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ABSTRACT: It takes centuries for chemically reinforced, short-term designed plastics to decompose naturally. Despite
this, there has been a significant surge in plastics production recently, accounting for a considerable part of the total
historical output. Forecasts indicate that plastics production could reach unprecedented levels if this trend continues.
However, increasing environmental concerns and stricter waste regulations have intensified research into biodegradable
alternatives. As a result, there is a growing shift toward sustainable polymeric systems capable of replacing conventional
petroleum-based plastics. One such class of promising and renewable materials is cellulose-chitosan bioplastic. This
review provides an in-depth justification for the incorporation of cellulose and chitosan into bioplastic matrices,
emphasizing their biodegradability, biocompatibility, mechanical performance, and non-toxicity. In addition, specific
surface modification strategies are highlighted, including plasma activation, chemical grafting, and nanoparticle-
assisted functional coating, which significantly enhance interfacial compatibility and biological activity. The review
also summarizes advanced production methodologies, such as solution casting, plasticizer-assisted blending, and
controlled cross-linking, to demonstrate improvements in processing cellulose-chitosan bioplastics. Furthermore,
emerging biomedical applications are discussed, in which cellulose-chitosan composites show substantial potential due
to their antibacterial activity, bioresorbable, and wound-healing properties. These applications encompass vascular graft
materials, hernia meshes, dural repair membranes, wound dressings, drug-delivery platforms, and scaffolds for tissue
engineering. Overall, this review aims to outline “Cellulose-chitosan bioplastics: approaches to sustainable production”,
while demonstrating how these multifunctional bio composites can reduce environmental burdens. The findings are
expected to guide future research toward scalable fabrication, targeted surface engineering, and the development of
next-generation biomedical materials.
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1 Introduction
The global reliance on conventional plastics has led to an environmental crisis, with plastic waste

accumulating in landfills, oceans, and ecosystems at an alarming rate [1]. These synthetic polymers, primarily
derived from petrochemical sources, are non-biodegradable and persist in the environment for centuries,
contributing to severe ecological damage, including microplastic pollution, soil contamination, and harm
to marine life [2]. The increasing awareness of these detrimental effects has accelerated research into
sustainable alternatives that can replace traditional plastics without compromising functionality [3]. Among
the most promising solutions are bio-composites derived from natural polymers such as cellulose and
chitosan [4]. These biopolymers offer exceptional biodegradability, biocompatibility, and versatility, making
them highly suitable for biomedical engineering, food packaging, wastewater treatment, and other advanced
applications [5].

Cellulose is the most abundant organic polymer on Earth, providing structural reinforcement, mechan-
ical durability, and a renewable feedstock [6], while chitosan, a derivative of chitin, possesses intrinsic
antimicrobial properties, excellent film-forming ability, and high compatibility with biological systems [7].
The integration of these two biopolymers yields materials with enhanced mechanical strength, thermal
stability, and controlled degradation [8].

Recent literature highlights growing interest in cellulose-chitosan composites due to their potential in
flexible electronics, biosensing, energy storage, and sustainable packaging. Chemical and physical modifi-
cation of cellulose nanofibers has enabled the fabrication of active and eco-friendly packaging films with
improved mechanical and antimicrobial performance [9]. Progress in the synthesis and surface functional-
ization of cellulose nanocrystals has resulted in tailored morphological, optical, and rheological properties
suitable for advanced polymer composites [10]. In addition, sustainable biomaterials integrating cellulose,
chitin, and chitosan exhibit enhanced biodegradability, film-forming ability, and structural stability [11].
Furthermore, blending nanocellulose with functional plant-based additives has enabled the development of
antibacterial nanocomposite films for active food packaging applications [12].

Plastic has become integral to human life due to its low price, versatility, durability, and lightness. Despite
its advantages, the harmful environmental impact of plastic is undeniable. Reinforced plastics may take up
to 400 years to decompose, and over the past 15 years, production has increased significantly, accounting for
half of all plastics ever produced. Projections indicate that, if this trend persists, global plastic production
may reach 1 billion tons [13].

Bioplastics, regarded as eco-friendly alternatives, have gained growing attention. Chitosan and cel-
lulose are especially promising due to their biodegradability, non-toxicity, and favorable physicochemical
properties [14]. Chitosan is insoluble in most solvents but dissolves in mildly acidic solutions through
protonation, which disrupts intermolecular hydrogen bonds. It is widely used in medicine owing to its
biocompatibility; for example, chitosan hydrogels show excellent compatibility with chondrocytes. Chitosan
is typically obtained by alkaline deacetylation of chitin from crustaceans and insects [15].

The use of bioplastics is expanding across various industries. In packaging, biodegradable films support
high safety standards and environmental protection. Cellulose ensures biodegradability and renewabil-
ity [16], while also providing significant mechanical strength to biodegradable films [17]. Cellulose can be
extracted from agricultural residues such as corn, wheat, rice, sorghum, barley, and sugarcane. For example,
cellulose extracted from barley bran requires lipid removal, alkali treatment, and bleaching using sodium
acetate buffer [18]. However, this multi-step process takes up to 72 h and requires significant chemical use.
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Recent studies propose more efficient extraction protocols, including alkaline pulping followed by
acidification and deep eutectic solvent extraction, which reduce processing time and energy demand while
increasing cellulose purity [19].

The past decades have witnessed substantial research in polymer-based materials across multiple
fields due to improvements in functional performance after chemical modification. Remarkable progress
has been made in biomedical applications through polymer-based scaffolds and biocompatible coat-
ings [19], while polymeric adsorbents and membrane systems have significantly advanced wastewater
treatment technologies [20]. Furthermore, polymer composites have demonstrated improved durability for
construction applications [21–24], and functional polymeric nanostructures have enhanced performance
in electronic and sensor devices [25,26]. These developments are largely attributed to property tuning
achieved through chemical modification and structural optimization of polymeric matrices [27]. Recent
studies also emphasize that tailored molecular interactions and crosslinking can significantly improve
physicochemical performance and long-term stability [28], while nanoscale modifications further enhance
mechanical strength, electrical conductivity, and functional responsiveness [29]. Significant advancements
include cellulose/chitosan biomaterials for skin tissue regeneration due to their haemostatic, antibacterial,
biodegradable, and biocompatible properties [30].

Chitosan, identified by Rouget in 1859, remains commercially important among natural polymers [31].
Chitosan is widely applied in pharmaceuticals, biotechnology, food packaging, functional membranes,
and environmental remediation because both chitosan and its degradation products are environmentally
benign [32]. In addition, its biocompatibility and natural biodegradability support applications in active food
packaging and biomedical formulations [33]. Furthermore, its inherent antimicrobial properties and low
toxicity make it useful in functional membranes and environmental remediation [34]. The primary amine
groups present in chitosan allow versatile chemical functionalization, enabling custom physicochemical and
biological properties tailored for specific applications [35]. These functional groups facilitate cross-linking,
grafting, and blending with other polymers, thus enhancing structural stability and performance [36].
Moreover, tailored modification strategies have expanded its use in controlled drug delivery, biosensing, and
tissue engineering [37,38].

This review explores the utilisation of cellulose/chitosan composites and their fabrication methods. The
main focus is on bioplastic polymeric scaffolds derived from cellulose and chitosan. The review concludes
with a critical assessment of existing scaffold-preparation techniques and discusses current limitations and
future opportunities for advanced material development.

2 Natural Sources for the Production of Biodegradable Plastics
The shift toward biodegradable plastics has increasingly focused on naturally derived feedstocks, not

only to reduce environmental burden but also to establish sustainable material life cycles. Rather than
serving merely as polymer substitutes, natural biopolymers are now being strategically engineered to meet
specific functional requirements such as barrier performance, mechanical robustness, and biological activity.
Current research converges on four dominant classes, polysaccharides, proteins, lipids, and microbial
biopolymers each offering distinct advantages and inherent limitations that dictate their processing routes
and application domains [39–42]. A critical challenge across all natural polymers remains the trade-
off between biodegradability and performance stability, particularly moisture sensitivity and mechanical
fragility. Consequently, recent studies increasingly emphasize chemical modification, polymer blending, and
nano structuring strategies to overcome these intrinsic constraints, shifting the field from simple material
extraction toward functional bioplastic design.
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2.1 Starch-Based Bioplastics
Starch is the most extensively investigated natural polymer for biodegradable plastics due to its global

abundance, renewability, and low cost [43]. Thermoplastic starch (TPS), obtained through gelatinization
in the presence of plasticizers such as glycerol or sorbitol, enables melt processing using conventional
polymer technologies [44]. However, native and plasticized starch films typically exhibit low tensile strength
(2–6 MPa), poor elongation, and high moisture uptake (>40%), severely limiting direct substitution for
petroleum-based plastics. To overcome these intrinsic weaknesses, recent studies increasingly emphasize
polymer blending and nanostructural reinforcement. Blends with PLA or PCL enhance tensile strength
to approximately 10–25 MPa while improving dimensional stability, although phase incompatibility often
constrains long-term durability [45]. More recent works from 2019–2024 demonstrates that incorporation
of nanocellulose or starch nanocrystals at low loadings (3–8 wt%) can raise tensile strength into the
20–40 MPa range, while reducing water vapor permeability by up to 60%, reflecting a decisive shift from
bulk plasticization toward interface-engineered starch systems [46].

Despite these advances, starch-based bioplastics remain thermodynamically unstable in humid environ-
ments and display limited thermal resistance, positioning them primarily for short-life packaging, disposable
products, and agricultural mulches, where rapid biodegradation is advantageous rather than restrictive.

2.2 Alginate-Based Bioplastics
Alginate, extracted from brown seaweed, has attracted sustained attention due to its exceptional film-

forming ability, biocompatibility, and intrinsic oxygen barrier performance [47]. Compared to starch films,
alginate typically exhibits one order of magnitude lower oxygen permeability, making it particularly attractive
for food-packaging applications where oxidative degradation is a concern [48,49]. However, neat alginate
films are mechanically weak, with tensile strengths commonly below 5 MPa, and exhibit pronounced swelling
in humid conditions. Contemporary research therefore increasingly positions alginate not as a standalone
matrix but as a cross-linkable bio-scaffold. Ionic gelation with Ca2+ significantly improves cohesive strength,
while hybridization with gelatin, starch, or cellulose nanofibers raises tensile strength into the 20–45 MPa
range and markedly reduces water solubility [50]. Recent studies further demonstrate that incorporation of
ZnO or Ag nanoparticles simultaneously enhances mechanical stability, UV shielding, and antimicrobial
efficacy (>99% bacterial inhibition), redefining alginate bioplastics as multifunctional active materials rather
than passive films [51].

This convergence of mechanical reinforcement and biological functionality has expanded alginate’s
relevance from food packaging to wound dressings and controlled-release biomedical systems, although
long-term stability under fluctuating humidity remains a persistent limitation.

2.3 Pectin-Based Bioplastics
Pectin, predominantly recovered from citrus and apple processing waste, represents a structurally

diverse polysaccharide platform with adjustable esterification degrees [52,53]. While pectin-based films
offer biodegradability, non-toxicity, and excellent film uniformity, they typically display brittle mechanical
behavior (tensile strength <5 MPa) and high-water vapor permeability, limiting their direct use in structural
packaging [54,55]. To address these shortcomings, pectin systems are increasingly engineered through
plasticization, polymer blending, and nanoscale reinforcement. Blends with starch, gelatin, or PLA raise
tensile performance to approximately 10–22 MPa, though often at the expense of barrier properties [56].
More advanced strategies reported between 2020 and 2023 demonstrate that pectin-nanocellulose hybrid
networks can achieve tensile strengths exceeding 30 MPa with 30%–55% reductions in water vapor perme-
ability, indicating the emergence of pectin as a viable component in high-performance biocomposite films.
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Consequently, pectin bioplastics are evolving from brittle edible coatings toward engineered matrices for
active food packaging and pharmaceutical systems, where controlled degradation and functional tunability
are prioritized over long-term load-bearing capacity [57].

2.4 Protein-Based Bioplastic
Protein-based bioplastics offer a chemically versatile alternative to polysaccharides due to their het-

erogeneous amino acid composition and reactive functional groups [58]. This molecular diversity enables
extensive cross-linking and intermolecular interactions, allowing property modulation across a broader
range than most carbohydrate polymers. Nevertheless, most protein films remain mechanically brittle and
hydrophilic, necessitating systematic modification.

2.4.1 Soy Protein-Based Bioplastics
Soy protein films are attractive due to abundance and biodegradability, yet typically exhibit tensile

strengths below 5 MPa and high moisture sensitivity [59]. Cross-linking and polymer blending elevate tensile
values to approximately 12–25 MPa, while recent nanocomposite strategies report strengths approaching
30 MPa with substantial reductions in water uptake [60]. These improvements have repositioned soy protein
from a fragile biofilm to a viable short-life packaging and agricultural material, although humidity-induced
plasticization remains a fundamental challenge.

2.4.2 Zein-Based Bioplastics
Zein differs fundamentally from most protein polymers due to its hydrophobicity and superior oxygen

barrier properties, which often surpass those of starch and gelatin systems [61–64]. Zein films routinely
demonstrate lower water vapor transmission and improved solvent resistance; however, brittleness and poor
flexibility limit standalone applications. Recent cross-linked zein nanocomposites exhibit tensile strengths
exceeding 35 MPa, highlighting zein’s potential in coatings, encapsulation technologies, and controlled-
release systems rather than bulk packaging.

2.4.3 Gelatin-Based Bioplastics
Gelatin forms transparent, flexible films with tensile strengths ranging from 15–40 MPa, outperforming

many plant-derived polysaccharides [65,66]. Its biological origin confers inherent cell affinity, supporting
extensive use in wound dressings, scaffolds, and bioactive films [67–69]. However, gelatin’s rapid moisture
absorption and thermal instability restrict long-term environmental applications, reinforcing its positioning
within biomedical rather than commodity plastic sectors.

2.4.4 Casein-Based Bioplastics
Casein is historically significant in biodegradable plastics and continues to attract interest due to its high

cohesive strength and biodegradability [70]. Nevertheless, unmodified casein films are rigid and moisture-
sensitive, and extensive cross-linking is required to achieve flexibility. As a result, contemporary research
increasingly frames casein not as a bulk polymer but as a functional additive or composite phase.

2.5 Microbial-Derived Biopolymers
Microbial-derived biopolymers occupy a distinct and strategically important position in the biodegrad-

able plastics landscape because, unlike most plant-derived polymers, they exhibit thermoplastic behavior,
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controllable molecular architecture, and mechanical performance approaching that of commodity plas-
tics [71,72]. These systems bypass several limitations of polysaccharides and proteins, particularly
poor melt processability and uncontrolled water sensitivity. However, their broader adoption is fun-
damentally constrained by economic feasibility, fermentation scalability, and downstream processing
efficiency. Compared with starch or protein-based plastics, microbial polymers typically demonstrate
higher tensile strengths (20–70 MPa), superior elongation behavior, and wider thermal processing windows
(Tm ≈ 120○C–180○C) [73]. This positions them as leading candidates for replacing conventional packaging
plastics. Nevertheless, their environmental advantage is maximized only when renewable feedstocks and
low-energy purification routes are employed, prompting recent research emphasis on integrated biorefin-
ery models.

2.5.1 Polyhydroxyalkanoates (PHAs)
PHAs represent the most extensively investigated class of microbial bioplastics due to their structural

tunability, complete biodegradability, and intrinsic biocompatibility [74,75]. Their mechanical properties
span a wide spectrum, from brittle thermoplastics such as PHB (tensile strength ~30–40 MPa, elongation
<5%) to elastomeric PHAs exhibiting elongations exceeding 300%, enabling application-specific material
design [76]. In comparison to plant-derived polymers, PHAs exhibit superior water resistance, higher
crystallinity, and melt processability, enabling conventional extrusion and injection molding [77,78]. These
advantages have supported their evaluation in food packaging, resorbable medical devices, sutures, and
controlled-release systems. However, PHAs are often thermally unstable near their melting temperatures,
leading to narrow processing windows and thermal degradation during melt processing [79]. Economically,
fermentation-derived PHAs remain 3–10 times more expensive than petroplastics, largely due to substrate
cost and energy-intensive recovery. Consequently, recent advances have focused on metabolically engineered
strains, mixed microbial cultures, and low-cost waste substrates (food waste, crude glycerol, lignocellu-
losic hydrolysates), achieving reported cost reductions of 30%–60%. Parallel progress in solvent-free and
enzymatic extraction technologies further reflects a shift from laboratory feasibility toward industrial via-
bility [80]. Critically, while PHAs are frequently described as fully biodegradable, their degradation kinetics
vary widely depending on crystallinity, copolymer composition, and environmental conditions, emphasizing
the need for standardized biodegradation assessment frameworks to ensure environmental relevance.

2.5.2 Bacterial Cellulose
Bacterial cellulose differs fundamentally from PHAs and plant-derived polysaccharides due to its

ultrapure composition, nanoscale fibrillar architecture, and exceptional crystallinity (>80%) [81,82]. These
features translate into tensile strengths commonly exceeding 70 MPa and elastic moduli approaching
15–30 GPa, far surpassing most starch-, alginate-, and protein-based films.

Unlike plant cellulose, bacterial cellulose is synthesized as a three-dimensional nanofiber network,
eliminating the need for harsh purification and enabling direct integration into biomedical and composite
systems [83]. Its high water-holding capacity (>90%) and structural similarity to extracellular matrices
have driven extensive application in wound dressings, artificial skin, vascular grafts, and tissue scaffolds.
Recent studies increasingly frame bacterial cellulose not merely as a biopolymer, but as a nano-engineered
platform. Hybridization with graphene oxide, chitosan nanoparticles, or metal oxide nanostructures has
yielded films with simultaneously enhanced tensile strength, electrical conductivity, and antimicrobial
performance, enabling multifunctional materials for smart packaging and biosensing. However, bacterial
cellulose production remains slow (typically <10 g/L yields) and sensitive to fermentation conditions.
The future scalability of bacterial cellulose bioplastics therefore hinges on bioreactor engineering, strain
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optimization, and valorization of low-cost carbon sources, highlighting a critical gap between laboratory
performance and industrial implementation.

2.6 Lipid-Based Biodegradable Plastics
Lipid-derived bioplastics constitute a chemically distinct class of biodegradable polymers characterized

by intrinsic hydrophobicity, flexible chain architectures, and extensive chemical modifiability [84]. In
contrast to carbohydrate-based systems, vegetable-oil-derived polymers exhibit higher elongation at break
(often > 100%–300%) and improved moisture resistance, aligning them more closely with flexible synthetic
plastics [85]. Epoxidized and functionalized plant oils serve as versatile precursors for biodegradable
polyesters, polyurethanes, and alkyd resins, with reported thermal stabilities exceeding 150○C–200○C and
tunable cross-link densities [86]. Recent works emphasizes the synthesis of fully bio-based polyurethanes
and non-isocyanate routes, reflecting increasing regulatory pressure and sustainability targets [85].

From a critical standpoint, lipid-based bioplastics offer mechanical flexibility and chemical versatility,
but often suffer from slower biodegradation rates, oxidative instability, and feedstock variability, which
complicate performance standardization [85].

3 Biodegradable Plastics Based on Chitosan and Cellulose
Among naturally derived polymers, chitosan and cellulose occupy a distinctive position in biodegrad-

able plastics research due to their structural robustness, high functional group density, and exceptional
adaptability to chemical and nanoscale modification. Unlike starch or pectin, which primarily serve as bulk
biodegradable matrices, chitosan and cellulose increasingly function as performance-defining components,
enabling mechanical reinforcement, barrier enhancement, and biological functionality. Consequently, cur-
rent research trends emphasize not only their abundance, but their capacity to serve as engineered platforms
for high-value biodegradable plastics.

3.1 Chitosan
Chitosan is obtained through the partial deacetylation of chitin, the second most abundant natural

polysaccharide after cellulose, which occurs as highly ordered crystalline microfibrils in arthropod exoskele-
tons and fungal cell walls [87]. Structurally, chitosan is composed of β-(1→4)-linked D-glucosamine and
N-acetyl-D-glucosamine units, rendering it analogous to cellulose but distinguished by the presence of
primary amine groups at the C-2 position. This structural feature fundamentally differentiates chitosan
from other polysaccharides by conferring cationic character, enhanced chemical reactivity, and strong
intermolecular interaction capacity. While chitin naturally occurs in α-, β-, and γ-polymorphic forms, their
crystalline arrangements strongly influence solubility and reactivity. α-Chitin, characterized by antiparallel
chain packing, exhibits the highest crystallinity and chemical resistance, whereas β-chitin possesses a more
open parallel structure, resulting in greater swelling capacity, higher solubility, and improved accessibility for
chemical modification [88]. The γ-form, containing mixed chain orientations, remains the least stable and
least exploited industrially [89]. These polymorphic differences critically determine downstream chitosan
yield, degree of deacetylation, and ultimately, film-forming and mechanical behaviour in bioplastic systems.

Industrial chitosan production relies on chitin deacetylation following demineralization and depro-
teinization. Conventional chemical routes are efficient but chemically intensive, whereas biological methods
employing lactic-acid-producing bacteria and proteolytic enzymes offer a more sustainable alternative by
simultaneously reducing mineral content and protein residues [90]. Beyond environmental considerations,
biological processing often yields chitosan with higher molecular integrity and narrower property distribu-
tions, which is increasingly valued for reproducible bioplastic fabrication [91]. From a biodegradable plastics
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perspective, chitosan’s significance extends beyond its biocompatibility and non-toxicity. The presence of
reactive–NH2 groups enables extensive chemical grafting, ionic cross-linking, and nanoparticle coordina-
tion, allowing precise tuning of solubility, crystallinity, and intermolecular cohesion [92]. Compared with
cellulose and starch, chitosan typically forms films with higher cohesive strength, intrinsic antimicrobial
activity, and superior gas barrier performance, but also exhibits greater moisture sensitivity and brittleness
in unmodified states.

Consequently, modern chitosan-based bioplastics are rarely formulated as neat films. Instead, con-
temporary research frames chitosan as a functional backbone integrated with plasticizers, secondary
biopolymers, and nanofillers to overcome its mechanical fragility and humidity-dependent instability [93].
This evolution reflects a broader transition from chitosan as a simple biodegradable polymer to chitosan
as a multifunctional bioplastic platform, particularly valuable in active packaging, biomedical films, and
wound-healing materials, where antimicrobial activity and cellular affinity provide performance advantages
unattainable with most other natural polymers [94].

3.2 Cellulose
Cellulose is the most abundant renewable polymer on Earth and remains the structural benchmark for

biodegradable plastics derived from natural sources [95]. It is composed of linear β-(1→4)-linked D-glucose
chains stabilized by dense intra- and intermolecular hydrogen bonding networks, giving rise to semi-
crystalline microfibrils with high tensile strength, thermal stability, and chemical resistance [96]. These
attributes fundamentally distinguish cellulose from most other polysaccharides, positioning it not merely as
a biodegradable matrix, but as a load-bearing biopolymer and reinforcement phase.

The extensive hydrogen-bonded architecture that endows cellulose with mechanical robustness also
confers limited solubility and processability, historically restricting its application in plastics. However, this
limitation has increasingly been reframed as an opportunity: rather than dissolving cellulose, contemporary
biodegradable plastics research emphasizes its transformation into nanocellulose architectures, where high
aspect ratios and surface functionality generate exceptional reinforcing efficiency [97]. Nanocellulose
materials exhibit tensile strengths and moduli that surpass many synthetic polymers, while maintaining
biodegradability and renewability. Their abundant surface hydroxyl groups enable extensive chemical
derivatizationincluding oxidation, esterification, and silanizationallowing interfacial compatibility with both
hydrophilic and hydrophobic polymer matrices [98]. Oxidative modification routes, such as glutaraldehyde
cross-linking and Fenton-type reactions, introduce aldehyde and carboxyl functionalities that enhance
mechanical stability, moisture resistance, and reactive grafting potential, thereby extending cellulose’s
functional domain from structural reinforcement to active material design [99].

From a biological perspective, cellulose and its derivatives possess a rare convergence of mechanical
integrity and extracellular-matrix-like architecture, promoting moisture retention, cellular adhesion, and
proliferation [100]. These attributes have catalyzed their extensive incorporation into biomedical bioplastics,
including wound dressings, tissue scaffolds, and drug-delivery platforms.

Cellulose sourcing further reinforces its strategic importance (Fig. 1). Annual plants such as cotton
and bamboo exhibit cellulose contents approaching 80%, while flax and hemp contain approximately 75%,
supporting their selection as high-performance biopolymer feedstocks [101]. Sisal, jute, and abaca offer
moderate cellulose fractions yet remain valuable due to rapid renewability and mechanical reinforcement
potential [102,103]. Moreover, microbial cellulose synthesized by Acetobacter xylinum provides an ultrapuri-
fied nanofibrillar form that circumvents lignin and hemicellulose removal, enabling direct integration into
high-value biodegradable plastic systems [104].
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Figure 1: Abundant plant sources of cellulose and its cellulose composition.

4 Production of Bioplastics Based on Chitosan and Cellulose
Cellulose has attracted much interest, particularly in medical applications such as advanced biosensing

devices. Cellulose-based bioplastics can be produced from various lignocellulosic sources using multi-step
fractionation and purification processes [105]. For example, cellulose can be isolated from barley husks. First,
barley husks are treated with 0.05 M HCl solution, and 20 mL g−1 barley husks are used. The mixture is stirred
for 16 h at room temperature and centrifuged to remove the liquid. After this step, lignin removal should be
performed three times with deionized water and sodium chlorite by adjusting pH to 3 using hydrochloric
acid at 80○C for 3 h. Subsequently, the mixture is centrifuged and slurried with deionized water and again
centrifuged. After completion of delignification, alkali treatment is performed using 1 M NaOH solution by
stirring the mixture at room temperature overnight. The mixture is neutralized by HCl and then centrifuged
to separate hemicellulose in the aqueous phase and cellulose in the insoluble phase. Both phases are purified
by adding ethanol solution and then centrifuged. The obtained samples are dried at room temperature [106].

In recent years, greener extraction routes have been introduced to minimize chemical usage and energy
consumption while preserving cellulose yield and purity. Deep eutectic solvent (DES) systems have emerged
as promising alternatives to harsh mineral acids due to their tunable hydrogen-bonding interactions and
low toxicity [107]. Enzyme-assisted delignification has also been reported to selectively degrade lignin
without damaging cellulose microfibrils, resulting in improved purity and reduced processing waste [108].
Additionally, reduced-temperature alkali treatments have been developed to decrease energy demand while
maintaining acceptable cellulose crystallinity and extraction efficiency [109].

Chitosan does not usually occur in a fully deacetylated form in nature and is therefore obtained from
chitin via alkaline deacetylation [110]. Hydrolysis in strongly alkaline conditions with different combinations
of solid potassium and sodium hydroxide solutions (30%–60%), different temperatures (70○C–140○C) and
different treatment times (up to 10 h) is applied until the degree of deacetylation (DDA) reaches the desired
level. The DDA is a critical parameter that governs chitosan’s solubility, charge density and biological
activity; therefore, maintaining both high DDA and sufficiently high molecular weight is essential for
most applications. To obtain high DDA while limiting chain degradation, alternative approaches involving
enzymatic treatment, low-frequency ultrasound or steam explosion can be utilized [111]. These hybrid or
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assisted processes allow better control over chitosan structure and reduce the environmental impact of
conventional chemical deacetylation.

Fig. 2 schematically illustrates the main production routes involved in the fabrication of cellulose- and
chitosan-based bioplastics, including raw material pretreatment, polymer isolation, chemical modification
and subsequent film or scaffold formation.

4.1 The Vacuum Filtration Method
For the production of biopolymer films through the vacuum filtration method, a mixture of 0.5%

chitosan and 5% acetic acid is prepared. This chitosan solution is then combined with nanocellulose
suspensions to obtain various mass ratios of nanocellulose to chitosan (10:1, 10:2, 10:4, and 10:5), resulting in
chitosan contents ranging from approximately 9% to 33%. The obtained nanocellulose–chitosan composite is
dried under a vacuum-contained filtration system for about 20 h. After filtration, the composites are washed
with water to remove acetic acid residues. Finally, each composite is dried under pressure for 72 h [112].

In recent studies, similar vacuum-assisted filtration routes have been optimized to shorten drying
times and improve film homogeneity, often by adjusting solid content, filtration pressure and post-pressing
conditions [113].

(A) (B)

(C) (D)

Figure 2: (Continued)
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(E)

(F)

Figure 2: Bioplastic production using different techniques. (A): Vacuum filtration method; (B): Electrospinning
method; (C): Interfacial polymerization casting method; (D): Solvent casting method; (E): In -situ precipitation method;
(F): Freeze-thawmethod.

4.2 The Electrospinning Method
Electrospinning is a versatile process for the manufacture of cellulose/chitosan-based polymers, involv-

ing the jetting of a polymer solution or melt within a high electric field to produce nanofibers [114]. Over
the past decades, electrospinning has become one of the most common methods for producing nanofibrous
composites with high surface area and tunable porosity.

First, polymer solutions are mixed in ionic liquid solvents like 1-ethyl-3-imidazolium acetate. Then, the
mixture is electrospun into ethanol to remove 1-ethyl-3-imidazolium acetate. Alternatively, cellulose and
chitosan ester derivatives (cellulose acetate and dibutyryl chitin) can be electrically spun and hydrolyzed in
alkaline conditions to produce cellulose and chitosan. This second approach improves solution processability
and often leads to enhanced absorption capacity and mechanical strength in the resulting nanofibrous
mats [115].

More recent work has also explored co-axial electrospinning and the incorporation of nanoparti-
cles or bioactive agents into cellulose/chitosan nanofibers to tailor mechanical, barrier and biofunctional
properties [116].

4.3 Solvent Casting Method
Solvent casting is one of the most commonly used methods to produce nanocomposites. For the

preparation of cellulose/chitosan composites, chitosan powder is dissolved in 1% (v/v) acetic acid solution
to obtain a 2% (w/v) chitosan solution, which is magnetically stirred for an hour. Cellulose nanocrystals are
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added at 5%, 10%, 15%, and 50% (wt%). The mixture is stirred for about 24 h until homogeneous. Following
that, 1% glycerol is poured into the mixture, and sonication of the mixture in an ultrasonic bath for 1 h is
performed. After this step, the solution is cast on Petri dishes, and then the obtained films are dried at 35○C
for two days [117].

Solvent casting is particularly attractive for laboratory-scale production because it requires simple
equipment and allows precise control of composition; however, the use of volatile organic solvents and
long drying times limit its scalability. Recent reports have therefore focused on water-based systems and
accelerated drying protocols to improve process sustainability [118].

4.4 Combination of Freeze-Thaw Method and Solvent Casting Method
The freeze–thaw technique is one of the widely used methods for the preparation of hydrogels from

cellulose and chitosan, particularly when a porous, cryogel-like structure is desired. Ananikov reported the
reinforcing ability and surface chemistry of nanocellulose derivatives in cryogel formulations using repeated
freeze–thaw cycles [119]. The technique involves freezing and thawing polymer solutions to induce physical
gelation and generate specific pore architectures.

Chitosan and cellulose (1:1) are added to an aqueous LiOH/urea/water mixture (4.6:15:8.4 w/w). The
mixture is kept at−35○C until it is fully frozen. After that, the mixture is allowed to stand at room temperature
and then stirred for about 2 min at 20○C. The freezing-thawing-stirring process is repeated two times.
The sample is centrifuged at 0○C and 8000 rpm for 10 min. Film casting is done with the sample on
a 20 cm × 20 cm glass plate (1 mm thick), which is then washed with ethanol and water. Finally, the
chitosan–cellulose nanocomposites are dried under vacuum for 10 min [120].

Recent freeze-thaw/solvent-casting hybrids have been shown to further improve mechanical strength
and interconnected porosity, which is particularly beneficial for tissue engineering scaffolds and highly
absorbent bioplastics [121].

4.5 Interfacial Polymerization Method
Interfacial polymerization involves reactions taking place at the interface between two immiscible

phases, often leading to thin films or membranes with controlled morphology. Chitosan and cellulose
(1:6 w/w) are dissolved in N-methylmorpholine-N-oxide solvent, and propyl gallate is added. The mixture is
heated under reduced pressure and stirred simultaneously. The non-woven textile polyethylene terephthalate
(PET) is mounted on the coater’s glass plate. The mixture is poured onto the non-woven PET, and the roll is
moved at a speed of 20 mm s−1. The membrane is placed in a water coagulation bath at room temperature.
After that, water is used to wash the membrane, and then it is allowed to dry at room temperature to obtain
cellulose–chitosan biopolymer [122].

This method enables the formation of thin, defect-free composite membranes suitable for separation,
filtration and biomedical barrier applications. Recent studies have also employed green coagulants and
alternative solvents to reduce the toxicity associated with conventional cellulose solvents [123].

4.6 In-Situ Precipitation Method
For the in-situ precipitation method, initially a cellulose solution is obtained by dissolving 20 g of cotton

linear pulp in 500 g of an aqueous solution containing 8 wt% LiOH and 15 wt% urea at −13○C. Chitosan
solution is obtained by dissolving 20 g of chitosan in an aqueous solution containing 2 wt% KOH, 5 wt%
LiOH and 14 wt% urea and stored below −30○C until frozen; the chitosan solution is then thawed and stirred
at room temperature. Afterward, cellulose and chitosan solutions are mixed and stirred for about an hour.
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Subsequently, Zn(NO2)3⋅6H2O is added to the solution and stirred for one hour. Different concentrations
of silver nitrate (0.5, 1.0, 1.25, 1.5 mM) are poured into the solution. The mixture is centrifuged at 7000 rpm
for 10 min at 5○C and then placed on a glass plate to coagulate. The cellulose–chitosan-based composite is
washed with deionized water and dried at 25○C [124].

The in-situ precipitation approach is particularly useful for preparing metal- or metal-oxide-loaded
cellulose–chitosan bioplastics with antimicrobial or catalytic activity, because the inorganic phase is gener-
ated directly within the polymer network. Recent reports have optimized this strategy to control particle
size distribution and prevent aggregation of metallic nanoparticles [125]. Table 1 describes the properties of
cellulose–chitosan bioplastic materials formed by different methods and their applications.

Table 1: Cellulose–chitosan bioplastic materials formed by different methods and their applications.

Method Properties Application

Electrospinning
High porosity, large surface-to-volume ratio,
better cell migration, and differentiation of

bioplastic.

Tissue engineering, drug
delivery, wound healing.

Solvent-casting

Low cost, easy to scale up, possibility to obtain
bioplastic with different mechanical and optical
properties by changing time and temperature,

transparency and desired thickness of bioplastic.

Wound healing, food
packaging, tissue

engineering.

Freeze-thaw Flexibility, excellent hydrophilicity, ability of
biocomposite to reduce bacteria up to 99.94%

Absorbent materials, heavy
metal ion purification,

delivery of herbal medicines.

Interfacial
polymerization

Very dense and thick films, less use of chemicals,
cost-effective.

Water treatment, dye
wastewater, food industry.

In-situ
precipitation

High porosity, low density, excellent
compressibility, stability after reusability.

Removing dyes from
wastewater.

5 Applications of Cellulose/Chitosan Bioplastics
Cellulose has hydrophilicity and mechanical strength, which allows it to be widely used in food

packaging, medicine, and hygiene. However, antimicrobial properties are critical in these applications,
and cellulose does not have antibacterial activity, while chitosan has antibacterial properties but has poor
mechanical strength. Fig. 3 shows the use of bioplastics in diverse ways. When combined with cellulose, these
materials create biocomposites that retain impressive mechanical and hydrophilic properties and have vital
antimicrobial properties. According to Esmaeili et al., cellulose-chitosan fibres tensile modulus is in the range
of 236–3316 MPa, while tensile strength is 22–80 MPa. This combination allows for the creation of highly
functional materials with various applications. The combination of cellulose with chitosan increase increases
the tensile strength of cellulose by 129% [126]. Moreover, low cost, widespread availability, biodegradability,
reusability, non-toxicity, and improved transparency make cellulose and chitosan even more attractive. The
combination of cellulose and chitosan provides more useful cellulose-chitosan-based bioplastics with unique
properties making them more attractive as demonstrated in Fig. 4.

Microfibrilated cellulose is an eco-friendly and sustainable alternative to petrochemical-based poly-
mers such as polyethylene tetraphelete and polyimide-based polymers [127]. These listed properties make
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cellulose/chitosan-based bioplastics useful in food packaging, wastewater remediation and medicine as
illustrated in Fig. 5.

Figure 3: Usage of cellulose/chitosan in various applications.
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Figure 4: Main characteristics of cellulose-chitosan bioplastic.

Figure 5: Application of cellulose-chitosan bioplastics.

5.1 Cellulose-Chitosan Bioplastics in Food Packaging
The characteristics, such as mechanical strength, and biodegradability, barrier properties, should be

present in Cellulose/Chitosan bioplastics to utilize them in the food packaging industry [128]. Cellulose
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and chitosan-consumed biopolymers are used as food packaging materials, keeping food quality and
extending food storage life [129]. These materials maintain odour and texture by protecting them from the
external environment due to barrier property. They also keep food quality, carrying antimicrobial substances,
antioxidants, and vitamins [130]. Moreover, proper gas, oil, UV protection, great film-forming ability, low
production cost, less health hazard, and transparency demonstrate the possibility of large-scale production
of biopolymer-based food packaging [131]. Moreover, cellulose-chitosan-based bioplastics are better than
other bioplastic materials such as polylactic acid (PLA), Polyhydroxyalkanoates (PHA), and starch-based
bioplastics [132]. The advantages and disadvantages of other bioplastic materials used in food packaging are
provided in Table 2.

Table 2: Comparison of cellulose-chitosan-based bioplastics vs. traditional plastics in food packaging: advantages and
disadvantages.

Bioplastic Advantages Disadvantages

PLA

Renewability, simple and
biocompatible production process,

low toxicity, low cost, good
transparency, ability to change

color at different pH, antioxidant.

Brittle, low in toughness, poor
flexibility and barrier properties,
undergo deterioration when in

contact with moisture or the
environment.

PHA

Biodegradability, non-toxicity,
non-carcinogenicity, flexibility,

good UV resistance, oil resistance,
excellent tensile strength, and

non-sticky.

In a maritime environment, it
might remain up for a very long
time; the production is currently
not feasible via plant cells, high

production cost, limited
functionality, and low thermal

stability.

Starch bioplastics
Biodegradability, low cost,

non-toxicity, odorless, tasteless,
transparent, abundance of source.

Poor mechanical strength,
hydrophilicity, low water vapor
barrier property, poor thermal

stability, sensitivity to water,

One of the applications of cellulose-chitosan-based biopolymer is in producing pads for meat packaging,
and the main reason for the use is bacteriostatic activity against gram-negative and gram-positive bacteria.
They are more efficient commercial membranes in slowing down the growth of bacteria in meat. For example,
Enterobacteriaceae and Pseudomonas bacteria are the most common bacteria resulting in spoilage, while
E. coli is one of the microbial pathogens found in fresh meat. Cabanas-Romero et al. demonstrate that
the listed microorganisms’ activity is lower in cellulose-chitosan-based biopolymers than in commercially
available membranes.

The high barrier capacity for protection is another crucial cause of cellulose-chitosan-based biopolymer
application in meat packaging. The oxidation of lipids and myoglobin in meat, as well as beef and tuna,
is considered the main reason for deterioration, causing loss of nutrients, quality, unpleasant colour, and
taste [133]. The other application of chitosan-cellulose biopolymers in the food industry is producing
intelligent food packaging. Smart packaging monitors have an indicator that emits real-time signals about the
food quality storage time, tightness, pH, and freshness of the food and gives information about the conditions
of the food to consumers. Usually, the indicator is incorporated into the packaging material matrix, so to
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make environmentally friendly innovative packaging, the biopolymer allows incorporation with different
indicators while maintaining essential properties needed for food packaging. An example of such biopolymer
is cellulose-chitosan biopolymer matrices, which is incorporated with barberry anthocyanin to get intelligent
food packaging. This material changes the color of the food package when pH alters and is utilized to indicate
the freshness of seafood and meat [134].

5.2 Cellulose/Chitosan Bioplastics in Medicine
Tissue and organ failure caused by defects, injuries, and other types of dysfunctions is among the

most serious and costly challenges in healthcare. Several surgical solutions have been devised to solve
these issues with some of them being the application of total artificial replacement like a prosthetic joint,
processed non-living tissues like an artificial heart valve, and transplantation of tissues utilizing autogenic
or allogenic sources [135]. In this regard, naturally obtained bioplastics like cellulose and chitosan have
become essential wound healing materials because they are biocompatible, renewable and functional which
is very important in the creation of advanced wound dressing. They form a protective barrier over wounds,
preventing infections and providing a favourable environment for tissue regeneration. Their absorbent
properties help to regulate exudate levels, promoting a balanced healing process. In addition, these bioplastics
are gentle on the skin, reducing patient irritation and discomfort [136]. Their biodegradability sets them
apart, eliminating the need to remove the dressing and reducing potential wound trauma. This sustainable
approach is consistent with the shift towards green healthcare solutions. Overall, cellulose and chitosan-
based bioplastics are examples of integrating innovative biomaterials into modern wound care, promising
improved outcomes and increased patient comfort. Their versatility and biocompatibility are promising for
future wound-healing technologies [137].

5.2.1 Cellulose/Chitosan Bioplastics for Drug Delivery
The controlled release and delivery of drugs is another promising area for cellulose/chitosan sustainable

composites. To address chitosan oral immediate, chitosan is dissolved in hydrophobic cellulose to create
a polymer that may release proteins and drug particles. Sulfuric acid was used to hydrolyze wood pulp to
produce cationic polysaccharides and cellulose nano crystals [28]; it was then mixed with chitosan solution
to make a new polymer; the obtained nanoparticles have good application prospects in drug delivery. The
demand for the application of biopolymers such as cellulose/chitosan-based biopolymers in drug delivery is
growing due to larger prolonged saturation time, surface-area-to-volume ratio, high water-holding capacity,
high crystallinity, and biocompatibility [138]. The promising material’s important usage is targeted drug
delivery, being able to respond to pH changes. For instance, swelling ratios of cellulose-chitosan hydrogel
change as pH changes. In gastric media, hydrogel achieves approximately 85% drug release, while in intestinal
fluids (pH 7.4), the drug release is reduced to 23%; this property makes cellulose-chitosan hydrogel useful in
the carrier of theophylline, which is used in the treatment of asthma.

Cellulose-chitosan has become a promising material for efficient cancer treatment. Nowadays, active
chemicals are commonly applied to treat cancer, but active chemicals cannot differentiate cancer cells from
healthy cells, which results in detrimental effects because of non-targeted action. The reason for destructive
consequences is that healthy cells are also exposed to cytotoxic drugs, limiting the efficiency of the drug and
inducing adverse side impacts in patients. One of the high-dose chemo drugs that lead to such an effect is
5-fluorouracil with non-targeted action, resulting in unwanted toxicities of healthy cells. Moreover, reduced
risk of irritation due to uniform drug release and a larger interface for partitioning due to a large surface-
area-to-volume ratio make cellulose-chitosan-based carriers for drugs and make them more attractive in this
field [139]. Therefore, cellulose/chitosan-based biocomposites with a controlled drug delivery system with
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excellent biocompatibility can be good candidates to treat cancer without side effects. Currently, organic
cross-linked cellulose-chitosan is the most stable system as the carrier of 8-Cyclopentyl-1,3-dimethylxanthine
anticancer drug, and experiments show that drug release reached approximately 75% [140].

Additionally, researchers are studying chitosan-coated magnetic cellulose nano whiskers (CNW) for
colorectal cancer treatment and their low-cost delivery system, desired drug conjugation capacity, swelling
property, biocompatibility, and enzymatic degradation properties. Most importantly, CNW nanocomposites
have a high encapsulation efficiency of 89%–95%. This biopolymer can be applied to treat different types of
cancer treatments like breast and ovarian.

5.2.2 Cellulose/Chitosan Bioplastics in Tissue Engineering
The main purpose of tissue engineering is to implant tissue-like structures to repair or regenerate

damaged tissues or whole organs due to their similarity to extracellular matrix (ECM), biopolymers’ potential
applications in tissue engineering are expanding. Biopolymers like cellulose-chitosan-based matrices are
promising materials in soft and hard tissue engineering [36]. They promote essential cell functions like cell
division, adhesion, and cell differentiation far better than synthetic polymers. The body’s immune system can
tolerate cellulose-chitosan-based biopolymers because of the similarities of cellulose and chitosan with ECM,
and they offer a natural environment for cell growth. Chitosan-based materials encourage three-dimensional
cell development and homeostasis, quarantining quick regeneration of skin and bone tissues. Additionally,
cellulose/chitosan scaffolds can transfer fluids in uniform cells [141].
Cellulose/Chitosan Bioplastics for Wound Healing

Due to their ability to control bacterial infections, cellulose and chitosan-based bioplastics have emerged
as crucially important materials for wound healing. Its main goal is maintaining biological principles of
blood flow, oxygenation, moisture, and heat. Water can be stored up to 99% and kept by cellulose-chitosan-
based materials due to hydrophilic groups (-OH, -CONH-, -CONH2), which help keep wounds warm and
moist. Moreover, they form a protective barrier over wounds, preventing infections and providing a favorable
environment for the wound-healing process. Their absorbent properties are crucial to take control of exudate
levels. These bioplastics are soft, so they minimize the discomfort of patients. Overall, cellulose and chitosan-
based bioplastics are examples of innovative biomaterials in modern wound dressings, promising improved
outcomes and increased patient comfort. Future wound-healing technologies could benefit from cellulose-
chitosan-based materials’ biocompatibility and antibacterial qualities [142]. In addition, drugs can be loaded
with cellulose-chitosan-based wound dressing materials.
Cellulose/Chitosan Bioplastics for Treating Hernia

Bacterial cellulose modified with chitosan (MBC) is a potential implanted biomaterial for treating
hernia in repair surgery. MBC mesh enhances absorption in native tissue and owns less mesh-related
infection and imperceptible irritation without signs of allergic reactions, sensitization, or adverse immune
response. Compared to the newest polypropylene mesh, due to biomimetic properties, MBC has considerably
improved in treating hernia [143].
Cellulose/Chitosan Bioplastics for Promising Material for Artificial Dura Matter

Duraplasty is one of the most difficult issues in neurosurgical procedures because of the many difficulties
in creating worthwhile artificial human dura matter [144]. Bacterial cellulose-chitosan-based material fulfills
the requirement of mechanical strength, elongation values and cell viability. However, the swelling ratio and
degradation ratio need to be still increased to heal head trauma.
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Cellulose/Chitosan Bioplastics in Vascular Surgery
Due to the fact that autogenous vessels are biocompatible, they are the most frequently used in vascular

grafts; nonetheless, the process of using autogenous arteries has limitations as they are larger than 3 mm
and sometimes demand further surgery. This disadvantage creates the need for other materials to treat
vascular diseases. The material used for vascular surgery will have contact with blood, so it should meet
the following properties: biocompatibility, stabilizability, blood compatibility, and physiological function.
Bacterial cellulose/chitosan bioplastics meet these essential characteristics and are applied to make blood
vessels. Toxicological studies of artificial blood vessels made of cellulose/cellulose show that they are
non-toxic and do not cause allergic reactions, hyperplasia or inflammatory responses [102].

5.3 Cellulose/Chitosan Bioplastics for Wastewater Remediation
Contamination of water sources has become a huge problem as the negative consequences of urbaniza-

tion and industrialization. Among contaminants of water, heavy metals have been one of the most concerning
problems as well as they are carcinogenic, toxic and able to bioaccumulate. As a result, heavy metals threaten
human health and the ecosystem. Nowadays, many methods exist to remove heavy water, but they have both
advantages and disadvantages, as described in Table 3 [145].

Table 3: Comparison of various cellulose/chitosan-based remediation methods for heavy metals removal from water.

Mechanism Strength Limitations

Adsorption using
cellulosic biochar Low cost, easy process.

Various types of
adsorbents are needed

according to wastewater,
reusing decreases the

effectiveness of adsorbent

Advanced
oxidation

derivatization

Non-selective, quick process,
a small footprint, kill

microorganisms

High cost, demand for
further treatment

Membrane for
separation

Compact size of equipment,
no or low need for

chemicals, less sludge

High energy demand,
needs cleaning periodically

Generally, traditional methods are not cost-effective or may not meet standards of heavy metal
purification. Widespread availability, biodegradability, and eco-friendly and easy way of preparation make
cellulose-chitosan-based biopolymers useful for wastewater remediation. In cellulose-chitosan biocompos-
ite, chitosan provides metal adsorption and enzyme immobilisation properties, while cellulose provides
mechanical support for chitosan in acidic media [146]. Herein, chitosan is essential for adsorbing contam-
inants from water because of the availability of amino groups, whereas cellulose offers mechanical firm
support. Oil spills, dyes, and heavy metals like Cu(II), Hg(II), and Pb(II) can be removed from water
using their combination; the removal amounts are 252.6, 125–253, and 170.2 mg/g, respectively. Additionally
according to Munim et al. in chitosan–cellulose beads, the adsorption extent for Ni(II), Cu(II), and Cr(III)
ions are 99.8, 79.98, and 99.10 mg/g, respectively. Moreover, cellulose-chitosan-based bioplastics are utilized
to purify water from oil and dye contaminants. The oil adsorption capacity is 125–253 g/g, while the dye
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adsorption capacity is 1170.2 mg/g. The summary of the use of cellulose-chitosan bioplastic is illustrated
in Fig. 6 [135].

Figure 6: Cellulose-chitosan-based bioplastic for water purification.

5.4 Cellulose-Chitosan Bioplastics for Electrical/Optical Applications
5.4.1 Cellulose-Chitosan Bioplastics for Energy Storage

Nowadays, demand for natural materials in electrochemistry is increasing due to their environmentally
benign advantage over conventional materials. Chitosan biopolymer utilizes electrolytes to serve as a strong
ionic conductor, while cellulose can provide needed thermal and mechanical properties. Both cellulose and
chitosan contain oxygen with lone pairs in their chemical backbone, which serves as potential carriers of
charges, and to this electrolyte system, dopant salt ammonium thiocyanate is applied as a charge provider.
Herein, cellulose-chitosan-based bioplastics can be applied for energy storage by using them as materials for
high ion-conducting electrodes [145].

The shifts toward sustainable electrochemical systems have increased the interest in biodegradable solid
polymer electrolytes. Cellulose–chitosan blends provide a synergistic matrix where chitosan contributes
proton-conducting pathways, while cellulose increases mechanical integrity and thermal stability. Their
abundant -OH and –NH2 groups coordinate dopant ions, generating ion-transport channels essential for
high ionic conductivity. Recent studies show that structural amorphization caused by salt addition (e.g.,
NH2SCN, LiTFSI) significantly enhances ion mobility due to segmental polymer relaxation.

For this purpose, the biopolymer electrolyte system is prepared by blending cellulose-chitosan with
dopant salt. According to Wang et al. [147] cellulose-chitosan-based electrolyte shows the highest room
temperature conductivity of 2.29 × 10−4 S cm−1.

Such conductivity values indicate the suitability of these bioplastics for supercapacitors, flexible
batteries, proton exchange membranes and transient energy-storage devices. Current research trends
involve incorporating graphene, activated carbon, and MXene fillers to further enhance conductivity and
electrochemical stability.
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5.4.2 Cellulose/Chitosan Bioplastics for Electrochemical Biosensors
Cellulose/chitosan has attracted much interest, particularly in medical applications such as advanced

biosensing devices. The composites could provide biosensors with enhanced biocompatibility, biodegrad-
ability and non-toxicity, which could be useful for biosensors. Cellulose-chitosan-based biopolymer
prepared by electrospinning technique to obtain non-soluble fine fibers in aqueous media. Then glucose
oxidase (GOx) is mobilized on electrode-coated cellulose acetate-chitosan (CA-CS) biocomposite to obtain.
CA-CS/GOx system can be used as a surface material for biosensors to detect glucose samples in synthetic
samples [145].

Electrospun CA-CS nanofibers possess high porosity and surface area, enabling efficient enzyme
immobilization and rapid analyte diffusionkey factors for sensitive electrochemical detection. The amino and
hydroxyl groups on the composite surface create strong interactions with biomolecules, preventing enzyme
denaturation. The CA-CS/GOx platform demonstrates fast response time, improved selectivity, and reduced
signal drift compared to conventional polymer films. Beyond glucose sensing, cellulose-chitosan films are
also applied in DNA sensors, immunosensors, pathogen assays, and wearable diagnostic systems, especially
when doped with Au, Ag, or ZnO nanoparticles for signal amplification.

5.4.3 Advantages and Limitations of Cellulose–Chitosan Bioplastics: Sustainable Production Approaches,
Advanced Applications and Emerging Prospects
Cellulose-chitosan bioplastics offer several advantages over both conventional plastics and many other

bio-based polymers. The combination of cellulose, which provides mechanical strength, dimensional stability
and renewability, with chitosan, which contributes inherent antimicrobial activity, bioadhesion and film-
forming ability, yields multifunctional materials with excellent potential in food packaging, biomedical
engineering, wastewater remediation and energy-related devices. Their origin from abundant lignocellulosic
residues and crustacean/fungal biomass supports sustainable production concepts, especially when coupled
with green extraction routes such as deep eutectic solvents and enzyme-assisted processes. At the same
time, cellulose-chitosan systems face important limitations. Compared to petroleum-derived polymers, they
often exhibit lower thermal stability, higher sensitivity to moisture and restricted processing windows in
conventional melt-based technologies. The need for acidic media or specialized solvents can increase cost and
complicate solvent recovery, while high-purity cellulose and chitosan feedstocks remain relatively expensive
in many regions. In addition, the integration of functional additives (e.g., nanoparticles, plasticizers, dyes)
can introduce concerns regarding toxicity and may interfere with biodegradation if not carefully designed.

Cellulose–chitosan bioplastics exhibit a distinctive combination of mechanical robustness, bioactivity,
and environmental sustainability, which collectively distinguish them from other natural and synthetic
bioplastics such as starch, PLA, and PHAs. The cellulose component imparts high tensile strength, dimen-
sional stability, and renewability, whereas chitosan provides intrinsic antimicrobial properties, film-forming
ability, and bioadhesion, enabling applications in active food packaging, biomedical scaffolds, and water
treatment membranes. Relative to other bioplastics, cellulose-chitosan systems demonstrate enhanced
barrier properties and multifunctionality, while maintaining biodegradability and compatibility with green
production methods [4]. However, they also face limitations, including lower thermal stability, moisture
sensitivity, narrower processing windows for melt-based technologies, and higher costs associated with
high-purity feedstocks and specialized solvents. Furthermore, incorporation of functional additives, if not
carefully designed, may influence both toxicity and biodegradation. Overall, cellulose–chitosan bioplastics
offer a strategically advantageous platform for high-value, multifunctional applications, particularly when
sustainable production strategies-such as utilization of agricultural or marine waste streams, enzyme-assisted
extraction, and energy-efficient process, positioning them as promising alternatives or complements to
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conventional and other bio-based plastics. From a future perspective, sustainable production of cellulose–
chitosan bioplastics will depend on (i) maximizing the use of inexpensive agricultural and marine waste
streams as raw materials; (ii) implementing energy-efficient, low-toxicity processing routes; and (iii) tai-
loring material architectures for high-value, advanced applications where their unique properties are fully
exploited (e.g., smart packaging, implantable scaffolds, biosensors). Under these conditions, cellulose–
chitosan bioplastics are poised to complement, and in selected niches replace, both commodity plastics and
other bio-based materials. Fig. 7 (Radar Chart) provides a visual summary of cellulose–chitosan bioplastics
performance relative to average bioplastics, highlighting their superior mechanical strength, barrier proper-
ties, bioactivity, and environmental sustainability, alongside moderate limitations in processability and cost
efficiency. The chart underscores the multifunctional potential and high-value application prospects of these
bioplastics in both industrial and biomedical contexts.

Figure 7: Comparative analysis of cellulose-chitosan bioplastics relative to average bioplastics (starch, PLA, PHA)
across seven performance criteria.

5.4.4 Future Perspectives
The future development of cellulose-chitosan bioplastics requires a multidisciplinary approach com-

bining polymer chemistry, nanotechnology, green manufacturing strategies, and biomedical engineering.
As research evolves, several key directions should be prioritized to achieve scalable, high-performance, and
environmentally responsible alternatives to petroleum-based plastics.

Innovative approaches such as molecular dynamics simulations, selective cross-linking, nanoparticle-
assisted reinforcement, and controlled hydrogen-bonding networks may enable tunable mechanical
behavior. Rational engineering of cellulose-chitosan interactions at the nanolevel could produce bioplastics
with strength and elasticity comparable to, or even surpassing, petroleum-based materials (e.g., polyethylene
and polyimides).

Future research should focus on industrially viable processes that minimize toxic reagents, reduce
energy input, and employ renewable solvents such as deep eutectic solvents (DES), ionic liquids, enzymatic
treatments, and microwave/ultrasound-assisted processing. These routes must preserve product perfor-
mance while lowering the environmental burden of extraction, modification, and bioplastic fabrication.

Advanced analytical tools (XRD, FTIR mapping, Raman depth profiling, solid-state NMR) should be
utilized to understand how the degree of deacetylation (DDA) of chitosan and the crystalline index of
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cellulose influence barrier performance. Optimizing these parameters may improve resistance to oxygen
and moisture diffusion and offer enhanced antimicrobial protection for packaging, medical devices, and
biosensing applications.

A major challenge is ensuring both biodegradability and long-term performance under humid environ-
ments or elevated temperatures. Hybrid approaches such as incorporation of hydrophobic polysaccharide
derivatives, bio-based polyesters, surface functional coatings, and multi-layered laminationmay balance
durability and biodegradability, enabling applications in flexible electronics, high-humidity packaging, and
implantable biomaterials.

Future advancements require harmonized biodegradation standards, scalable testing protocols, and
safety regulations for biomedical and food-contact applications. Collaboration between industry, academia,
and international regulatory agencies will accelerate commercialization and ensure societal acceptance of
cellulose–chitosan bioplastics.

6 Conclusion
Cellulose-chitosan bioplastics have emerged as a versatile class of sustainable materials that bridge

the gap between environmental responsibility and functional performance. By combining the mechanical
robustness and renewability of cellulose with the antimicrobial activity, biocompatibility and film-forming
capability of chitosan, these biocomposites can address key challenges in food packaging, biomedical devices,
wastewater remediation and emerging electrochemical applications.

Despite these advantages, several barriers still limit large-scale implementation, including modest
thermal and moisture resistance relative to petrochemical plastics, relatively high production costs and
the need for greener, more energy-efficient processing technologies. Future research should therefore
focus on optimizing feedstock utilization, refining scalable green-chemistry routes, engineering nanoscale
interactions for superior mechanical and barrier properties, and clarifying biodegradation pathways in
different environments. Addressing these issues will be crucial for translating cellulose-chitosan bioplastics
from promising laboratory materials into commercially competitive and environmentally safe solutions.
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