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Abstract: 

The growing demand for sustainable, high-performance materials has accelerated research into natural polymer–
nanoclay composites as alternatives to petroleum-based plastics and conventional biomaterials. Natural polymers 
such as cellulose, chitosan, and alginate offer biodegradability, biocompatibility, and chemical functionality, but 
their standalone use is often limited by inadequate mechanical strength, thermal stability, and barrier performance. 
Incorporation of naturally occurring nanoclays, including montmorillonite and halloysite nanotubes, overcomes 
these limitations by providing structural reinforcement, enhanced barrier properties, and tunable bioactive delivery 
capabilities. This review critically examines recent advances in the design, interfacial chemistry, and multifunctional 
performance of natural polymer–nanoclay composites, with particular emphasis on stimuli-responsive behavior and 
bioactive loading strategies. Mechanisms governing pH-, temperature-, moisture-, ionic-, and light-responsive 
responses are discussed in relation to controlled release and adaptive functionality. A comparative perspective 
highlights how shared material principles are tailored to meet the distinct performance and regulatory requirements 
of food packaging and biomedical applications, including shelf-life extension, antimicrobial activity, wound healing, 
and drug delivery. Fabrication approaches, scale-up challenges, and safety and regulatory considerations relevant to 
both sectors are also addressed. Despite substantial progress, challenges remain in achieving scalable 
manufacturing, ensuring long-term safety, and minimizing environmental persistence of nanoclay components. 
Overall, natural polymer–nanoclay composites represent a promising class of multifunctional, sustainable materials 
capable of bridging food safety and biomedical innovation through rational material design. 
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1. Introduction 

The rapid worldwide transition to renewable and environmentally friendly materials has raised 
interest in biopolymer-based composites reinforced with naturally generated metallic nanoclays. 
Cellulose, chitosan, alginate, starch, and tapioca are among the most extensively researched 
natural polymers, each exhibiting characteristics such as biodegradability, biocompatibility, 
durability, and often including functional chemical groups responsive to chemical modification 
for performance improvement.1 These characteristics render them highly desirable as solutions 
for petroleum-based polymers, especially in sectors where safety, ecological responsibility, and 
regulatory compliance are paramount. The independent use of these polymers is frequently 
constrained by specific limitations, such as inadequate mechanical strength, restricted thermal 
stability, and insufficient barrier characteristics against oxygen and moisture.2 To address these 
constraints, researchers have increasingly used natural nanoclays, such as montmorillonite and 
halloysite, as reinforcing agents that can synergistically improve the physicochemical properties 
of polymer matrices while ensuring sustainability. 
The combination of nanoclays into polymeric systems produces hierarchical nanocomposites 
that have enhanced structural, thermal, and barrier properties relative to unmodified polymers. 
The enhancements arise from the elevated aspect ratio, surface reactivity, and stratified 
morphology of nanoclays, which promote robust interfacial interactions with polymer chains.3 In 
addition to providing biomechanical and structural reinforcement, nanoclays provide 
customisable systems for the immobilisation and regulated release of bioactive compounds, such 
as antibacterial agents, antioxidants, and medicinal medicines.4 The combined capability of 
structural augmentation and bioactivity establishes polymer/nanoclay composites as a novel 
class of green multifunctional materials tailored to address the advancing requirements of the 
food production as well as biomedical fields.5 
Recent developments in neuroscience have brought attention to the integration of stimuli-
responsive characteristics within these composites. compared to traditional packaging or 
biological films that fulfil mostly passive functions, stimuli-responsive nanocomposites can 
actively react to environmental changes such as pH, temperature, or moisture.6 Chitosan 
montmorillonite nanocomposites exhibit enhanced barrier performance and the ability to release 
antifungal or antioxidant chemicals in a regulated, sustained manner, hence prolonging the shelf 
life of perishable goods and improving consumer safety. (Table 1) 7 Cellulose nanoclay hybrids 
can be designed to attain selective permeability and mechanical strength, attributes that are 
especially beneficial in applications such as controlled-atmosphere packaging or biomedical 
settings like wound dressings, where moisture retention and gas exchange are essential for 
wound treatment 8. 
 
A vital aspect in the progression of these technologies is comprehending the specific 
performance and regulatory demands of food and biomedical applications. Food packaging 
solutions must guarantee minimum migration of polymer or nanoclay constituents into food, 
superior barrier resilience to gases and vapours, and economical large-scale production 
capabilities 9. In contrast, biological materials are subjected to more rigorous standards, such as 
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biocompatibility, sterility, cytocompatibility, and reliable biodegradation. (Figure 1) Wound 
healing scaffolds may necessitate polymers with customised degradation rates, surface 
bioactivity, and the ability to release therapeutic compounds in reaction to physiological signals. 
Although the requirements vary shelf-life extension and safety in food systems against 
therapeutic efficacy and tissue compatibility in medical devices the constant factor in both 
domains is the requirement for multifunctional, safe, and environmentally friendly materials 10. 
By integrating these two fields, polymer/nanoclay composites offer a convergent platform 
technology that effectively tackles sustainability issues while enhancing performance beyond the 
constraints of traditional plastics or singular-function biomaterials. This study aims to critically 
evaluate recent advancements in the design, characterisation, and use of natural 
polymer/nanoclay composites, focussing on their stimuli-responsive behaviour, 
multifunctionality, and potential for bioactive loading 11. The review elucidates the comparative 
viewpoint between food and biomedical applications, demonstrating how common scientific 
concepts may be tailored to meet distinct industry needs, therefore informing future research and 
the practical implementation of these materials. 
 

 

 
 

 
Figure 1. Schematic overview of natural polymer/nanoclay composites and their dual 
application pathways. The central composite system demonstrates versatile functionality through 
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polymer matrix interactions and composite structure, enabling both food packaging applications 
(barrier properties, antimicrobial activity, and biodegradability) and biomedical pathway 
applications (drug delivery systems, tissue engineering, wound healing materials). The 
overlapping circular design illustrates the shared fundamental properties while highlighting 
pathway-specific application 

 

2. Building Blocks and Interfacial Chemistry 

Natural polymers represent the structural and functional foundation of advanced bio-based 
nanocomposites. Their unique chemical architectures, abundant functional groups, and inherent 
biodegradability enable not only mechanical reinforcement but also biological and 
environmental responsiveness 17. Among the most widely studied are cellulose, chitosan, and 
alginate, each offering distinct physicochemical features that can be tailored for specific 
applications. 

Cellulose, the most abundant biopolymer on Earth, is composed of linear chains of β (1-4)-
linked D-glucose units. Its dense network of intra- and intermolecular hydrogen bonds yields 
remarkable tensile strength, crystallinity, and resistance to gas and moisture diffusion 18. These 
features make cellulose and its derivatives (such as micro- and nanocellulose) highly attractive 
for packaging films, coatings, and hydrogel systems. Nanocellulose introduces high surface area, 
tunable surface hydroxyl groups, and enhanced reinforcement capabilities, providing 
opportunities for chemical functionalization and hybrid material development 19. The 
amphiphilic nature of cellulose fibrils further facilitates interactions with both hydrophilic and 
hydrophobic phases, broadening its application horizon in controlled-release and biomedical 
systems 20. 

Chitosan, obtained by the partial deacetylation of chitin (from crustacean shells or fungal cell 
walls), is a cationic linear polysaccharide distinguished by its abundant primary amine groups. 
At acidic pH values close to its pKa (~6.5), protonated amino groups confer a strong positive 
charge, which underpins its antimicrobial action by electrostatically binding to negatively 
charged bacterial cell membranes, increasing permeability, and ultimately leading to cell lysis 21. 
This same cationic character allows chitosan to interact strongly with anionic polymers, proteins, 
and nanoclays, forming polyelectrolyte complexes or crosslinked structures. Variability in its 
degree of deacetylation (DDA) and molecular weight provides a convenient means of tuning 
solubility, viscosity, degradation rate, and biological activity, while chemical modification (e.g., 
grafting, quaternization) opens pathways to introduce targeted biofunctions 22. 

Alginate, a naturally occurring anionic polysaccharide derived from brown seaweed, consists of 
alternating blocks of α-L-guluronic (G) and β-D-mannuronic (M) acids. Its hallmark property is 
the ability to form hydrogels via ionic crosslinking with divalent cations (commonly Ca²⁺), 
leading to the so-called egg-box structure 23. This gentle gelation process occurs under 
physiological conditions, enabling encapsulation of sensitive biomolecules, cells, or bioactives 
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without denaturation. Alginate hydrogels combine high water-retention capacity with 
biocompatibility, making them indispensable in biomedical applications such as wound 
dressings, scaffolds, and drug delivery systems, as well as in food packaging for moisture 
control and stabilization 24. 

Nanoclays act as reinforcing and functionalizing agents, imparting unique structural and release 
characteristics. Montmorillonite (MMT), a layered silicate clay with a high aspect ratio and 
exchangeable interlayer cations, enhances barrier properties by creating a tortuous path for gas 
and vapor molecules, while also improving thermal and mechanical stability. Its intercalation 
and exfoliation within polymer matrices are critical to maximizing performance 25. Halloysite 
nanotubes (HNTs), in contrast, possess a tubular morphology with a hollow lumen that serves as 
a natural reservoir for bioactives such as drugs, antioxidants, or antimicrobials. Their distinct 
inner (Al OH) and outer (Si OH) chemistries enable selective functionalization, making them 
highly versatile for controlled release 26. Other clays such as kaolinite (platy morphology) and 
sepiolite (fibrous structure) broaden the design toolkit, offering tunable surface chemistry and 
reinforcing effects for specific material demands. The interfacial chemistry between polymers 
and nanoclays is a decisive factor governing the overall composite performance.  interactions 
include: 

 Hydrogen bonding, where hydroxyl (OH) and amino (NH₂) groups from cellulose, 
chitosan, and alginate form strong bonds with silanol groups on the clay surface. 

 Ion exchange, where protonated chitosan chains interact with negatively charged silicate 
layers of MMT, or divalent cations in alginate gels coordinate with nano clay surfaces. 

 Layer-by-layer (LbL) assembly, a technique that exploits electrostatic attraction between 
oppositely charged polymers and nano clays to construct multilayered films with tunable 
thickness, permeability, and bioactive loading capacity. 

Such interactions promote uniform nanoclay dispersion, enhance mechanical integrity, and 
reduce the likelihood of phase separation 27. Moreover, they enable stimuli-responsive 
functionality: for instance, chitosan/MMT films may swell and release antimicrobials in acidic 
conditions, while HNTs embedded in alginate gels can release therapeutic agents in response to 
pH or ionic changes. Recent advances in green surface modification such as using plant-derived 
polyphenols or natural surfactants have further improved polymer nanoclay compatibility and 
expanded opportunities for controlled, environmentally safe release of functional molecules 28. 
Collectively, these building blocks and interfacial strategies form the chemical and structural 
foundation of next-generation polymer/nanoclay composites. (Figure 2) By manipulating 
interactions at the nanoscale, researchers can create materials that not only surpass traditional 
plastics in strength and barrier performance but also deliver bioactivity, responsiveness, and 
sustainability, serving the dual needs of food safety and biomedical innovation 29. 
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Figure 2. Schematic representation of natural polymer/nanoclay building blocks and interfacial 
chemistry interactions. Left panel shows natural polymer structures (cellulose with hydroxyl 
groups, chitosan with amino groups, and alginate with carboxyl groups). Center panel illustrates 
interaction mechanisms including hydrogen bonding between polymer functional groups and 
clay surfaces, and ionic interactions. Right panel displays nanoclay morphologies: 
montmorillonite (layered platelets), halloysite (tubular structure), kaolinite (sheet structure), and 
sepiolite (fibrous morphology). Dotted arrows indicate specific molecular interactions that drive 
composite formation and functionality. 

3. Bioactive Payloads and Multifunctionality 

The incorporation of bioactive molecules into natural polymer/nanoclay composites enables the 
development of multifunctional materials with tailored properties for both food packaging and 
biomedical applications 30. For active packaging, antimicrobial agents (such as essential oils, 
plant extracts, and natural peptides), antioxidants (including polyphenols, flavonoids, and 
vitamin E), and sensing agents are commonly loaded to extend shelf life, prevent spoilage, and 
provide real-time monitoring capabilities 31. In contrast, biomedical applications typically 
incorporate drugs, antiseptics, growth factors, and therapeutic agents designed for controlled 
release, wound healing, and tissue regeneration.  

Single versus co-loading strategies offer distinct advantages depending on the application 
requirements. Single payload systems provide simpler formulation control and predictable 
release kinetics, making them suitable for targeted applications such as antimicrobial food 
packaging or single-drug delivery systems 32. However, co-loading strategies where multiple 
bioactive agents are incorporated simultaneously enable synergistic effects and 
multifunctionality. For example, chitosan films co-loaded with antioxidants and antimicrobials 
demonstrate enhanced food preservation by addressing both oxidative spoilage and microbial 
contamination simultaneously 33. 

The sustained release mechanisms are predominantly controlled by nanoclay morphology and 
interfacial interactions. Montmorillonite galleries provide intercalation sites for ionic and polar 
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bioactives, with release kinetics governed by ion exchange, diffusion, and pH-responsive 
swelling. 34 The release follows Higuchi and Korsmeyer-Peppas models, indicating diffusion-
controlled mechanisms without significant matrix erosion.Halloysite nanotubes (HNTs) offer 
unique advantages through their hollow lumens, which can be loaded with drugs or bioactives 
and sealed with polymer caps for controlled release. HNT-based systems demonstrate sustained 
release over extended periods, with release rates modulated by tube dimensions, surface 
modifications, and loading methods (Figure 3) 35. 

Recent studies demonstrate significant property enhancements through strategic polymer-clay-
bioactive combinations. Chitosan-cellulose nanocrystal composites with added bioactives show 
improved mechanical strength (tensile strength increases of 15-30%), enhanced barrier 
properties (oxygen permeability reductions up to 45%, water vapor transmission rate 
improvements of 15-45%), and potent antimicrobial activity against both Gram-positive and 
Gram-negative bacteria 36. Alginate-montmorillonite systems exhibit excellent pH-responsive 
drug release (up to 70% drug release in simulated intestinal fluid), while maintaining structural 
integrity and biocompatibility. The incorporation of natural antioxidants like grape seed extract 
or polyphenols into chitosan-nanoclay films significantly enhances antioxidant activity (DPPH 
scavenging activity increases) while maintaining transparency and mechanical properties 37. 

Cell compatibility studies reveal that natural polymer-nanoclay composites generally exhibit 
excellent biocompatibility, with halloysite and montmorillonite at 2-5% concentrations 
supporting fibroblast proliferation and maintaining cell viability comparable to control samples 
38. The positively charged nature of chitosan enhances cell adhesion and antimicrobial activity, 
while the nanoclay fillers provide structural support and controlled release functionality without 
compromising biocompatibility 39. These multifunctional properties position natural polymer-
nanoclay-bioactive composites as promising candidates for next-generation smart packaging and 
biomedical materials.  

 

Figure 3. Bioactive payloads and multifunctionality of natural polymer/nanoclay composites: 
central composite matrix with MMT platelets and HNT nanotubes, dual application pathways 
(food packaging and biomedical), and single- vs. co-loading strategies. 
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4. Stimuli-Responsive Behaviors 

Natural polymer/nanoclay composites demonstrate sophisticated responsiveness to multiple 
environmental triggers through distinct molecular mechanisms that enable controlled 
functionality and smart release behaviors 40. The integration of nanoclays enhances these stimuli-
responsive properties by providing additional interfacial interactions and structural modifications 
that amplify the polymer matrix response.  

pH-responsive mechanisms are fundamentally driven by ionizable groups within the polymer 
backbone. Chitosan exhibits particularly robust pH sensitivity due to protonation and 
deprotonation of its amino groups (pKa ≈ 6.5). At acidic pH values, amino groups become 
positively charged, leading to electrostatic repulsion between polymer chains and subsequent 
network swelling 41. this mechanism enables enhanced water uptake and bioactive release in 
acidic environments such as infected wounds (pH 5-6) or gastric conditions. Conversely, at 
neutral to alkaline pH, chitosan chains collapse due to reduced protonation, limiting water 
uptake and slowing release rates 42. Alginate demonstrates complementary pH behavior through 
its carboxylate groups, which become less negatively charged at lower pH, reducing 
intermolecular electrostatic interactions and promoting network reorganization 43. 

Temperature-responsive behavior in these systems typically involves lower critical solution 
temperature (LCST) transitions, where polymer chains undergo phase separation above critical 
temperatures 44. For natural polymers modified with temperature-sensitive segments, heating 
above the LCST causes chain collapse and water expulsion, while cooling reverses this process. 
Recent studies demonstrate that chitosan-cellulose composites with nanoclay fillers exhibit 
enhanced thermosensitivity, with transition temperatures tunable through clay content and 
surface modification 45. 

Humidity and moisture responsiveness occurs through water plasticization mechanisms, where 
water molecules act as plasticizers by disrupting hydrogen bonds within the polymer matrix.  

Nanoclay interlayers can undergo swelling in response to moisture, creating channels for water 
uptake and bioactive release 46. Montmorillonite galleries expand significantly upon hydration, 
while halloysite nanotubes provide additional pathways for moisture-triggered release through 
their hollow lumens 47. 

Ionic strength sensitivity manifests through charge screening effects where increasing salt 
concentration reduces electrostatic repulsions between charged polymer segments, leading to 
network contraction and reduced swelling. This mechanism is particularly relevant for wound 
dressings where physiological saline concentrations (0.9% NaCl) significantly alter material 
properties compared to pure water environments 48. 

Light and electric field responsiveness can be incorporated through functional additives. Recent 
advances include the integration of polydiacetylene-zinc oxide (PDA-ZnO) nanosheets that 
provide thermochromic and pH-responsive color changes upon UV irradiation. Conductive 
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fillers like MXenes enable electric field-triggered responses, creating opportunities for 
electroactive wound dressings with controlled drug release 49. Self-healing and 4D printing 
trends represent cutting-edge developments in stimuli-responsive natural polymer systems. Self-
healing mechanisms rely on dynamic reversible bonds, including hydrogen bonding, ionic 
interactions, and chain entanglements that can reform after mechanical damage 50. Recent studies 
demonstrate that nanoconfined hydrogels using hectorite nanosheets achieve remarkable self-
healing efficiency (33-100% recovery) while maintaining high stiffness (up to 50 MPa modulus). 
The self-healing process is driven by polymer chain mobility and re-entanglement at interfaces, 
facilitated by the dynamic nature of physical crosslinks 51. 

 4D printing capabilities emerge from programmable shape-memory and actuation behaviors 
triggered by environmental stimuli. Temperature-responsive 4D-printed hydrogels based on 
poly(acrylic acid) demonstrate concurrent shape-memory and self-healing properties through 
reversible gel transitions near body temperature 52. These materials undergo strong-to-weak 
transitions due to melting and crystallization of hydrophobic domains, enabling temperature-
controlled actuation. Advanced 4D printing techniques now enable the fabrication of deployable 
medical devices that can be implanted in compact form and recover functional shapes within 
physiological environments 53. Additive manufacturing advances include stereolithography-
based printing of stimuli-responsive hydrogels with tunable mechanical properties (Young's 
modulus up to 215 MPa). The incorporation of natural polymer/nanoclay systems into printable 
formulations enables the creation of multifunctional devices with integrated sensing, actuation, 
and therapeutic capabilities 54. Recent developments in biocompatible 4D printing allow for the 
fabrication of personalized medical devices with patient-specific geometries and programmed 
therapeutic release profiles. The synergistic combination of natural polymers, nanoclays, and 
stimuli-responsive mechanisms creates opportunities for next-generation smart materials that can 
adapt to changing environments while maintaining biocompatibility and sustainability 55. 

5. Applications: Food Packaging vs. Biomedical 

The applications of natural polymer/nanoclay composites extend across two major domains food 
packaging and biomedical materials each with its own performance requirements, regulatory 
constraints, and technical challenges. 56 In food packaging, these composites have transformed 
the field through barrier films, active systems, and smart indicators that ensure food safety and 
quality. Incorporation of nanoclays into biopolymer matrices such as cellulose or polylactic acid 
(PLA) significantly improves gas and moisture barrier properties, with reductions in oxygen 
permeability of up to 45% and water vapor transmission improvements ranging from 15 45%. 
Layer-by-layer chitosan-based coatings further enhance antimicrobial protection while 
preserving transparency and mechanical strength, and their ability to integrate multiple agents, 
such as anthocyanins for pH-responsive color change, essential oils for microbial control, and 
antioxidants for shelf-life extension, highlights their multifunctionality.57Smart indicators built 
on natural pigments like anthocyanins provide real-time spoilage detection, while 
nanoencapsulation strategies enable the safe and sustained release of bioactives. Collectively, 
these advancements yield shelf-life extensions of 25 50% for fresh produce, with chitosan films 
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proving highly effective against pathogens such as E. coli, Listeria monocytogenes, and Botrytis 
cinerea.58 

In contrast, biomedical applications of polymer/nanoclay composites are focused on wound 
healing, tissue scaffolds, and controlled drug delivery systems, where biocompatibility and 
therapeutic function take priority. Electrospun chitosan nanofibers with high porosity (up to 
90%) provide excellent wound-dressing platforms, while nanoclay incorporation enhances 
antimicrobial and hemostatic effects.59 Multi-layered dressing systems, such as 
chitosan/polyvinyl alcohol/copper composites paired with polyvinylpyrrolidone (PVP) 
nanofibers, achieve a balance of antimicrobial protection and cell compatibility. Halloysite 
nanotubes (HNTs), with their unique hollow structures, act as secondary carriers that provide 
sustained and tunable release of drugs over weeks, while maintaining cytocompatibility for 
direct tissue contact. Advanced systems integrating graphene nanosheets or MXenes further 
accelerate healing by promoting cell migration (up to 97% within 48 hours) and enabling 
electrically conductive dressings that stimulate tissue regeneration60.  

A comparative analysis underscores that food packaging prioritizes low oxygen permeability (<1 
cm³·μm/m²·day·kPa), mechanical robustness (>20 MPa tensile strength), and cost-effectiveness 
(<$1/m²), whereas biomedical systems demand high biocompatibility (>90% cell viability), 
controlled degradation, and therapeutic efficacy. Regulatory landscapes also diverge, with food-
contact materials subject to EU 1935/2004 and FDA guidelines, while biomedical devices follow 
ISO 10993 testing standards covering cytotoxicity, sensitization, and implantation safety61.  
Despite these differences, both sectors benefit from the shared advantages of nanoclay 
integration mechanical reinforcement, antimicrobial activity, and controlled release 
functionalities though food packaging emphasizes transparency and scalability, while biomedical 
materials prioritize sterilizability and therapeutic precision. Looking forward, the convergence of 
these two application domains presents exciting opportunities, particularly in the design of dual-
use platforms where sustainable, bioactive, and biocompatible composites may serve both food 
safety and medical treatment needs 62. 

6. Fabrication Routes and Scale-Up 

The fabrication of natural polymer/nanoclay composites can be achieved through several routes, 
each offering distinct benefits and challenges depending on the intended application and 
production scale. Solvent casting remains the most widely employed method at the laboratory 
level, primarily due to its simplicity and versatility. In this process, polymers are dissolved in 
suitable solvents, nanoclays are dispersed by mechanical stirring or ultrasonication, and 
bioactive molecules are incorporated before casting the mixture into molds 63-64. Controlled 
solvent evaporation produces uniform films with excellent dispersion quality and homogenous 
bioactive distribution, making solvent casting an ideal approach for research and proof-of-
concept studies. However, its reliance on solvent recovery, relatively slow processing times, and 
limited throughput restrict its scalability for industrial use 65-66. 
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Melt blending, by contrast, eliminates the need for solvents and is far more compatible with 
large-scale processing. Here, polymer pellets are melted and mechanically mixed with nanoclays 
under high shear, enabling effective intercalation or exfoliation of clay layers within the polymer 
matrix. This technique is cost-effective, environmentally friendly, and compatible with 
thermoplastic polymers such as polylactic acid (PLA) or polyethylene 67-68. The drawback, 
however, lies in the thermal sensitivity of bioactive molecules, as many natural compounds 
degrade under the high processing temperatures typically required. To overcome this, surface-
modified nanoclays and encapsulation techniques are being explored to protect bioactives during 
thermal processing. 

Electrospinning provides another versatile route, especially for biomedical applications. By 
applying a high-voltage field to a polymer solution or melt, ultrafine nanofibers with diameters 
in the range of 50 500 nm can be fabricated, offering high surface area, tunable porosity, and 
excellent capacity for drug loading or antimicrobial agent incorporation 69-70. Electrospun mats 
are particularly well suited for wound dressings, tissue scaffolds, and controlled drug release 
systems, though the technique is limited by relatively low production rates and high equipment 
costs when compared to conventional film extrusion 71. 

Layer-by-layer (LbL) assembly represents a precision-driven approach, enabling nanoscale 
control over composite architecture through alternate deposition of oppositely charged polymers 
and nanoclays. This technique allows for the incorporation of multiple bioactive molecules with 
distinct release profiles, as well as the design of responsive films capable of color change, 
antimicrobial action, or antioxidant release. 72-73 While LbL assembly offers unmatched 
functional tunability, it remains time-intensive and better suited to high-value biomedical and 
smart packaging applications than to bulk-scale manufacturing.At the industrial level, extrusion 
and injection molding have emerged as scalable techniques capable of producing 
nanocomposites at commercial throughput 75. Twin-screw extrusion in particular enables 
efficient nanoclay dispersion within thermoplastic matrices and is compatible with continuous 
processing. 86These methods address the throughput limitations of laboratory-scale techniques, 
but they require optimization of process parameters to balance mechanical strength, barrier 
performance, and bioactive stability. Scale-up challenges remain a central consideration across 
all fabrication routes 76. While solvent casting and electrospinning dominate at the laboratory 
and biomedical research levels, industrial adoption depends on high-throughput, solvent-free, 
and cost-effective methods such as melt blending and extrusion. Protecting the stability of 
bioactive agents during processing, ensuring uniform dispersion of nanoclays at larger scales, 
and meeting regulatory standards for food or biomedical applications are ongoing technical 
hurdles 77. Nonetheless, continued advances in green processing technologies, surface 
modification strategies, and hybrid fabrication approaches are progressively bridging the gap 
between laboratory innovation and commercial deployment of natural polymer/nanoclay 
composites 78. 
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7. Safety & Regulatory Landscape 

The safety and regulatory frameworks governing natural polymer/nanoclay composites diverge 
significantly between food contact and biomedical applications, reflecting their distinct 
performance requirements, exposure scenarios, and risk profiles. In food packaging, the 
European Union provides the most comprehensive framework through Regulation (EC) 
1935/2004, which establishes the principle that food contact materials must not endanger human 
health, alter food composition, or impair organoleptic qualities 79. This regulation serves as the 
foundation for all food contact materials, while specific measures under Article 5 define 
requirements for particular categories. Regulation (EU) 10/2011, which governs plastics, 
explicitly addresses nanomaterials, requiring that substances in nanoform undergo separate 
authorization by the European Food Safety Authority (EFSA) rather than relying on prior 
approvals for conventional forms. Migration testing forms a central component of risk 
assessment, with overall migration limits of 10 mg/dm² or 60 mg/kg food and substance-specific 
migration limit 80. For nanomaterials, however, conventional testing protocols face challenges 
because nanoscale properties such as particle size, surface area, and aggregation state can 
fundamentally alter migration behavior. EFSA therefore mandates case-by-case assessment that 
integrates detailed physicochemical characterization, migration under food simulants, 
toxicological evaluation, and exposure modeling 81. Complementary requirements under the 
Good Manufacturing Practice (GMP) Regulation (EC) 2023/2006 mandate strict process control 
and documentation across the production chain. Despite these measures, recent reviews note that 
EU regulations remain sub-optimal for addressing nanocomposite-specific risks, citing 
inconsistent migration data and underscoring the need for standardized nanomaterial-specific 
testing protocols 82. 

In biomedical applications, safety evaluation follows the ISO 10993 series, which outlines a 
rigorous framework for biocompatibility assessment of medical devices. ISO 10993-5 provides 
cytotoxicity testing standards, generally requiring at least 70% cell viability in fibroblast assays, 
while ISO/TR 10993-22 introduces nanomaterial-specific guidance. Comprehensive 
biocompatibility testing extends beyond cytotoxicity to include genotoxicity, carcinogenicity, 
reproductive toxicity, immunotoxicity, irritation, sensitization, hemocompatibility, and systemic 
toxicity, pyrogenicity, and implantation effects reflecting the complex biological interactions of 
nanomaterials 83. Recent evidence supports favorable safety profiles of natural polymer/nanoclay 
systems in wound healing applications, with in vivo studies showing accelerated closure, 
reduced inflammation, enhanced re-epithelialization, and improved collagen deposition. 
Hemocompatibility tests further demonstrate minimal blood cell damage and acceptable 
physiological integration. Nonetheless, antimicrobial resistance remains a growing concern, 
particularly for nanocomposite dressings containing bioactive agents. Encouragingly, plant-
based antimicrobials incorporated into polymer nanoclay systems appear to maintain long-term 
efficacy against pathogens such as S. aureus, E. coli, and P. aeruginosa with relatively low 
resistance development compared to conventional antibiotics 84. 
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Despite promising progress, important safety data gaps persist in both domains. In food 
packaging, chronic exposure risks associated with nanomaterial migration and bioaccumulation 
remain poorly understood, while in biomedical applications, long-term compatibility of 
implanted or repeatedly applied nanoclay composites is insufficiently studied. Addressing these 
challenges requires the development of harmonized, nanomaterial-specific testing protocols, 
including standardized migration studies, dispersion characterization methods, and unified risk 
assessment frameworks. Greater regulatory convergence between food contact and biomedical 
applications could accelerate innovation by establishing common methodologies for nanoclay 
characterization, migration/release testing, and safety evaluation, while still accommodating the 
unique performance and safety endpoints required in each field 85. 

8. Discussion 

This review's observations underscore the revolutionary potential of natural polymer/nanoclay 
composites as multifunctional materials that connect food packaging and biomedical 
applications. A predominant topic in the research is the synergistic interaction between 
biopolymer backbones (such as cellulose, chitosan, and alginate) and reinforcing nanoclays 
(montmorillonite, halloysite), which collectively address the intrinsic limits of unmodified 
natural polymers. Enhanced mechanical integrity, barrier characteristics, and stimuli-
responsiveness provide these composites viable substitutes for petroleum-based plastics, in 
accordance with global sustainability objectives.A major consequence of this synergy is the 
equilibrium between structural reinforcement and functional adaptability. Montmorillonite 
principally improves barrier resistance and thermal stability, whereas halloysite nanotubes 
function as nanocarriers, facilitating the regulated release of antibacterial, antioxidant, or 
medicinal agents 86. The combination of mechanical enhancement and bioactivity differentiates 
polymer/nanoclay composites from traditional biopolymer systems, rendering them suitable for 
context-specific requirements. Food packaging prioritises transparency, scalability, and 
adherence to migration restrictions, whereas biomedical applications need precise degradation 
kinetics, cytocompatibility, and therapeutic effectiveness. 

Stimuli-responsive behaviour is a significant benefit, especially for sophisticated biomedical 
platforms. The capacity of chitosan/MMT matrices to dynamically adjust to pH variations in 
infected wounds, or halloysite-based systems to maintain therapeutic release in ionic settings, 
demonstrates the potential for tailoring nanocomposite design to physiological circumstances. 
Likewise, thermo- and moisture-sensitive reactions offer more mechanisms to design intelligent 
packaging that adjusts to varying storage conditions. Nevertheless, converting laboratory 
demonstrations of pH- or thermo-responsiveness into dependable large-scale applications poses 
significant challenges, highlighting the necessity for predictive design frameworks and 
standardised assessment processes 87-88. Fabrication techniques can be a critical determinant 
influencing scalability and applicability. Although chemical casting and electrospinning prevail 
at the proof-of-concept stage, their constrained throughput hinders industrial implementation. 
Melt blending and extrusion have significant scale-up possibilities; nevertheless, meticulous 
optimisation is essential to preserve bioactive stability throughout high-temperature processing. 
The disparity in manufacturing priorities cost-effective high-volume packing vs precision-

161



J. Pharm. Res. Integr. Med. Sci.                                                                                                                              Sabana et. al.          

 
 
 
 
 

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS) 
 ISSN: 3049-1681 | Vol. 03, Issue-06, June -2026 | pp. 149-171 

J. Pharm. Res. Integr. Med. Sci.                             https://aktpublication.com/index.php/jprims/index 

 

 

 

 

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS) 
ISSN: 3049-1681 | Vol. 03, Issue-06, June-2026 | pp.-149-171 

 

focused biomedical device architectures underscores the need for application-specific production 
processes. The safety and regulatory environments provide a comparable array of difficulties and 
possibilities. While natural polymers are often considered safe, the nanoscale characteristics of 
clays hamper migration testing and long-term compatibility evaluations. Existing frameworks 
(EU 10/2011 for food contact and ISO 10993 for biomedical devices) offer foundational 
guidelines but lack explicit harmonisation for nanomaterials. The absence of standardisation 
leads to discrepancies in published datasets and becomes a significant impediment to regulatory 
approval. It is essential to collaboratively create safety measures particular to nanocomposites, 
including migration, cytotoxicity, and chronic exposure. 

Sustainability factors highlight both the potential and the contradiction of polymer/nanoclay 
composites. The biodegradability of cellulose, chitosan, and alginate is well recognised; 
nevertheless, inorganic nanoclays remain after decomposition, prompting concerns over soil 
mineral equilibrium and ecological buildup 89-90. Simultaneously, enhanced shelf life and less 
food waste provide considerable environmental advantages that might counterbalance the 
material impact of clay integration. These trade-offs highlight the necessity for sophisticated life-
cycle evaluations and advancements in end-of-life separation technologies that can harmonies 
functional performance with environmental safety. This evaluation eventually reveals several 
research deficiencies. The primary issues are the lack of quantitative structure function mappings 
connecting nanoscale interactions to macroscopic performance, the deficiency of long-term 
stability investigations under realistic settings, and the restricted number of pilot-scale 
demonstrations. Addressing these gaps necessitates interdisciplinary collaboration across 
materials chemistry, toxicity, clinical research, and industrial processes. Future research should 
emphasise predictive modelling, standardised testing techniques, and translational research 
activities to expedite the transition of polymer/nano clay composites from laboratory prototypes 
to widespread implementation.In short, natural polymer/nano clay composites hold a distinctive 
position at the convergence of sustainability, bifunctionality, and performance 91-92. Their 
capacity to cater to both culinary and biomedical sectors demonstrate not just material 
adaptability but also a wider paradigm shift towards multifunctional, sustainable technology. The 
future depends on resolving scalability and safety constraints while using their inherent stimuli-
responsiveness and bioactivity to develop advanced, sustainable materials. 

9. Conclusion  

Natural polymer/nanoclay composites are a novel class of multipurpose, environmentally 
sustainable materials that integrate structural reinforcement with bioactivity and stimuli 
responsiveness. Researchers developed compounds by combining cellulose, chitosan, and 
alginate with nanoclays such montmorillonite and halloysite, so overcoming the inherent 
constraints of natural polymers and offering customised functions for culinary and medicinal 
applications. Food packaging systems enhance barrier performance, facilitate active 
antimicrobial or antioxidant release, and incorporate intelligent spoilage indicators, whereas 
biomedical platforms utilise the composites' biocompatibility, regulated degradation, and 
therapeutic release for wound healing and tissue regeneration. Although this potential, obstacles 
remain in attaining reliable large-scale production, guaranteeing the long-term stability of 
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bioactive chemicals, aligning regulatory frameworks, and reducing the environmental 
persistence of nanoclays. Overcoming these limits necessitates multidisciplinary strategies that 
amalgamate materials chemistry, toxicity, and process engineering. In this context, predictive 
modelling, life-cycle evaluations, and standardised testing methods unique to nanomaterials will 
be essential for promoting safe and sustainable adoption. Natural polymer/nanoclay composites 
represent a convergence of sustainable innovation and functional efficacy, possessing the 
potential to influence the future of food safety and biomedical treatment technologies. 
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