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ABSTRACT 

Natural polymer-based pharmaceutical excipients have gained significant attention as 

sustainable alternatives to synthetic excipients owing to their biocompatibility, 

biodegradability, low toxicity, renewability, and environmental friendliness. Derived from 

plant, animal, microbial, and marine sources, these polymers possess diverse 

physicochemical properties that enable their use as binders, diluents, disintegrants, film-

forming agents, matrix formers, gelling agents, emulsifiers, stabilizers, and bioadhesive 

materials in various pharmaceutical dosage forms. Their multifunctional characteristics 

improve powder flow, compressibility, mechanical strength, drug stability, and patient 

acceptability while supporting immediate, sustained, and targeted drug delivery. Recent 

advances have expanded their applications from conventional tablets and capsules to 

innovative drug delivery systems, including hydrogels, nanoparticles, microspheres, 

nanofibers, lipid-based carriers, and three-dimensional (3D) printed formulations. 

Furthermore, chemical modification, polymer blending, and surface engineering have 

enhanced their functional performance, mechanical properties, and drug release behaviour. 

The implementation of Quality by Design (QbD), process analytical technologies, artificial 

intelligence-assisted formulation optimization, and green manufacturing has further 

accelerated the development of high-performance natural excipient systems. Despite their 

advantages, challenges such as batch-to-batch variability, microbial contamination, moisture 
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sensitivity, and limited mechanical strength remain. Continued advances in purification, 

standardization, quality control, and regulatory harmonization are expected to address these 

limitations. This review comprehensively discusses the classification, sources, 

physicochemical properties, pharmaceutical applications, formulation strategies, 

characterization techniques, regulatory considerations, recent innovations, and future 

prospects of natural polymer-based pharmaceutical excipients for sustainable and patient-

centric drug delivery. 

 

KEYWORDS: Natural polymers; Pharmaceutical excipients; Drug delivery systems; 

Biopolymers; Controlled drug release; Biocompatibility; Sustainable excipients. 

 

1. INTRODUCTION 

Pharmaceutical excipients are essential components of drug formulations that significantly 

influence the quality, safety, efficacy, stability, manufacturability, and patient acceptability of 

medicinal products. Although traditionally considered pharmacologically inactive substances, 

excipients perform critical functions such as improving powder flow, enhancing 

compressibility, controlling drug release, increasing stability, masking unpleasant taste, and 

improving drug absorption. Recent advances in pharmaceutical technology have transformed 

excipients from simple formulation additives into multifunctional materials that actively 

contribute to the performance of advanced drug delivery systems. 

In recent years, increasing emphasis on sustainability, patient safety, and environmentally 

responsible manufacturing has accelerated the development of natural polymer-based 

excipients. Natural polymers are macromolecules obtained from renewable biological 

sources, including plants, animals, microorganisms, and marine organisms. Their 

biodegradability, biocompatibility, structural diversity, and potential for chemical 

modification make them attractive alternatives to conventional synthetic polymers. These 

materials have demonstrated wide applications in both conventional and novel dosage forms 

due to their versatile physicochemical properties. 

Plant-derived polymers such as starch, cellulose, pectin, guar gum, xanthan gum, locust bean 

gum, gum arabic, and carrageenan have been extensively explored as pharmaceutical 

excipients. Similarly, chitosan, gelatin, sodium alginate, dextran, pullulan, collagen, and 

hyaluronic acid have gained importance in controlled drug delivery systems, hydrogels, 

mucoadhesive formulations, wound healing materials, and nanoparticle-based therapeutic 

platforms. Their multifunctionality enables them to act as binders, disintegrants, matrix-
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forming agents, viscosity enhancers, stabilizers, film-formers, and bioadhesive materials 

depending on formulation requirements. 

The pharmaceutical performance of natural polymers is governed by their molecular weight, 

particle size, crystallinity, swelling capacity, viscosity, hydration behaviour, gel-forming 

ability, and surface characteristics. Hydrophilic polymers can absorb water and form hydrated 

matrices that regulate drug diffusion and erosion, making them suitable for sustained and 

controlled release systems. Mucoadhesive polymers improve drug residence time at 

biological surfaces through hydrogen bonding, electrostatic interactions, and polymer chain 

entanglement, thereby enhancing therapeutic efficacy. 

Natural polymers have become integral components of advanced drug delivery platforms, 

including hydrogels, nanoparticles, microspheres, nanofibers, lipid-polymer hybrid systems, 

and three-dimensional printed dosage forms. These systems provide advantages such as 

improved drug stability, enhanced bioavailability, targeted delivery, controlled release, and 

reduced systemic toxicity. However, inherent limitations such as poor mechanical strength, 

moisture sensitivity, microbial contamination risk, and batch-to-batch variability have 

encouraged the development of polymer modification strategies, including cross-linking, 

grafting, chemical derivatization, blending, and nanostructuring. 

Advanced characterization techniques such as Fourier-transform infrared spectroscopy 

(FTIR), differential scanning calorimetry (DSC), X-ray diffraction (XRD), scanning electron 

microscopy (SEM), rheological analysis, particle size analysis, and zeta potential 

measurement are widely employed to evaluate the structural and functional properties of 

natural polymers. Furthermore, the application of Quality by Design (QbD) approaches, 

statistical optimization tools, and emerging technologies such as artificial intelligence (AI) 

and machine learning (ML) has improved the systematic development and optimization of 

natural polymer-based formulations. 

Despite their promising applications, challenges related to source variability, extraction 

processes, regulatory standardization, and large-scale manufacturing remain significant 

concerns. Addressing these issues through improved purification methods, advanced 

characterization, and standardized quality control approaches is essential for their successful 

industrial implementation. 

The growing demand for sustainable and biodegradable pharmaceutical materials has 

positioned natural polymers as promising excipients for future drug delivery technologies. 

Their compatibility with nanomedicine, personalized medicine, stimuli-responsive systems, 
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and green pharmaceutical manufacturing highlights their potential in developing safe, 

effective, and patient-centered therapeutic products. 

This review discusses the classification, sources, physicochemical properties, functional 

applications, formulation strategies, characterization approaches, regulatory considerations, 

recent advancements, and future perspectives of natural polymer-based pharmaceutical 

excipients.(1,5,7,9) 

 

2. CLASSIFICATION AND SOURCES OF NATURAL POLYMER-BASED 

PHARMACEUTICAL EXCIPIENTS 

2.1 Overview 

Natural polymers are biodegradable, biocompatible, and renewable biomacromolecules 

widely used as pharmaceutical excipients. Their unique physicochemical properties, 

including swelling capacity, viscosity, gel-forming ability, and film-forming characteristics, 

make them suitable for various dosage forms and advanced drug delivery systems. Based on 

their biological origin, natural polymers are classified into plant-derived, animal-derived, 

microbial-derived, and marine-derived polymers. The choice of polymer depends on factors 

such as compatibility with the drug, mechanical strength, stability, biodegradability, 

regulatory acceptance, and intended pharmaceutical application. (2,4,7) 

 

2.2 Classification of Natural Polymer-Based Excipients 

Natural polymer excipients are classified according to their biological source. 

A.Plant-Derived Polymers 

Plant-derived polymers are the most widely used because of their abundance, low cost, safety, 

and biodegradability. Common examples include cellulose, starch, pectin, guar gum, xanthan 

gum, gum arabic, tragacanth, and locust bean gum. These polymers function as binders, 

disintegrants, thickeners, film formers, and controlled-release matrices. (62,66) 

B. Animal-Derived Polymers 

Animal-derived polymers such as chitosan, gelatin, collagen, and hyaluronic acid exhibit 

excellent biocompatibility and bioadhesion. They are extensively used in controlled drug 

delivery, wound healing, tissue engineering, nanoparticles, and injectable formulations. 

(10,13,54,58) 
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C. Microbial-Derived Polymers 

Microbial polymers including pullulan, dextran, gellan gum, bacterial cellulose, and curdlan 

are produced through fermentation. They possess reproducible quality and are used in oral 

films, hydrogels, sustained-release systems, and capsule formulations. (17,69,70) 

D. Marine-Derived Polymers 

Marine polymers such as sodium alginate, carrageenan, agar, and fucoidan are obtained from 

seaweeds and marine organisms. They exhibit excellent gel-forming ability and are widely 

employed in encapsulation, controlled drug delivery, wound dressings, and ophthalmic 

formulations. (14,18,54) 

 

Table 1. Classification of Natural Polymer-Based Pharmaceutical Excipients. (2, 4, 7, 10, 

14) 

Category Examples Major Pharmaceutical Applications 

Plant-derived Cellulose, Starch, Pectin, Guar 

gum 

Binder, disintegrant, film former, 

controlled release 

Animal-

derived 

Chitosan, Gelatin, Collagen, 

Hyaluronic acid 

Mucoadhesive systems, capsules, tissue 

engineering 

Microbial-

derived 

Pullulan, Dextran, Gellan gum Oral films, hydrogels, sustained-release 

formulations 

Marine-

derived 

Sodium alginate, Carrageenan, 

Agar 

Hydrogels, encapsulation, wound 

dressings 

 

2.3 Sources of Major Natural Polymer-Based Pharmaceutical Excipients 

Natural polymer-based excipients are obtained from a wide range of plant, animal, marine, 

and microbial sources. Their renewable origin, excellent biocompatibility, and diverse 

functional properties make them valuable materials for pharmaceutical formulations. 

• Cellulose: Derived primarily from wood pulp and cotton fibers. It is extensively used as a 

diluent, binder, disintegrant, and film-forming agent in tablets and capsules because of its 

excellent compressibility and stability. (66,67) 

• Starch: Extracted from maize (corn), potato, rice, wheat, and cassava. It functions as a 

binder, disintegrant, filler, and thickening agent, particularly in conventional oral solid dosage 

forms. (64,65) 

• Pectin: Obtained mainly from citrus fruit peels and apple pomace. Owing to its gel-

forming ability and biodegradability, pectin is widely used in controlled-release, colon-

targeted, and mucoadhesive drug delivery systems. (15) 
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• Guar Gum: Isolated from the seeds of Cyamopsis tetragonoloba. It serves as a natural 

thickening, gelling, binding, and sustained-release polymer in tablets, hydrogels, and 

controlled-release formulations. (62,63) 

• Chitosan: Produced by the deacetylation of chitin, which is obtained from the shells of 

crustaceans such as shrimp and crabs. Chitosan is widely used as a mucoadhesive polymer, 

permeation enhancer, and carrier for nanoparticles, microspheres, and hydrogels. (10,12,54) 

• Gelatin: Prepared by the partial hydrolysis of collagen obtained from animal connective 

tissues, skin, and bones. It is extensively employed in the manufacture of hard and soft 

capsule shells, microspheres, and biodegradable drug delivery systems. (58) 

• Sodium Alginate: Extracted from brown seaweeds such as Laminaria and Macrocystis 

species. It possesses excellent gel-forming and bioadhesive properties and is commonly used 

in hydrogels, beads, wound dressings, and controlled-release formulations. (14,29) 

• Pullulan: Produced by the microbial fermentation of Aureobasidium pullulans. It is a 

water-soluble, film-forming polysaccharide widely used in oral dissolving films, capsule 

shells, and pharmaceutical coating applications. (17) 

• Hyaluronic Acid: Obtained from animal connective tissues or produced through microbial 

fermentation. Due to its excellent viscoelasticity, biocompatibility, and moisture-retaining 

properties, it is extensively used in ophthalmic formulations, injectable products, tissue 

engineering, and wound healing applications. (18,59) 

 

Table 2. Major Natural Polymers and Their Applications. (10,14,17,62,66) 

Polymer Source Pharmaceutical Application 

Cellulose Wood, Cotton Binder, diluent 

Starch Maize, Potato Binder, disintegrant 

Pectin Citrus peel Colon-targeted delivery 

Chitosan Chitin Mucoadhesive, nanoparticles 

Gelatin Collagen Capsule shells 

Sodium alginate Brown algae Hydrogels, controlled release 

Pullulan Aureobasidium pullulans Oral films 

Hyaluronic acid Animal tissue/Fermentation Ophthalmic and injectable formulations 

 

2.4 Selection Criteria for Natural Polymer Excipients 

Selection of natural polymer excipients is based on their biocompatibility, biodegradability, 

purity, drug compatibility, swelling behavior, mechanical strength, thermal stability, 

regulatory acceptance, cost-effectiveness, and scalability. Proper selection ensures 

formulation stability, manufacturing efficiency, controlled drug release, and patient safety. 

(3,4,16,) 
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Table 3. Selection Criteria for Natural Polymer Excipients. (3,4,16,19,60) 

Selection Criterion Importance 

Biocompatibility Patient safety 

Biodegradability Environmental sustainability 

Purity Product quality 

Drug compatibility Stability 

Swelling behavior Drug release control 

Mechanical strength Manufacturing performance 

Thermal stability Processing stability 

Regulatory acceptance Commercialization 

Cost-effectiveness Industrial feasibility 

Scalability Large-scale production 

 

3. PHYSICOCHEMICAL PROPERTIES OF NATURAL POLYMER-BASED 

PHARMACEUTICAL EXCIPIENTS 

3.1 Introduction 

The physicochemical properties of natural polymer-based pharmaceutical excipients are 

fundamental determinants of their performance in drug formulation and delivery. These 

properties influence powder processing, tablet compression, capsule filling, drug loading, 

dissolution, release kinetics, stability, and patient acceptability. Because natural polymers 

possess diverse molecular structures and functional groups, their behavior varies depending 

on their source, composition, and environmental conditions. Therefore, comprehensive 

knowledge of their physicochemical characteristics is essential for the rational selection and 

optimization of excipients in immediate-release, sustained-release, and targeted drug delivery 

systems. (1,3,4) 

 

3.2 Major Physicochemical Properties 

3.2.1 Molecular Weight 

Molecular weight is one of the most important parameters affecting the performance of 

natural polymers. It influences viscosity, swelling capacity, gel strength, mechanical 

properties, and drug-release behavior. High-molecular-weight polymers generally form 

stronger gel matrices and provide prolonged or sustained drug release, whereas low-

molecular-weight polymers hydrate and dissolve more rapidly, making them suitable for 

immediate-release formulations. (1,2) 

3.2.2 Solubility 

The solubility of natural polymers significantly affects drug release, processing, and 

formulation stability. Depending on their chemical structure, natural polymers may be water-

soluble, partially soluble, or insoluble but capable of swelling in aqueous media. Solubility is 
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influenced by factors such as pH, temperature, ionic strength, and the presence of 

electrolytes, which ultimately determine their pharmaceutical performance. (65,66) 

3.2.3 Swelling Behaviour 

Hydrophilic natural polymers readily absorb water and swell to form hydrated matrices or 

gels. This swelling regulates drug diffusion, matrix erosion, and polymer relaxation, making 

it a critical property in controlled-release tablets, hydrogels, bioadhesive systems, and wound 

dressings. The extent of swelling depends on polymer composition, cross-linking density, and 

environmental pH. (14,15) 

3.2.4 Viscosity 

Viscosity is a key rheological property that influences the flow behavior, suspension stability, 

gel consistency, and drug-release profile of pharmaceutical formulations. High-viscosity 

polymers improve matrix integrity and prolong drug release, whereas lower-viscosity 

polymers facilitate easier processing and faster drug release. Therefore, selecting an 

appropriate viscosity grade is essential for achieving the desired formulation performance. 

(20,63) 

3.2.5 Gel-Forming Ability 

Many natural polymers possess excellent gel-forming properties through hydration, ionic 

interactions, or chemical cross-linking. Gel formation enhances drug encapsulation, controls 

drug release, and improves formulation stability. Gel-forming polymers are widely used in 

sustained-release formulations, injectable depots, ophthalmic gels, wound dressings, and 

tissue engineering applications. (22,26) 

3.2.6 Mucoadhesive Properties 

Certain natural polymers, including chitosan, sodium alginate, pectin, and hyaluronic 

acid, exhibit strong mucoadhesive properties by interacting with mucosal tissues. This 

prolongs the residence time of drug formulations, enhances drug absorption, and improves 

bioavailability in buccal, nasal, ocular, gastrointestinal, and vaginal drug delivery systems. 

(30,33,36) 

3.2.7 Biodegradability and Biocompatibility 

Natural polymers are generally biodegradable and biocompatible, allowing them to degrade 

into non-toxic products without causing significant tissue irritation or immune responses. 

These characteristics make them highly suitable for oral, topical, injectable, implantable, and 

tissue-engineering applications while ensuring excellent patient safety and tolerability. 

(49,50) 
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3.2.8 Mechanical and Thermal Properties 

Mechanical properties such as tensile strength, elasticity, and compressibility determine the 

durability and integrity of tablets, films, capsules, and hydrogels. Thermal stability is equally 

important, as it enables polymers to withstand pharmaceutical manufacturing processes such 

as drying, granulation, hot-melt extrusion, sterilization, and storage without significant 

degradation. (2,4,9) 

3.2.9 Chemical Stability and Moisture Sorption 

The chemical stability of natural polymers is essential for maintaining formulation quality 

throughout manufacturing and storage. Factors such as moisture absorption, oxidation, pH, 

temperature, and light exposure can alter polymer structure and functionality. Appropriate 

packaging, storage conditions, and stabilizing strategies are therefore necessary to preserve 

product stability and shelf life. (3,4,64,65) 

3.2.10 Surface Charge (Zeta Potential) 

Surface charge, commonly expressed as zeta potential, is an important parameter for 

nanoparticle and colloidal drug delivery systems. It influences particle stability, aggregation, 

drug encapsulation efficiency, cellular uptake, and interaction with biological membranes. A 

sufficiently high positive or negative zeta potential generally improves colloidal stability by 

preventing particle aggregation. (6,51,52) 

 

Table 4. Physicochemical Properties of Major Natural Polymers. (1,2,14,15,49,63) 

Polymer Solubility Swelling 
Gel 

Formation 
Biodegradable Mucoadhesive 

Cellulose Moderate Moderate No Yes Low 

Chitosan Acid soluble High Yes Yes Excellent 

Sodium 

alginate 

Water 

soluble 
High Excellent Yes Good 

Gelatin 
Water 

soluble 
Moderate Excellent Yes Moderate 

Pectin 
Water 

soluble 
High Excellent Yes Good 

Pullulan 
Water 

soluble 
Low No Yes Low 

 

4. FUNCTIONAL ROLES OF NATURAL POLYMER-BASED PHARMACEUTICAL 

EXCIPIENTS 

4.1 Natural Polymers as Binders 

Natural polymers serve as effective binders by promoting powder cohesion and improving 

the mechanical strength of tablets and granules. During wet granulation, they hydrate to form 
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adhesive matrices that enhance compressibility, reduce friability, and ensure uniform tablet 

formation. Common natural binders include starch, microcrystalline cellulose (MCC), pectin, 

guar gum, gum arabic, xanthan gum, gelatin, chitosan, pullulan, and dextran. The 

concentration of binder should be carefully optimized, as insufficient amounts produce weak 

tablets, whereas excessive amounts may delay tablet disintegration and drug 

release.(3,4,62,76) 

4.2 Natural Polymers as Disintegrants 

Natural polymer-based disintegrants facilitate rapid tablet disintegration by absorbing water, 

swelling, and promoting tablet breakup after administration. Their excellent biocompatibility, 

biodegradability, and non-toxic nature make them attractive alternatives to synthetic 

disintegrants. Common examples include starch, MCC, guar gum, pectin, psyllium husk, 

sodium alginate, and chitosan, which are widely used in immediate-release tablets and orally 

disintegrating formulations.(21,62,63) 

4.3 Natural Polymers as Diluents 

Natural polymer diluents increase the bulk of low-dose formulations and improve powder 

flow, compressibility, and content uniformity during tablet manufacturing. Microcrystalline 

cellulose (MCC) and starch are the most widely used natural fillers, while guar gum, gum 

arabic, sodium alginate, and pullulan are employed in specialized formulations. These 

excipients are renewable, safe, biodegradable, and environmentally sustainable.(3,67,76) 

4.4 Natural Polymers as Film-Forming Agents 

Natural polymers possess excellent film-forming properties that provide protective coatings, 

improve product stability, mask unpleasant taste, and modify drug-release characteristics. 

Frequently used film-forming polymers include HPMC, HPC, pectin, gum arabic, pullulan, 

gelatin, collagen, sodium alginate, and carrageenan. They are extensively utilized in coated 

tablets, oral thin films, transdermal patches, and wound dressing applications.(17,53,58) 

4.5 Natural Polymers as Matrix Formers 

Natural polymers function as matrix-forming agents by producing hydrated gel networks that 

regulate drug diffusion and matrix erosion, thereby providing sustained or controlled drug 

release. Common matrix-forming polymers include HPMC, guar gum, xanthan gum, pectin, 

chitosan, gelatin, sodium alginate, carrageenan, pullulan, and dextran. These polymers 

improve therapeutic efficacy, reduce dosing frequency, and enhance patient 

compliance.(22,27,38) 
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4.6 Natural Polymers as Gelling Agents 

Natural polymers readily form hydrogels upon hydration or ionic cross-linking, providing 

excellent viscosity, moisture retention, and controlled drug-release characteristics. Common 

gelling agents include HPMC, pectin, xanthan gum, guar gum, sodium alginate, gelatin, 

chitosan, hyaluronic acid, and gellan gum. They are widely used in topical gels, ophthalmic 

preparations, injectable hydrogels, and tissue-engineering applications.(24,25,26) 

4.7 Natural Polymers as Suspending Agents 

Natural polymer suspending agents enhance the viscosity of liquid formulations and prevent 

sedimentation of insoluble drug particles, thereby improving physical stability and dose 

uniformity. Common examples include xanthan gum, guar gum, gum arabic, HPMC, sodium 

carboxymethyl cellulose (NaCMC), sodium alginate, gelatin, and chitosan.(20,62) 

4.8 Natural Polymers as Emulsifying Agents 

Natural polymers stabilize oil-in-water and water-in-oil emulsions by reducing interfacial 

tension and preventing droplet coalescence. Common natural emulsifiers include gum arabic, 

pectin, xanthan gum, guar gum, gelatin, chitosan, sodium alginate, and carrageenan. These 

polymers improve emulsion stability and extend the shelf life of pharmaceutical 

formulations.(20,53,63) 

4.9 Natural Polymers as Stabilizers 

Natural polymers act as stabilizing agents by maintaining the physical and chemical stability 

of pharmaceutical formulations. They prevent particle aggregation, phase separation, and 

viscosity changes during storage. Frequently used stabilizers include xanthan gum, guar gum, 

HPMC, NaCMC, gelatin, chitosan, sodium alginate, and pullulan, contributing to enhanced 

formulation stability and product quality.(3,4,20) 

4.10 Natural Polymers as Bioadhesive and Mucoadhesive Agents 

Natural polymers with bioadhesive and mucoadhesive properties adhere to biological and 

mucosal surfaces, prolonging drug residence time and improving drug absorption and 

bioavailability. Important examples include chitosan, pectin, xanthan gum, guar gum, sodium 

alginate, carrageenan, gelatin, and hyaluronic acid. These polymers are widely applied in 

buccal, nasal, ocular, vaginal, and gastrointestinal drug delivery systems.(30,33,34,35) 

4.11 Natural Polymers in Advanced Drug Delivery Systems 

Natural polymers play a vital role in the development of advanced drug delivery systems, 

including nanoparticles, hydrogels, microspheres, liposomes, cubosomes, transdermal 

patches, ocular formulations, injectable systems, and stimuli-responsive drug delivery 

platforms. Their excellent biocompatibility, biodegradability, and multifunctional properties 
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improve drug stability, encapsulation efficiency, targeted delivery, controlled drug release, 

and therapeutic efficacy, making them indispensable materials for next-generation 

pharmaceutical formulations.(44,45,46,77) 

 

Table 5: Natural Polymer-Based Pharmaceutical Excipients and Their Applications. 

(3,17,22,30,58,62) 

Excipient Function Role 

Common 

Natural 

Polymers 

Major Applications 

Binders 

Improve powder 

cohesion and tablet 

strength 

Starch, MCC, 

Pectin, Guar 

gum, Gelatin, 

Chitosan 

Tablets, capsules 

Disintegrants 
Promote rapid 

tablet breakup 

Starch, MCC, 

Guar gum, 

Pectin, 

Psyllium, 

Chitosan 

Immediate-release 

tablets 

Diluents (Fillers) 

Increase bulk and 

improve 

compressibility 

MCC, Starch, 

Guar gum, Gum 

arabic, Sodium 

alginate 

Tablets, capsules 

Film-forming Agents 

Form protective 

films and control 

drug release 

HPMC, 

Pullulan, 

Gelatin, Sodium 

alginate, Pectin 

Tablet coating, oral 

films, transdermal 

patches 

Matrix Formers 
Sustain and control 

drug release 

HPMC, Guar 

gum, Xanthan 

gum, Chitosan, 

Sodium alginate 

Sustained-release 

tablets 

Gelling Agents 

Form hydrogels for 

controlled drug 

delivery 

HPMC, Pectin, 

Xanthan gum, 

Sodium 

alginate, 

Gelatin, 

Chitosan 

Topical gels, 

ophthalmic gels, 

hydrogels 

Suspending Agents 

Prevent 

sedimentation and 

improve 

suspension stability 

Xanthan gum, 

Guar gum, Gum 

arabic, HPMC, 

Sodium alginate 

Oral and topical 

suspensions 

Emulsifying Agents 
Stabilize oil–water 

emulsions 

Gum arabic, 

Pectin, Xanthan 

gum, Gelatin, 

Chitosan 

Emulsions, creams, 

lotions 

Stabilizers 

Maintain 

formulation 

stability 

Xanthan gum, 

HPMC, 

NaCMC, 

Suspensions, 

emulsions, 

nanoparticles 
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Chitosan, 

Sodium alginate 

Bioadhesive/Mucoadhesive 

Agents 

Prolong drug 

residence and 

enhance absorption 

Chitosan, 

Pectin, Sodium 

alginate, 

Hyaluronic 

acid, Xanthan 

gum 

Buccal, nasal, ocular, 

vaginal drug delivery 

Advanced Drug Delivery 

Systems 

Improve drug 

targeting, 

bioavailability, and 

controlled release 

Chitosan, 

Alginate, 

Gelatin, 

Pullulan, 

Hyaluronic 

acid, Pectin 

Nanoparticles, 

microspheres, 

liposomes, 

cubosomes, 

hydrogels, 

transdermal and 

ocular systems 

 

5. FORMULATION STRATEGIES USING NATURAL POLYMER-BASED 

PHARMACEUTICAL EXCIPIENTS 

Table 6. Natural Polymers Used in Different Pharmaceutical Dosage Forms. (58,66,67) 

Dosage Form Common Natural Polymers 

Tablets Microcrystalline cellulose (MCC), Starch, Guar gum 

Capsules Gelatin, Pullulan 

Hydrogels Alginate, Chitosan 

Nanoparticles Chitosan, Dextran 

Microspheres Gelatin, Alginate 

Buccal films Pullulan, HPMC 

Ophthalmic gels Gellan gum, Hyaluronic acid 

Injectable systems Collagen, Gelatin 

 

5.1 Selection of Natural Polymers 

The selection of natural polymers is a critical step in pharmaceutical formulation 

development because it influences product quality, stability, drug release, and therapeutic 

efficacy. Polymer selection depends on API properties, intended route of administration, 

desired release profile, physicochemical characteristics, manufacturing method, safety, 

regulatory acceptance, and cost. Compatibility studies using FTIR, DSC, XRD, and TGA are 

essential to ensure formulation stability. Modern approaches such as Quality by Design 

(QbD), Design of Experiments (DoE), and artificial intelligence (AI) further optimize 

polymer selection and improve formulation performance. (3,4,16,19) 

5.2 Formulation Design Considerations 

Formulation design requires optimization of polymer type, concentration, drug-to-polymer 

ratio, processing method, and route of administration to achieve desired drug release and 

product quality. Polymer–drug compatibility, environmental stability, and the selection of 
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complementary excipients are also important. QbD, DoE, and computational tools facilitate 

optimization by identifying critical formulation variables and ensuring reproducible 

manufacturing. (41,42,43,61) 

5.3 Polymer Modification and Functionalization 

Natural polymers are often modified to improve solubility, mechanical strength, stability, 

bioadhesion, and controlled drug release. Common modification techniques include chemical 

derivatization, cross-linking, graft polymerization, polymer blending, and surface 

functionalization. These approaches enhance drug loading, targeting ability, and 

pharmaceutical performance while maintaining biocompatibility. Recent advances in 

nanotechnology and AI-assisted formulation design have further expanded their applications. 

(27,28,43,71) 

5.4 Polymer Blending and Composite Systems 

Polymer blending combines two or more polymers to improve mechanical strength, swelling 

behavior, drug loading, and release characteristics. Composite systems incorporate 

reinforcing materials such as nanoparticles or lipids to enhance stability and functionality. 

These systems are widely used in hydrogels, nanoparticles, transdermal patches, and 

controlled-release formulations. Optimization using DoE and QbD ensures robust and 

reproducible product performance. (56,57,66,68) 

5.5 Quality Control and Process Optimization in Formulation Development 

Quality control is essential to ensure the consistency and performance of natural polymer-

based formulations. Key quality attributes include molecular weight, viscosity, purity, 

moisture content, and drug content. In-process controls such as blend uniformity, particle 

size, and moisture analysis help maintain product quality. Process optimization using QbD, 

DoE, and response surface methodology enables identification of critical material and process 

parameters, ensuring robust, reproducible, and scalable pharmaceutical manufacturing. 

(61,76,79) 

 

6. CHARACTERIZATION TECHNIQUES FOR NATURAL POLYMER-BASED 

PHARMACEUTICAL EXCIPIENTS 

6.1 Introduction 

Characterization of natural polymer-based excipients is essential to confirm their identity, 

purity, structural integrity, and functional properties before pharmaceutical use. Since natural 

polymers may vary with source and processing method, a combination of spectroscopic, 
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thermal, morphological, and rheological techniques is used for comprehensive evaluation. 

(3,4,60,64) 

 

Table 7. Characterization Techniques. (3,60,63,65) 

Technique Parameter Evaluated Instrument 

FTIR Functional groups FTIR Spectrometer 

DSC Thermal behavior Differential Scanning Calorimeter 

TGA Thermal stability Thermogravimetric Analyzer 

XRD Crystallinity X-ray Diffractometer 

SEM Surface morphology Scanning Electron Microscope 

TEM Internal morphology Transmission Electron Microscope 

Zeta Potential Surface charge Zetasizer 

Rheology Viscosity/Flow behavior Rheometer 

 

6.2 Spectroscopic Techniques 

FTIR identifies functional groups and confirms polymer identity, while NMR provides 

structural information for modified polymers. UV-Vis spectroscopy is used to evaluate 

polymer purity and detect impurities or degradation products. (3,4,63,65) 

6.3 Thermal Analysis 

DSC evaluates melting point, glass transition temperature, and drug–polymer compatibility, 

whereas TGA assesses thermal stability and moisture content. These techniques are important 

for polymers used in heat-based manufacturing processes. (63,65) 

6.4 Structural and Morphological Analysis 

XRD determines the crystalline or amorphous nature of polymers. SEM and TEM examine 

particle size, surface morphology, and internal structure, while AFM evaluates surface 

roughness at the nanoscale. (63,65) 

6.5 Rheological and Physicochemical Characterization 

Rheological studies measure viscosity, flow behavior, and gel strength. Particle size and zeta 

potential determine the stability of colloidal systems, while swelling index, moisture content, 

hardness, friability, and tensile strength help optimize formulation quality and performance. 

(3,4,63,65) 

 

7. REGULATORY CONSIDERATIONS FOR NATURAL POLYMER-BASED 

PHARMACEUTICAL EXCIPIENTS 

7.1 Introduction 

Regulatory approval is essential for the safe use of natural polymer-based excipients in 

pharmaceutical products. Because natural polymers are derived from biological sources, their 
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quality may vary depending on source, extraction, and processing methods. Therefore, 

regulatory agencies require evaluation of identity, purity, safety, quality, and consistency 

before pharmaceutical use. (78,79,83) 

7.2 Pharmacopeial Standards 

Natural polymers should comply with pharmacopeial standards such as USP–NF, Ph. Eur., 

BP, JP, and IP, which specify requirements for identity, purity, viscosity, microbial limits, 

moisture content, and other quality attributes. Analytical techniques such as FTIR, DSC, 

TGA, XRD, and SEM are commonly used for quality assessment. (83–85) 

 

7.3 International Regulatory Agencies and Guidelines 

Major regulatory organizations include: 

• FDA – GRAS status and Inactive Ingredient Database (IID) 

• EMA – Excipient quality and safety evaluation 

• ICH – Guidelines (Q8, Q9, Q10, Q11) for pharmaceutical development and quality 

• WHO – Good Manufacturing Practices (GMP) and excipient quality guidance 

 

These organizations promote harmonized standards for global pharmaceutical manufacturing. 

(86–88) 

 

Table 8. Regulatory Status of Major Natural Polymer-Based Pharmaceutical Excipients. 

(78,88) 

Polymer USP–NF Ph. Eur. BP JP FDA/GRAS Status 

Cellulose Yes Yes Yes Yes GRAS 

Starch Yes Yes Yes Yes GRAS 

Gelatin Yes Yes Yes Yes Approved 

Sodium alginate Yes Yes Yes Yes GRAS 

Pectin Yes Yes Yes Yes GRAS 

Chitosan Limited Limited Limited Limited Investigational/Novel 

 

7.4 Safety Evaluation 

Natural polymer excipients are evaluated for toxicity, biocompatibility, immunogenicity, and 

irritation. Established polymers such as cellulose, starch, alginate, pectin, and gelatin have 

well-documented safety profiles, whereas modified or novel polymers require additional 

regulatory evaluation. (79–82) 

7.5 Quality by Design (QbD) and GMP 

Modern formulation development follows QbD principles by identifying Critical Material 

Attributes (CMAs), Critical Process Parameters (CPPs), and Critical Quality Attributes 
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(CQAs). Compliance with Good Manufacturing Practices (GMP), supplier qualification, raw 

material traceability, process validation, and stability studies ensures consistent product 

quality. (86–88) 

7.6 Regulatory Challenges 

Key regulatory challenges include batch-to-batch variability, microbial contamination, 

residual impurities, heavy metals, moisture sensitivity, scale-up, and lack of global 

harmonization. Emerging digital quality systems and AI-assisted quality monitoring are 

expected to improve regulatory compliance and manufacturing consistency. (78,79) 

 

8. RECENT TECHNOLOGICAL ADVANCES AND FUTURE PERSPECTIVES 

8.1 Commercial Translation 

Natural polymer-based excipients are widely used in commercial pharmaceutical products 

because of their biocompatibility, biodegradability, and multifunctionality. They are 

commonly incorporated into tablets, capsules, ophthalmic preparations, hydrogels, wound 

dressings, oral films, and sustained-release systems. (72–78) 

 

Table 9. Commercial Pharmaceutical Products Containing Natural Polymers. 

(14,17,58,78) 

Commercial Product 
Natural 

Polymer 
Dosage Form Application 

Softgel Capsules Gelatin Capsule Oral drug delivery 

Gaviscon Sodium alginate Oral suspension 
Gastroesophageal reflux 

disease 

Artificial Tears Hyaluronic acid 
Ophthalmic 

solution 
Dry eye syndrome 

Oral Dissolving Films Pullulan Oral film Rapid drug delivery 

Alginate Wound 

Dressing 
Sodium alginate Hydrogel Wound healing 

 

8.2 Emerging Technologies 

Recent advances include polymeric nanoparticles, lipid–polymer hybrid systems, injectable 

hydrogels, nanofibers, microneedles, in situ gels, and stimuli-responsive polymers for 

targeted and controlled drug delivery. (45,47,71,73) 

8.3 Artificial Intelligence and Digital Pharmaceutical Development 

Artificial intelligence (AI) and machine learning (ML) are increasingly used for polymer 

selection, drug–polymer compatibility prediction, formulation optimization, stability 

prediction, and quality risk assessment, reducing development time and improving product 

quality. 
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8.4 Green Manufacturing 

Sustainable pharmaceutical production focuses on green extraction methods, solvent-free 

processing, renewable biomaterials, biodegradable packaging, waste minimization, and 

energy-efficient manufacturing, promoting environmentally friendly formulations. (2,7) 

 

Table 10. Recent Advances in Natural Polymer-Based Drug Delivery Systems from 

2021–2025. (45,56,77) 

Year Polymer Drug Delivery System Major Outcome 

2021 Chitosan Nanoparticles Enhanced oral bioavailability 

2022 Sodium alginate Injectable hydrogel Sustained drug release 

2023 Pullulan Oral thin films Rapid disintegration 

2024 Cellulose derivatives 3D-printed tablets Personalized medicine 

2025 Hyaluronic acid Injectable hydrogel Targeted therapy 

 

8.5 Current Challenges 

Major challenges include batch variability, moisture sensitivity, limited mechanical strength, 

sterilization difficulties, scale-up issues, high purification costs, and regulatory uncertainty 

for novel excipients. (74–79) 

8.6 Future Perspectives 

Future research will focus on AI-assisted formulation design, machine learning, 3D/4D 

printing, smart hydrogels, nanomedicine, precision medicine, continuous manufacturing, 

regulatory harmonization, and sustainable pharmaceutical production to develop safer and 

more effective drug delivery systems. (89,90) 

 

Table 11. Future Trends and Emerging Technologies. (45,61,90) 

Emerging Technology Potential Role 

Artificial Intelligence Formulation optimization 

Machine Learning Polymer selection 

Digital Twins Process optimization 

3D Printing Personalized dosage forms 

4D Printing Stimuli-responsive drug delivery 

Smart Hydrogels Controlled drug delivery 

Nanomedicine Targeted drug delivery 

Continuous Manufacturing Scalable production 

Green Manufacturing Sustainable pharmaceutical production 

Precision Medicine Patient-specific formulations 
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Table 12. Challenges and Future Research Directions. (78,79,81,90) 

Current Challenge Future Direction 

Batch variability Standardized extraction 

Microbial contamination Advanced sterilization 

Low mechanical strength Polymer blending 

Moisture sensitivity Cross-linking/modification 

Scale-up Continuous manufacturing 

Regulatory uncertainty Global harmonization 

Limited predictive tools AI and ML 

Environmental concerns Green manufacturing 

 

9. CONCLUSION 

Natural polymer-based pharmaceutical excipients have become indispensable components of 

modern drug delivery systems because of their biocompatibility, biodegradability, low 

toxicity, renewability, and multifunctional properties. Derived from plant, animal, microbial, 

and marine sources, these polymers serve as binders, disintegrants, film-forming agents, 

gelling agents, matrix formers, and bioadhesive materials, significantly improving 

formulation performance, drug release, stability, and patient compliance. 

Recent advances in nanotechnology, hydrogel systems, lipid–polymer hybrids, 3D printing, 

Quality by Design (QbD), Design of Experiments (DoE), and artificial intelligence (AI) have 

expanded the applications of natural polymers in advanced drug delivery systems. These 

innovations have enabled the development of safer, more efficient, and patient-centered 

pharmaceutical formulations with improved therapeutic outcomes. 

Despite their advantages, challenges such as batch-to-batch variability, microbial 

contamination, moisture sensitivity, limited mechanical strength, scalability, and regulatory 

complexity continue to limit their wider industrial application. Addressing these issues 

through standardized manufacturing, advanced characterization, robust quality control, and 

harmonized regulatory guidelines will be essential for ensuring consistent product quality and 

successful commercialization. 

Future research should focus on the development of chemically modified and multifunctional 

natural polymers, sustainable manufacturing approaches, and AI-assisted formulation design. 

The integration of precision medicine, nanomedicine, smart biomaterials, and continuous 

manufacturing technologies is expected to further enhance the role of natural polymers in 

next-generation pharmaceutical products. 

In conclusion, natural polymer-based pharmaceutical excipients represent a versatile and 

sustainable class of biomaterials with immense potential for modern and future drug delivery 

systems. Continued interdisciplinary research and technological innovation will further 
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strengthen their contribution to the development of safe, effective, environmentally 

sustainable, and patient-centric pharmaceutical formulations. 
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