tages over traditional solvent casting for producing 
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improving key physical characteristics, such as mechan-
ical strength, thermal stability, and barrier properties. 
Nanofillers can be inorganic or organic substances that 
reinforce or impart functional properties to food pack-
aging films. Organic nanofillers include cellulose, while 
inorganic nanofillers include different types of nanoclays 
and various metal oxide nanoparticles. Commonly used 
metal oxide nanoparticles for food packaging applica-
tions include zinc, silver, gold, and copper. Well-known 
examples of nanoclay substances include montmoril-
lonite, kaolinite, bentonite, and org-modified clay. The 
breakdown of biodegradable cellulose fibers by differ-
ent high-intensity mechanical and chemical processes 
results in cellulose nanoparticles. There are primarily 
three forms of cellulose nanoparticles, such as cellulose 
nanocrystals (CNCs), bacterial nanocellulose, and cellu-
lose nanofiber (CNF), each vary in their physicochemi-
cal properties (degree of crystallinity, transparency, and 
tensile strength [TS]). Adding different forms of cellu-
lose nanoparticles in different bio-based polysaccha-
rides matrix enhances the composite film’s mechanical 
strength and thermal and barrier properties (Islam et al., 
2023). The optimization of nanofiller characteristics, 
including their chemical composition, size, shape, and 
dispersion, is crucial for designing food packaging mate-
rials tailored to the specific requirements of diverse food 
products to enhance physical, thermal, and barrier prop-
erties of packaging composites.

Incorporating nanoclay structures in food packaging 
applications to address issues of weak barrier, mechani-
cal, and functional qualities of biopolymers is a promising 
approach. Clay is one of the most popular nanomateri-
als for developing food packaging because of its natural 
origin, making it suitable for packaging applications. 
Because of their low cost, biocompatibility, and availabil-
ity, nanoclays are frequently employed for producing bio-
degradable films and coatings, and synthetic films with 
high barrier and thermal stability. Nanaoclay structures 
are explored to reduce permeation across food films 
because of their strong interactions, which block the 
ingress of gas and water molecules. Various studies have 
explored nanoclay structures for UV blocking in films 
(Lim et al., 2021). The halloysite composite incorporated 
in alginate, chitosan, and starch films is studied for its 
mechanical and barrier properties. Similarly, bentonite, 
montmorillonite, sepiolite, and laponite are used in bio-
polymer food packaging applications. The use of metal 
oxide nanoparticles has increased the scope of food pres-
ervation strategies due to their antimicrobial and antiox-
idant properties. Metal oxides and their produced ions 
exhibit antimicrobial and antioxidant properties. While 
both forms are active, the dominant mechanism depends 
on environmental conditions, such as pH, nanoparticle 
size, and concentration. These mechanisms often act 
synergistically, making it difficult to isolate dominant 

polysaccharide biopolymer films, enabling precise con-
trol over structure and functionality. This technology 
facilitates rapid prototyping and the creation of com-
plex multilayered structures for drug delivery and tissue 
engineering applications while improving mechanical 
properties (Patrocinio et al., 2023). Studies comparing 
3D printed and solvent-cast films reveal distinct differ-
ences. Films made with pectin, carboxymethyl cellulose 
(CMC), and ZnO nanoparticles showed denser micro-
structures in 3D prints. Research on various polysac-
charides demonstrates that polyvinyl alcohol (PVA) 
enhances printability, with 7% PVA improving sodium 
alginate’s printing accuracy by 20 times while increasing 
strength and flexibility (Tang et al., 2024). The addition 
of plasticizers, such as glycerol, improves film prop-
erties, with 4% glycerol yielding optimal flexibility in 
cornstarch-gelatin films. Incorporating hawthorn berry 
extract enhances antibacterial properties and color char-
acteristics. The technology also allows the inclusion of 
reinforcing agents, such as nanoclay to improve durabil-
ity (Leaw et al., 2021).

Fabrication of Composite and Nanocomposite 
Films

The intentional incorporation of functional additives 
into biopolymer-based packaging effectively mitigates 
several inherent limitations, such as inadequate bar-
rier properties and low mechanical strength, which are 
associated with polysaccharide films. Essential interac-
tions at molecular level between active ingredients and 
polymeric film matrix form the basis for developing 
novel approaches in advanced polymer design and engi-
neering. Nanocomposite  materials are fabricated with 
multi-structural components ranging from 1 nm to 3 nm. 
The integration of nanostructured agents, such as nano-
fibers, nanoparticles, nanorods, and nanoclays, to pro-
duce nanocomposite films represents a promising way of 
enhancing the functionality of food packaging materials 
(Xu et al., 2024). Numerous thin films developed through 
the incorporation of nanofillers have demonstrated 
extensive applications in food packaging and coatings.

Nanocomposites are formed by integrating polymer 
matrices with organic or inorganic fillers, each exhibit-
ing distinct shapes and sizes (fibers, particulates, spheres, 
and flakes). The incorporation of nanofillers with higher 
aspect ratios into polymer matrices offers an increased 
surface area, which is associated with enhanced rein-
forcing properties (Kapila et al.. 2024). These nanofill-
ers are defined by their particle size, typically ranging 
from 1 nm to 100 nm. Nanofillers are used in various 
food applications because of their distinctive chemical 
structure and outstanding physical and biological prop-
erties. They enhance the performance of composites by 
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(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) scav-
enging from 16.4% to 89.3%. An oxidation-reduction 
process was evidenced by the reduction of thiobarbituric 
acid reactive substances (TBARS) and peroxide value 
(PV) after 60 days of coating butter products with these 
composite films.

Sulfur quantum dots (SQDs) provide several benefits in 
bio-based packaging films, from enhancing mechanical 
strength, promoting environmental sustainability, and 
providing increased antibacterial and antioxidant prop-
erties as well as sensing capabilities. Their unique char-
acteristics make them essential for developing intelligent 
and eco-friendly packaging solutions. A study demon-
strated that SQDs improved the UV-barrier properties 
of gelatin/agar mix composite films without sacrificing 
transparency or color. Additionally, these films exhibited 
a moderate bactericidal effect against L. monocytogenes, 
an inhibitory effect on E. coli, and a strong antioxidant 
activity (Priyadarshi et al., 2021). The addition of SQDs 
not only increased the mechanical strength of the films 
but also enhanced their functional properties, such as 
antioxidant and antibacterial functions. Another study 
discovered that addition of 3 wt.% SQD in chitosan-based 
films improved mechanical strength by 30%. Moreover, 
compared to pure chitosan films, the antioxidant prop-
erties were significantly enhanced, with DPPH and ABTS 
free radical scavenging capacities increasing by 270% 
and 170%, respectively. The combined action of SQDs 
and chitosan effectively eliminated both E. coli and L. 
monocytogenes (Min et al., 2023). Apart from packaging 
films, adding 5 wt.% SQD into an alginate-based coating 
for kraft paper resulted in impressive antioxidant activ-
ity, reducing DPPH free radicals by 60% and ABTS by 
100%. The bacterial cell viability of E. coli and L. mono-
cytogenes was considerably decreased by the addition of 
SQD, by about 2 log colony-forming unit (CFU)/mL and 
4.5 log CFU/mL, respectively (Priyadarshi et al., 2024). 
Furthermore, the application of SQDs extends to electro-
chemical devices. Sulfur-doped graphene quantum dots 
integrated into sodium alginate-based biopolymer elec-
trolytes may pave the way for sophisticated packaging 
solutions that can both preserve food and track its status 
over time.

Modification Strategies

Biopolymer-based packaging materials are character-
ized by their source, structural arrangement, preparation 
technique, and degree of cross-linking, which impact 
their properties when incorporated with filler materials. 
The method of incorporation affects porosity, compact-
ness, and surface rearrangement, requiring consider-
ation of the material’s compatibility with biopolymer and 
sensitivity to external factors. Efficient incorporation of 

contributor to antimicrobial activity. ZnO nanoparticle 
exhibit antimicrobial activity through three primary 
mechanisms: (1) Oxidative stress via reactive oxygen spe-
cies (ROS) generation (H2O2, OH–, and O2

–), which dam-
age bacterial cellular components such as proteins, lipids, 
and DNA; (2) membrane disorganization via nanoparti-
cle accumulation and their cellular internalization; and 
(3) released Zn2+ ions from ZnO nanoparticles binding 
to microbial membranes, disrupting metabolic pathways 
and enzyme (Jiang et al., 2020).

Metal oxides also impart structural integrity to fabricated 
films, helping to enhance their mechanical and barrier 
properties. The coordination bonds are formed between 
the hydroxyl groups of polysaccharides and nanofill-
ers, such as metal nanoparticles or other functionalized 
materials. This interaction improves the barrier qualities 
and functionality of composite materials. The antibac-
terial and UV-blocking properties of TiO2 nanotubes 
are explored by incorporating them in chitosan films 
(Díaz-Visurraga et al., 2010). Similarly, zinc and silver 
nanoparticles in polysaccharide-based films are studied 
for their antimicrobial, physicochemical, and antioxidant 
properties. Nanoscale carbon-based materials, known as 
carbonquantum dots (CQDs), possess unique proper-
ties, such as excellent biocompatibility and tunable sur-
face functionalities, for enhancing mechanical strength 
and barrier performance of biopolymer films. Research 
indicates that incorporating CQDs in packaging applica-
tions enhances antibacterial and antioxidant properties, 
thereby maintaining food quality and prolonging shelf 
life (Singh et al., 2024). Another study demonstrated that 
incorporating 1 wt.% green carbon dots derived from 
apple pomace and rosemary powder in the high methox-
ylated pectin and sodium caseinate-based bio-nanocom-
posite films enhanced the radical inhibiting capacity by 
42% and 62%, respectively. As a result, the bio-composite 
film acts as an active film by preserving oil-based prod-
ucts from oxidation (Rodríguez-Varillas et al., 2022). 
The incorporation of CQDs into pectin-based compos-
ite films resulted in a complete eradication of bacte-
rial and fungal populations because of the production 
of ROS, exhibiting strong antibacterial action against 
pathogenic bacteria (L. monocytogenes and E. coli) and 
antifungal activity against molds (Aspergillus flavus). 
Additionally, these composite films also enhanced UV 
protection by converting UV radiation into blue light 
(Ezati and Rhim, 2022). Lim and coworkers (2021) 
established that cross-linked casein-based nanocom-
posites loaded with up to 15% w/w CQDs increased TS 
of the film by 36%. Moreover, UV transmission signifi-
cantly decreased by 99.09% and 97.46% for UV-C and 
UV-A radiation, respectively (Khoshkalampour et  al., 
2024). The CQD loading exhibited strong antioxidant 
activity, which increased 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) scavenging from 18.1% to 94% and 2,2′-azino-bis 
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elongation at break (EAB), TS, and barrier performance. 
In a study done by Dong et al. (2023), hydrophilic poly-
ols (glycerol, sorbitol, and PEG) were used to evaluate 
plasticization in soybean polysaccharide-based films. 
Improvement in film ductility, moisture content, TS, and 
elongation was observed by adding these polyols, com-
pared to the control film. Various researchers suggest 
that the concentration and the type of plasticizing mate-
rial are critical to determining the mechanical, optical, 
and barrier properties of polysaccharide films. Adding 
glycerol to an alginate–quince seed gum film reduced 
the degree of swelling and contact angle while increasing 
solubility and WVP (Abedini et al., 2022). The authors 
attributed these observations to the hydrophilic nature 
of glycerol. For enhancing the performance of polysac-
charide-based food packaging films, plasticization is an 
important strategy to improve processing and flexibility 
for making them suitable for their application. 

Derivatization
Polysaccharides exhibit diverse structures and proper-
ties because of their variable chemical compositions, 
high molecular weights, and different reactive functional 
groups. The arrangement of functional groups scattered 
around their polymer chains induces them to drive for 
chemical modification or to bind with other polymers, 
resulting in polysaccharide derivatives. Derivatization, 
which introduces functional groups, enhances the poly-
mer’s bioadhesive strength, compared to its native form. 
Natural polysaccharides and their derivatives are exten-
sively used in the pharmaceutical and food industries 
because of their biocompatibility, biodegradability, and 
nontoxicity. These polysaccharides serve various func-
tions, such as thickening agents, gelling agents, emulsify-
ing agents, binders, encapsulating agents, swelling agents, 
and foam stabilizers (Reddy et al., 2021). The derivatives 
of starch are the result of oxidation, esterification, or 
etherification to a chemical structure of D-glucopyranosyl 
units in the molecule. The resultant derivatives possess 
change in their water-holding capacity, gelling, disper-
sion, and film-forming properties. Ionic ether derivatives 
such as carboxymethyl starch (CMS) and CMC exhibit 
enhanced solubility and increased film-forming ability 
(Wilpiszewska et al., 2020). The use of unique bonding 
mechanisms, such as intramolecular and intermolecular 
hydrogen bonds, as well as Van der Waals forces in cellu-
lose, for modification to produce remarkable materials has 
attracted interest in food packaging. Various researchers 
used these cellulose-derivative materials to fabricate food 
packaging films. Hydroxyethyl methyl cellulose (HEMC) 
and hydroxypropyl methylcellulose (HPMC) are exam-
ples of cellulose-based derivatives used in food packag-
ing applications. Table 3 summarizes the key advantages 
and limitations of plasticization and derivatization tech-
niques for polysaccharide modification, highlighting their 
respective impacts on material properties.

functional ingredients into polysaccharide film matrix 
is achieved through various approaches, such as solvent 
casting, extrusion, hydrocolloid gelation, encapsulation, 
and emulsion coating (Stoica et al., 2024). Understanding 
the chemistry of ingredients and polysaccharide poly-
mer is crucial for selecting the most appropriate method. 
Integrating bioactive or functional compounds into 
biopolymer packaging films enhances their protective 
properties, overcomes limitations in food applications, 
improves functionality, and paves the way for innovative 
food products. These approaches combine encapsulation 
and packaging technologies to safeguard active proper-
ties until the compounds are released into food.

Functional modifications

The crystalline and hydrophilic nature of polysaccha-
ride films consistently poses challenges in achieving 
optimal barrier and mechanical properties. To address 
these limitations, various researchers have utilized sev-
eral functional modification techniques. These func-
tional modification approaches are either accomplished 
by the use of foreign materials, such as various func-
tional agents, or by using physical, chemical, and enzy-
matic modification processes (Dutta and Sit, 2024; Tao 
et al., 2024). These functional modifications result in the 
enhanced functional properties of polysaccharide-based 
food packaging films, as shown in Figure 2.

Plasticization
The inadequate barrier and mechanical properties of 
polysaccharide-based films limit their applicability in 
food packaging. Polysaccharide-based films are gener-
ally brittle because of their polymer chain interaction. 
Plasticization offers a promising strategy to address these 
limitations by improving film flexibility for practical use 
(Li et al., 2023b). The addition of plasticizing materials 
such as polyols (glycerol, sorbitol, and polyethylene gly-
col [PEG]), citrate esters, and fatty acid derivatives is 
widely used in fabricating polysaccharide films. These 
substances are typically nonvolatile and of low molecu-
lar weight, and their incorporation enhances the film’s 
extensibility, flexibility, and workability. Incorporating 
plasticizers reduces intermolecular hydrogen bonding 
between polymer chains and increases molecular mobil-
ity and free volume of film structure (Sun et al., 2024). 
The addition of plasticizers modifies barrier properties 
and typically leads to an increase in water vapor permea-
bility (WVP). This alteration typically leads to increased 
WVP, as the disrupted polymer structure creates more 
pathways for moisture diffusion. Hydrophobic plasticiz-
ers decrease the water uptake of polysaccharide films 
and reduce their affinity for moisture, decreasing the 
overall water absorption and permeability. The resultant 
polysaccharide-based packaging films exhibit improved 
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• Improve flexibility of films
• Improve mechanical property of films
• Improve water and gas barrier properties

• Changes in water-holding capacity,
• Change in gelling, dispersion, and film 
  forming properties
• Production of derivatives (carboxymethyl startch,
  carboxymethyl cellulose)
• Improved film-forming ability and solubility

Figure 2.  Improvement in film characteristics by plasticization and derivatization.

Table 3.  Advantages and disadvantages of plasticization and derivatization.

Method Advantages Disadvantages References

Plasticization It reduces brittleness and improves the flexibility, and 
elongation of  films

It may leach out over time, potentially affecting 
food safety

Han et al., 2024

Certain bio-based plasticizers enhance the thermal 
stability of  polymers

Some plasticizers disrupt polymer interactions, 
making the film more sensitive to moisture

Gao et al. 2025

Hydrophobic plasticizers decrease water absorption, 
water permeability, and oil absorption capacity of  films

At higher concentrations, some plasticizers 
reduce the mechanical strength of  films 

Sanyang et al., 
2015

Derivatization It increases the hydrophobicity, water-holding capacity, 
and gelling capacity of  biopolymers 

It requires a complex synthesis process that 
includes multiple steps and chemical reagents

Ma et al., 2008

It enhances mechanical strength, flexibility, and film-
forming properties

Concerns regarding toxicity, and some reagents 
may not be considered safe for foods

Teramoto, 2015

It may introduce functional properties (e.g., 
antimicrobial, antioxidant effects) and improve barrier 
properties of  films

It reduces the biodegradability of  films Sarfraz et al., 
2024

It improves miscibility with hydrophobic polymers It is not always suitable for industrial production Szefer et al., 2021

Molecular Interactions in Polysaccharide-Based 
Packaging

The effectiveness of active film formation in food pack-
aging is governed by several scientific approaches, such 
as material chemistry, interface between the food and the 
film, and interactions between the film and its ingredi-
ents. Interaction between biopolymers and functional 
ingredients should validate the activity of the film, which 
can be visualized during gel conversion and film develop-
ment phases. Incorporating nanofillers or cross-linking 

agents can further modulate intermolecular interactions, 
leading to enhanced mechanical strength, thermal sta-
bility, and gas barrier properties of films. Understanding 
these molecular-scale phenomena is essential for the 
rational design of advanced polysaccharide-based food 
packaging materials that possess tailored functional-
ities to meet the evolving demands of the food industry. 
A comprehensive understanding of these interrelated 
factors is essential for developing effective packag-
ing solutions that ensure food safety and quality while 
minimizing environmental impact. Table 4 classifies 
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of coordination complexes within the film. Ionic inter-
actions between charged groups on different film com-
ponents also contribute to the overall film structure. In 
addition, π–π stacking interactions between the aromatic 
residues of functional ingredients and polysaccharides 
influence molecular interactions and performance of the 
resulting composite films. Understanding these complex 
molecular interactions is crucial in designing and for-
mulating efficient food packaging systems, as the effi-
ciency of the polymer–functional compound interactions 
directly impacts the properties and performance of the 
resulting composite films.

Hydrogen bonding
The characteristic structure of polysaccharide-based 
films is the presence of various hydroxyl and polar func-
tional groups, which participate in extensive hydro-
gen bonding interactions. These hydrogen bonds play 
a crucial role in the structural formation of polysaccha-
ride-based food packaging films. The enhancement of 
mechanical, barrier, and structural properties of the 
films can be attributed to both intra- and intermolec-
ular hydrogen bonding. The addition of active agents, 
such as nanofillers, plays a crucial role in this process 
by actively participating in the formation of hydrogen 
bonds. This interaction leads to effective cross-linking 
within the polymer matrix, which significantly improves 
the overall performance of films. The addition of suc-
cinic anhydrite-modified CNCs (SCNCs) in the compos-
ite film enhances the mechanical strength and thermal 

molecular interactions governing the mechanical proper-
ties of polysaccharide-based packaging materials.

Intermolecular interactions

The interactions observed in polysaccharide-based films 
include hydrogen bonding, van der Waals forces, ionic 
interactions, hydrophobic interactions, coordination 
bonding, and π–π stacking (a noncovalent attractive 
interaction between the π systems of aromatic rings). 
Hydrogen bonding frequently occurs in polysaccharides 
containing hydroxyl groups, such as starch and cellulose, 
where the hydroxyl, ketone, or ester groups of functional 
ingredients, such as essential oils and extracts, form sta-
ble complexes. Dipole–dipole interactions and London 
dispersion forces between nanoparticles, extracts, and 
oils also contribute to the stabilization of film matrix 
(Hassani et al., 2024). Electrostatic interactions, driven 
by the presence of charged species or particles, lead to 
the formation of complexes and micellar structures, 
particularly with the incorporation of essential oils and 
extracts. Hydrophobic–hydrophilic interactions also play 
a role, where the hydrophobic ends of oil molecules asso-
ciate with the hydrophobic regions of polysaccharides, 
facilitating entrapment or encapsulation, as observed in 
hydrogels and oleogels. Coordination bonding, primarily 
observed with the incorporation of metallic nanoparti-
cles, involves attaching metal binding sites to active sites 
on polysaccharide molecules, resulting in the formation 

Table 4.  Molecular interactions and its effects on the mechanical and barrier properties of polysaccharide-based packaging materials. 

S. No. Polysaccharides and their 
combinations

Type of interaction Effect References

1. Hydroxypropyl methylcellulose (HPMC) 
and pectin

Hydrogen bonding Increase in elastic modulus and 
decrease in TS and EAB

Athanasopoulou et 
al., 2024

2. Chitosan and starch Hydrogen bonding Increase in TS and water vapor barrier 
properties

Pan et al., 2024

3. kappa (κ)-carrageenan and gelatin Hydrophobic interactions Increase in thermal stability, TS, and 
mechanical properties 

Derkach et al., 
2022

4. Starch and cellulose Hydrogen bonding Increase in film cohesion and 
mechanical strength

Rostamabadi  
et al., 2024

5. Chitosan, sodium alginate, oregano 
(EOO), or thyme (EOT) essential oil

Electrostatic interactions, 
hydrogen bonding

Increased water vapor barrier properties 
and EAB with decrease in TS

Guzmán-Pincheira 
et al., 2025

6. Corn starch, methylcellulose, and cocoa 
butter or soybean oil

Hydrophobic interactions Decrease in water vapor permeability 
(WVP) with least change in TS and EAB

Bravin et al., 2004

7. Sargassum pallidum polysaccharide 
nanoparticles (nSPP) + chitosan (CH) 
+ thymol

Hydrogen bonding and 
non-covalent bonds

Increase in TS and elastic modulus with 
decrease in WVP

Zhang et al., 2023

8. Hydroxypropylmethylcellulose (HPMC) 
+ κ-carrageenan (KCG) + 
encapsulated grape seed tannins (TLS)

Hydrogen bonding Increase in surface stiffness and elastic 
recovery

Monasterio  
et al., 2023
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Figure 3.  Establishment of inter- and intramolecular hydrogen between starch and cellulose.

properties, compared to the unmodified CNCs, which 
may be due to the fewer sulfide groups in CNCs and 
more hydrogen bond interaction between SCNCs and 
polymeric matrix (Song et al., 2019). A thorough under-
standing of structural rearrangement through hydrogen 
bonding is essential in designing specific type of pack-
aging film with enhanced functionalities and sustain-
ability. The formation of starch-based films using deep 
eutectic solvents, specifically those containing ammo-
nium acetate and glycerol, results in films that are more 
resistant due to complex hydrogen bonding interactions. 
Hydrogen bonding interaction with the incorporation 
of nanofillers and Jamaica flower extract in starch films 
produced more hydrophilic surfaces with greater surface 
energy and rougher morphology (Gutiérrez et al., 2019). 
In another study, reduction in internal friction within 
the alginate films combined with glycerol and calcium 
chloride was observed due to strong hydrogen bonds 
(Azucena Castro-Yobal et al., 2021). The solubility and 
gel formation characteristics of polysaccharide-based 
biopolymers are attributed to the extent of hydrogen 
bonding of polymer with solvent. The potential interac-
tions of wheat starch (WS) with varying concentrations 
(2–10%) of CMC or microcrystalline cellulose (MCC) 
during short-term retrogradation were investigated by 
dynamic rheological and Fourier transform infrared 
spectroscopy (FTIR) analyses. The chains of water-sol-
uble CMC may infiltrate continuous phase during paste 
gelation. The amylose network structure was disrupted, 
and the inter- and intramolecular hydrogen bonds of WS 
were weakened during gelation (Xiong et al., 2017).The 
formation of inter- and intramolecular hydrogen bonds 
between wheat starch cellulose is shown in Figure 3. 

According to Mahmood and coworkers (2022), the reg-
ular interaction mechanism of kraft paper extended with 
both surface-modified and unmodified nanoparticles is 
illustrated in Figure 4.

Ionic interaction
Polysaccharide-based polymers have garnered signif-
icant importance, exhibiting characteristics, such as 
hydrophilicity, biodegradability, and the ability to form 
ionic interactions, which can be leveraged in developing 
advanced composite materials. The ionic interactions 
of film constituents play an important role in the struc-
tural and physicochemical properties of films. This is 
achieved by incorporating multivalent ions (Mg2+, Ca2+, 
and Al3+) to create bridges between the charged groups 
of biopolymers. Ionic interactions in biopolymer films 
occur between the functional groups of constituents, 
polymers with charged species, and between polymer 
chains. The materials, such as alginate, carrageenan, and 
chitosan, contain chargeable functional groups (carbox-
ylic, amino, and sulfate), thus exhibiting polyelectrolyte 
behavior (Papagiannopoulos et al., 2023). Variations in 
the degree of ionization and charge distribution along 
biopolymer chains are influenced by the presence of 
counter-ions, ionic strength, and pH. The extent and 
strength of ionic cross-linking depend on charge density, 
valency, and concentration of added multivalent ions as 
well as the accessibility of charged functional groups on 
polysaccharides. In biopolymer films, ionic interactions 
influence the stability and controlled release of active 
compounds, such as antioxidants, antimicrobials, and 
nutraceuticals. Negatively charged polysaccharides, such 
as alginate and carrageenan, form ionic complexes with 
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positively charged ingredients via electrostatic attrac-
tions. Similarly, cationic polysaccharides, such as chi-
tosan, interact with negatively charged active compounds. 
These ionic interactions help to solubilize, disperse, and 
stabilize active components in film-forming solutions, 
allowing for effective integration into biopolymer matrix. 
A stronger ionic interaction between polymer chain and 
active ingredients results in a more sustained and con-
trolled release of active ingredients (Zhao et al., 2023). 
The intricate interactions between oppositely charged 
entities (the negatively charged groups of pentasodium 
tripolyphosphate (TPP) and the positively charged amino 
groups of chitosan) result in the ionic gelation of chitosan 
and the precipitation of spherical particles. Figure 5 illus-
trates the formation of ionic interactions between chi-
tosan nanoparticles with pentasodium tripolyphosphate 
(Manivasagan and Oh, 2016).

Hydrophobic interactions
Polysaccharide-based biopolymer films exhibit a wide 
range of structures with different chemical and phys-
ical interactions. The hydrophobic interactions in 
polysaccharide-based films (chitosan, alginate, and cel-
lulose) impact structural and other chemical properties. 
The varied degree of hydrophobicity shown by distinct 
monomer units leads to a variance in the interaction 
behaviors of films (Biehl and Zhang, 2024). Similarly, 
variations in the performance of these films are also 
evident from the interactions between polymer matrix 
and filler or reinforcing agent. Thus, hydrophobic inter-
actions that are the outcome of nonpolar molecules 
or groups drastically influence the compatibility, rear-
rangement, adhesion, and encapsulation characteristics 
between polymer and incorporated ingredient (Uchida 
et al., 2024). These interactions are particularly rele-
vant in the context of polysaccharide-based composites, 
where the hydrophilic nature of polymer matrix can lead 
to compatibility issues with more hydrophobic fillers or 
reinforcing agents. Some biopolymers, such as cellulose, 

have poor inherent hydrophobicity; however, their mod-
ification similar to cellulose acetate enhances the over-
all hydrophobicity. Similarly, the presence of acetylated 
N-acetyl-D-glucosamine units in chitosan imparts the 
hydrophobic nature of polymer in the process of film 
development, strong interactions between polymer 
chains are encountered, leading to the removal of water 
with a rise in hydrophobic domains. This hydrophobic 
interaction is evident from increase in the physical and 
mechanical properties of film. Hydrophobic interactions 
also boost barrier characteristics of films and aid in the 
formation of hydrophobic interface. The overall hydro-
phobic interactions improve encapsulation efficiency, 
stability, and controlled release of active compounds as 
well as functionality of packaging films. The formation of 
electrostatic interactions in cellulose and chitosan with 
glycerol is depicted in Figure 6.

Interactions with active ingredients

The functional properties of developed films must be 
systematically evaluated, including thickness, solubility, 
moisture content, WVP, oxygen barrier capacity, trans-
parency, color, TS, EAB, elastic modulus, and antimi-
crobial activity. In starch-based films, the dissolution of 
granules weakens hydrogen bonding, making the amor-
phous regions more susceptible to interactions with 
bioactive compounds, resulting in synergistic effects. 
The incorporation of cinnamon essential oil into starch 
films is reported to increase film thickness and modify 
surface morphology, leading to reduced WVP because 
of the oil’s hydrophobic character and the formation of a 
dense emulsion matrix in the presence of glycerol. These 
changes hinder the passage of nonpolar gases, such as 
oxygen. 

Chitosan–zinc nanoparticles incorporated into starch 
films are discovered to increase surface roughness 

Inter molecular H
bond with water Rutile TiO2 NPS

Inter molecular H bond 
with cellulose

Kraft pulp-cellulose

Figure 4.  Intermolecular interactions of cellulose kraft paper with unmodified rutile-TiO2 nanoparticles.
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Figure 6.  Electrostatic interactions associated with cellulose, chitosan, and glycerol.

because of nanoparticle aggregation, while silver 
nanoparticles synthesized using lemon juice improved 
flexibility by forming cross-links within the polymer 
matrix (Ortega et al., 2021). 

In chitosan-based films, the inclusion of plant-derived 
extracts are shown to reduce stiffness and enhance peel 
ability, probably because of weakened chitosan–chitosan 
interactions and the formation of chitosan–extract link-
ages (Bajić et al., 2019). The incorporation of cinnamon 
essential oil into chitosan gum arabic films improved 
mechanical and barrier properties, facilitated by elec-
trostatic interactions that retain oil within the composite 
matrix (Xu et al., 2019). Oils function as plasticizers and 

improve flexibility by promoting intra- and intermolec-
ular hydrogen bonding. In alginate-based films, addi-
tions such as Azolla pinnata leaf extract caused opacity 
and irregular surfaces at higher concentrations because 
of complex cross-linking and molecular rearrangement 
(Eltabakh et al., 2021). Essential oils increased chain 
mobility and extensibility by disrupting intermolecu-
lar forces within the alginate matrix. The interactions 
between polymers and functional compounds during 
film formation depend on conditions such as tempera-
ture, pressure, humidity, and emulsion type, which 
influence dominant intermolecular forces (Wongphan 
and Harnkarnsujarit, 2020). Incorporation of green 
tea extract into chitosan films significantly enhanced 
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mechanical and water vapor barrier properties and 
increased antioxidant activity because of higher concen-
tration of polyphenols. These improvements probably 
result from synergistic interactions involving hydrogen 
bonding and π–π stacking between tea polyphenols and 
chitosan, strengthening the film matrix and improving 
stretchability and durability, which are essential for effec-
tive food packaging (Eranda et al., 2024). The establish-
ment of hydrogen bonds and electrostatic interactions 
between chitosan and tea polyphenols is depicted in 
Figure 7. 

Diverse molecular interactions, such as hydrogen bond-
ing, ionic and hydrophobic interactions, and π–π stack-
ing, play a critical role in determining the structural, 
mechanical, and functional performances of polysac-
charide-based packaging films. A clear understanding 
of these interactions enables the rational design of bio-
polymer composites with tailored properties, ensur-
ing enhanced food protection, extended shelf life, and 
sustainability. By purposefully selecting and combining 
biopolymers with functional ingredients, it is possible to 
develop intelligent, active packaging systems that align 
with the evolving demands of the food industry and envi-
ronmental regulations.

Potential Food Applications and Performance

Concerns regarding food sustainability have become 
increasingly urgent. According to the Food and 
Agriculture Organization of the United Nations (FAO), 
approximately one-third of the food produced for 
human consumption is lost or wasted globally annu-
ally (Marimuthu et al., 2024b). Fruits and vegetables are 

particularly susceptible because of their perishable dis-
position, with about 40% of this produce being wasted 
due to poor packaging. Food safety is another major con-
cern, as food-borne illness outbreaks frequently result 
from the consumption of contaminated products har-
boring pathogenic microorganisms. In the United States 
alone, there are an estimated 48 million cases annually, 
resulting in 128,000 hospitalizations and 3,000 fatalities 
(Saikumar et al., 2024). Hence, ensuring microbial safety 
and quality is a challenge for researchers and the food 
industry. To address these urging issues, the development 
of active and intelligent packaging systems is required 
that are both sustainable and eco-friendly. These films 
and coatings reduce respiration rate in fruits and vegeta-
bles while providing a protective barrier against various 
environmental conditions. Additionally, incorporating 
antimicrobial ingredients into these films imparts prop-
erties that inhibit the growth of spoilage microorganisms. 
The addition of natural bioactive compounds facilitates 
decrease in photo-oxidation and enzymatic oxidation in 
various foods. Furthermore, blending additives such as 
filler materials, antioxidants, preservatives, and coloring 
agents with sustained release enhances the functional 
characteristics of active food packaging.

Active packaging

Polysaccharide-based films and coatings have emerged 
as effective and sustainable solutions for food packaging, 
particularly using low-cost or waste-derived polysaccha-
rides. These materials enhance food safety and extend 
shelf life by incorporating active ingredients that absorb, 
release, or scavenge compounds to maintain freshness 
and prevent spoilage. The type of active agent can be 

Epigallocatechin
gallate

Chitosan Electrostatic interactions

H bond

Figure 7.  Formation of electrostatic interactions and hydrogen bonds between chitosan and tea polyphenols.
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regulating respiration and transpiration rates, which are 
key determinants of freshness. Polysaccharide-based 
films and coatings, often enriched with bioactive com-
pounds, have proven effective in controlling these physi-
ological processes and extending shelf life. Polysaccharide 
coatings are successfully applied to various berries to 
preserve freshness, and their incorporation into apple 
formulations has reduced post-harvest losses (Magri 
et al., 2023). The incorporation of CNFs and CNCs into 
polysaccharide matrices has enhanced gas and mois-
ture barrier properties (Lima et al., 2025). Incorporating 
CNCs into alginate and chitosan matrices resulted in up 
to 45% reduction in oxygen transmission and improved 
moisture resistance because of increased hydrophobic-
ity. Beyond nanocellulose, blending different polysac-
charides or integrating plant-based additives, such as 
chia mucilage, also has been established to improve TS 
and reduce WVP, attributed to the formation of dense 
polymer networks. Chia mucilage improved the TS of 
films from 5.21 MPa to 12.38 MPa and reduced WVP by 
30%, attributed to the formation of a more compact and 
cohesive polymer network (Li et al., 2024). Moreover, 
multilayer films, such as bilayers of PVA and chitosan 
or layer-by-layer constructions of gelatin with green tea 
extract and alginate offer superior functionality, com-
pared to single-component films. 

Intelligent packaging

Intelligent packaging is defined by its ability to provide 
real-time information about the condition of packaged 

tailored to specific preservation needs, thereby improv-
ing the functional properties of packaging. Researchers 
have developed various formulations using different bio-
logical sources to fabricate protective packaging, as illus-
trated in Figure 8. Derived from agricultural by-products, 
these films are cost-effective, environment-friendly, and 
suitable for direct food contact, especially when made 
from edible biopolymers.

Polysaccharide-based packaging is widely used for meat, 
poultry, and dairy products. Incorporating functional 
additives, such as essential oils, plant extracts, organic 
acids, probiotics, and nanoparticles, has significantly 
improved the physicochemical and antimicrobial proper-
ties of these films. In meat and poultry applications, such 
films reduce dehydration, oxidative rancidity, and micro-
bial spoilage, significantly extending shelf life. Alginate-
based films containing plant extracts and nanoparticles 
are effective in preserving beef and poultry. In dairy 
packaging, particularly for cheese, starch-based films 
infused with essential oils offer advantages, including 
transparency, non-toxicity, biodegradability, and ease 
of fabrication. These coatings not only reduce spoilage 
but also improve sensory attributes such as texture and 
appearance, thus making them an attractive option for 
modern food packaging systems (Silva et al., 2022).

Gas barrier properties

Maintaining the quality of fruits and vegetables, par-
ticularly firmness, color, and taste, depends heavily on 
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Figure 8.  Active packaging film from agricultural waste with functional application for foods.
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characteristics of food products and pose risks of con-
tamination with hazardous substances that may harm 
consumer health. Bioplastic items intended for direct 
contact with food, such as primary packaging materials, 
must adhere to the European Union (EU) Commission 
Regulation No. 10/2011 and the engineered nanomate-
rials governed by the EU Regulation No. 2015/2283. It 
is essential to acknowledge the migratory, allergic, and 
toxicological assessments of novel bio-based materials, 
regardless of the limited research in this area (Cruz et al., 
2022). Prolonged consumption of food-grade carrageenan 
may increase the risk of intestinal inflammation, particu-
larly in individuals with pre-existing conditions, such as 
colitis. In certain cases, the interaction between packaging 
materials and food products can be advantageous when 
packaging incorporates antimicrobials and antioxidants. 
Nevertheless, it is crucial to assess the toxicological impli-
cations of migration of active compounds and nano-fillers 
into food to prevent health risks and ensure food safety. 
Nanoparticles in active/intelligent and food contact mate-
rials may only be utilized if specifically authorized or listed 
in Annex I of EU regulation No. 10/2011 (Ramos et al., 
2018). Moreover, the US Food and Drug Administration 
(FDA) has noted that contamination of food arises from 
using recycled packaging materials by exposing to danger-
ous substances or byproducts formed during treatments 
(thermal or chemical), which persists in repurposed pack-
aging materials for extended periods (Díaz-Montes and 
Castro-Muñoz, 2021). The packaging must meet five fun-
damental criteria for commercial viability: (i) it must pose 
no risk to human health; (ii) it must not alter the physico-
chemical composition of food; (iii) it must not modify the 
organoleptic properties of food; (iv) it must be produced 
and processed in accordance with good manufacturing 
practices; and (v) it must not convey misleading informa-
tion regarding the product contained within.

Conversely, the International Organization for 
Standardization (ISO) has implemented legislation that 
pertains to the production, distribution, and utilization of 
packaging materials, including ISO 18604:2013(E). These 
standards specify the prerequisites that must be fulfilled 
by the various food packaging materials for them to be 
assembled, processed, and recycled into new feedstock. 
While these standards facilitate to regulate the quality of 
food products by adopting packaging materials, there are 
also regulations that govern the environmental impact of 
waste production from packaging, and restrict the appli-
cation of these materials that directly or indirectly con-
tribute to the pollution of flora and fauna. Nevertheless, 
it is conceivable that the complete abolition of packaging 
is unfeasible, as the food requires practical protection 
during its distribution to ensure its preservation until 
consumption. However, all the materials that may ensue 
direct or indirect contact with food are covered by EU 
regulations, including production equipment, kitchen 

food to consumers. The core function of intelligent 
packaging is to facilitate communication between the 
packaged food item and the end user through sensing, 
indicating, or communicating technological design. 
Antimicrobial activity, moisture, oxygen absorption or 
release, carbon dioxide levels, temperature changes, 
and pH variations are detected by sensors that measure 
these changes. This detection of food properties to allow 
a visual change has significantly transformed the food 
packaging outlook. Integration of an intelligent pack-
aging approach in polysaccharide biopolymer films has 
greatly impacted the human perception toward safety 
and sustainability.

Sensors, which are important aspects of intelligent pack-
aging, use a transducer to detect and transform one sort 
of signal into another. Sensors in food packaging, such as 
chemical and biosensors, are integrated into biopolymer 
films to confer changes in pH, humidity, color, and other 
biochemical parameters. Biosensing devices integrated 
into intelligent packaging can detect allergens, toxic 
compounds, and pathogens, ensuring food safety. These 
systems use visual indicators to signal the presence or 
concentration of specific substances inside the package. 
Such indicators respond to changes in freshness, time, 
temperature, pH, and gas composition by producing 
observable visual cues, enabling consumers and suppli-
ers to assess food quality in real time. In addition, using 
radio frequency identification (RFID) and barcode labels 
as data carriers to protect against theft and counterfeit 
formulates an essential part of intelligent packaging. A 
study done by Li et al. (2023a) developed bio-based pack-
aging materials with real-time monitoring and sustained-
release antibacterial chemicals to track the safety and 
freshness of food. Colorimetric indicators, such as aliz-
arin, anthocyanins, betacyanins, chlorophyll, curcumin, 
and shikonin, are integrated into the films and undergo 
a visible change in response to environmental conditions, 
spoilage, or pathogen growth in food packages. In reac-
tion to environmental variables, including temperature, 
humidity, pH, and oxygen levels, these sensors offer clear 
indicators of food freshness. The pectin-based pH sen-
sors are used to detect spoilage in certain meat products. 
The cassava starch-based films incorporated with antho-
cyanins to detect changes in beef and meat spoilage over 
a period of time were studied by Vedove et al. (2021).

Regulations associated with packaging materials

Among primary, secondary, tertiary, and quaternary pack-
aging, primary packaging is regarded as the most critical 
concern for health, as it directly contacts the food and 
the interaction between packaging materials and food 
can occur through migration, penetration, or sorption. 
These interactions can significantly influence the sensory 
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(Ciriminna et al., 2023), making them less competitive 
than conventional synthetic polymers. Native polysac-
charides often require chemical or physical modifications 
to enhance functional properties, which can further esca-
late production costs and pose challenges to regulatory 
compliance, especially for food contact applications. 
Inherent material drawbacks, such as moisture sensitiv-
ity (starch films) and pH-dependent stability (chitosan 
films), limit their effectiveness as barrier coatings, even 
though laboratory-scale studies report oxygen barrier 
improvements of 40–60% (Niranjana and Prashantha, 
2018). A significant gap remains between laboratory 
research and industrial scalability, with some estimates 
indicating that fewer than 20% of studies adequately 
address challenges such as cost reduction, scale-up, and 
regulatory compliance (Jeya Jeevahan et al., 2020). Key 
limitations include the need for cost-effective modifica-
tion strategies, such as enzymatic treatments, absence 
of standardized testing protocols that accurately reflect 
real-world packaging conditions, and complexities asso-
ciated with regulatory compliance when hybrid systems 
are formulated by combining polysaccharides with nano-
fillers or other biopolymers. The increasing demand for 
sustainable packaging, driven by initiatives such as the 
EU Green Deal, highlights the urgent need for research 
that focuses not only on performance enhancement but 
also on industrial applicability and regulatory feasibility.

Several companies are making significant progress in 
biodegradable and compostable packaging solutions. 
TIPA Compostable Packaging (USA) and TIPA Corp. 
(Israel) have developed bio-based films that are fully 
compostable (Rodov et al. 2021). In the United States, 
Elevate Packaging (Chicago), EcoEnclose (Louisville), 
Noissue, and JAM Packing (Ohio) are offering a variety of 
biodegradable packaging materials, derived from plant-
based resources, such as cellulose, corn starch, and sug-
arcane. PepsiCo has launched compostable snack bags 
using plant-based materials, while Coca-Cola introduced 
PlantBottle, a partially bio-based PET alternative (Hamdi 
2024). In Canada, Hytrend Investments Group advances 
eco-friendly packaging, alongside initiatives from 
PaperFoam (The Netherlands), and BioPak Packaging 
(Australia; Ellen McArthur Foundation, 2018) (Beukelaer 
et al., 2024). Polysaccharide-based biopolymers have 
acquired commercial success in various applications. 
Mater-Bi®, developed by Novamont, is utilized for com-
postable bags and edible coatings for nuts, demonstrat-
ing improved mechanical strength through plasticizers 
and nanocellulose-based nanocomposites (Titone et al., 
2025). CHITOLY OM, a water-soluble fungal chitosan, is 
employed commercially for fruit coatings, while Algisite™ 
is used in wound dressings. Carrageenan-based Vegicaps® 
from Catalent offer a plant-based alternative to gela-
tin capsules, although chemical derivatization increases 
production expenses. The introduction of dissolvable 

tools used for filling, and distribution containers and 
packaging (EU regulation No. 10/2011). The EU regula-
tion No. 1935/2004 specifies that active and intelligent 
packaging is permitted to release only the substances 
approved as food additives and must be accompanied by 
a declaration of conformity.

Biodegradability Aspects of Polysaccharide-
Based Films

The continuous and widespread disposal of non-
degradable materials has resulted in their persistent 
accumulation, posing a significant environmental threat. 
To address these concerns, biodegradable polymers have 
gained attention due to their affordability, easy availabil-
ity, and environment-friendliness, compared to synthetic 
products (Stoica et al., 2024). Among these biodegrad-
able polymers, polysaccharides offer the greatest oppor-
tunity as alternative packaging materials because of their 
biodegradability and environmental compatibility (Amin 
et al., 2021). Biodegradation involves microorganisms, 
such as cellulolytic, hemicellulolytic, pectinolytic, and 
lignolytic species that convert biopolymer carbon into 
CO₂, supporting the carbon cycle. Soil moisture and 
microbial activity enhance this process. A study reported 
that starch–banana stalk foam plates lost 51.7% mass 
in soil and 43.54% in sand over 5 weeks, while conven-
tional expanded polystyrene (EPS) showed minimal 
degradation (8.3% in soil) (Marimuthu et al., 2024a). 
Polysaccharide-based films degrade into simpler sub-
stances through enzymatic or microbial activity and are 
compostable under controlled conditions. Madhu and 
coworkers (2019) demonstrated that cellulose-based 
films biodegraded effectively at 58°C and 50–60% rela-
tive humidity (RH) using a custom biodegradability test. 
Materials such as starch, cellulose, pectin, gum, alginate, 
and chitosan are widely explored for their biodegrad-
ability, offering sustainable alternatives to conventional 
plastics. Starch-, cellulose-, pectin-, gum-, alginate-, 
and chitosan-based materials are actively developed and 
studied for their biodegradability, offering promising 
sustainable alternatives to conventional plastics.

Challenges and commercial limitations of 
polysaccharide-based packaging materials

Polysaccharides are multifunctional biomaterials exten-
sively utilized in the food industry for their texturizing, 
stabilizing, and gelling properties. Despite their advan-
tages, several limitations hinder their large-scale com-
mercial implementation. The extraction and purification 
processes for advanced polysaccharide-based materials, 
such as pullulan and nanocellulose, are expensive, with 
production costs ranging between $50/kg and $100/kg 
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biopolymer production remains incomplete. In addition, 
the regulatory landscape is crucial for the commercial 
viability of biopolymer films. Strict regulations on non-
biodegradable packaging materials, enforced by agencies, 
such as the FDA and EFSA, could bolster the market 
for biopolymer films if they comply with safety and effi-
cacy standards. The development of hybrid biopolymer 
systems that integrate polysaccharides with other bio-
polymers (such as proteins and lipids) for improved 
functionality is still in its initial stages. Understanding 
synergy among these components is essential for advanc-
ing food applications. Despite the existing challenges, the 
future of polysaccharide-based food packaging appears 
promising. Several strategies such as molecular engi-
neering, composite and hybrid structures, integration of 
multifunctional capabilities, biorefinery approaches, and 
efficient recycling and composting systems can enhance 
their functionality and marketability to overcome current 
limitations and drive the widespread adoption of sustain-
able packaging solutions.
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