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Abstract

Natural polymers' innate biocompatibility, biodegradability, and environmental friendliness have
made them attractive functional excipients in contemporary pharmaceutical formulations. This
study emphasizes the importance of natural polymers-such as starch, cellulose, alginate, chitosan,
gelatin, and xanthan gum-derived from plant, animal, and microbial sources in the creation of
cutting-edge drug delivery methods. These polymers have a variety of physicochemical
characteristics, including swelling, viscosity, gel-forming capacity, and mucoadhesion, all of which
are essential for regulating drug release, boosting stability, and increasing bioavailability. Natural
polymers are appealing substitutes for synthetic excipients in pharmaceutical applications
because they provide benefits such lower toxicity, sustainability, and cost-effectiveness. The
categorization, origins, and functional roles of natural polymers in biological, pharmacological, and
environmental applications are also covered in the review. Their use in targeted delivery,
hydrogels, nanoparticles, controlled and sustained drug delivery systems, and gene delivery
systems is highlighted. Additionally, recent advancements including the invention of stimuli-
responsive polymers, chemical modification, and the integration of nanotechnology have
significantly enhanced their functionality and broadened their applications. Despite its
advantages, challenges like unpredictability, microbial contamination, and regulatory difficulties
require standardization and advanced processing techniques. All things considered, natural
polymers provide a versatile and durable foundation for the development of innovative drug
delivery systems, improving patient compliance and therapeutic outcomes in modern
pharmaceutical sciences.

Keywords: Mucoadhesion, biocompatibility, controlled drug delivery, pharmaceutical excipients,
natural polymers, and biodegradability

1. Introduction

Excipients are inert ingredients added to
pharmaceutical formulations to increase stability, ease
medication distribution, and boost dosage form
performance. Excipients are essential to the quality,
safety, and effectiveness of pharmaceutical medicines
even if they lack therapeutic activity. They support a
number of formulation activities, including boosting
stability, regulating drug release, increasing drug
solubility, and streamlining production procedures.
Binders, disintegrants, lubricants, stabilizers,
emulsifying agents, and film-forming agents are
examples of frequently used excipients that have a big
impact on the final properties of pharmaceutical
formulations. 1 2 3 4 Because of their consistent
physicochemical characteristics and ease of production,
synthetic polymers have long been used extensively as
medicinal excipients. Concerns about long-term safety,
environmental effect, and toxicity have been brought up
by the growing use of synthetic materials. Since many
synthetic polymers come from petroleum-based
sources, their biodegradability and biocompatibility
ISSN: 2250-1177
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may be restricted. Furthermore, some synthetic
excipients may accumulate in biological systems or have
unfavorable side effects, which is why scientists are
looking on safer and more sustainable substitutes. 5©

In the field of pharmaceutical sciences, naturally
produced polymers have garnered a lot of interest
recently as possible alternatives to synthetic excipients.
Natural polymers are macromolecules with distinct
physicochemical and biological characteristics that
come from plant, animal, or microbial sources. Examples
include proteins like collagen and gelatin, as well as
polysaccharides like starch, alginate, pectin, and
xanthan gum. These materials' functional qualities—
such as swelling behavior, gel formation, viscosity
increase, and film-forming ability—have led to
extensive research into their suitability for a range of
medicinal applications. 578

The outstanding biocompatibility of natural polymers is
one of their main benefits. These substances often
interact well with biological tissues and provoke few
immunological or inflammatory reactions because many
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of them come from biological sources and mimic
elements found naturally in living things. Furthermore,
natural polymers are biodegradable, which means that
they can be broken down by physiological or enzymatic
processes into innocuous byproducts that the body can
readily expel. This characteristic reduces long-term
toxicity and keeps polymer residues from building up in
biological systems. % ¢ 10 Natural polymers are becoming
more and more popular as pharmaceutical excipients
due to their safety and affordability. Many natural
polymers are economically appealing for large-scale
pharmaceutical manufacture because they are non-
toxic, renewable, and easily accessible from natural
resources. Their eco-friendliness and sustainable origin
also complement the growing emphasis on
environmentally conscious and green pharmaceutical
development worldwide. 11,1213

The significance of natural polymers in pharmaceutical
sciences has increased due to the development of
contemporary drug delivery technologies.
Mucoadhesive drug delivery systems, hydrogels,
nanoparticles, targeted drug delivery platforms, and
controlled-release formulations all make extensive use
of these polymers. They can control drug release
profiles, increase drug stability, and boost
bioavailability because to their special physicochemical
characteristics. As a result, natural polymers are
increasingly being used in cutting-edge pharmaceutical
technologies intended to improve patient compliance
and therapeutic outcomes. % 15 16 This review's
objective is to give a thorough overview of natural
polymers that are utilized as functional excipients in
contemporary pharmaceutical formulations. In addition
to discussing  their origins, categorization,
physicochemical characteristics, and various functions
in drug delivery systems, the article highlights current
developments and potential directions for the creation
of pharmaceutical formulations based on natural
polymers.

2. Natural Polymer Classification

Macromolecules derived from biological sources,
including plants, animals, and microbes, are known as
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natural polymers. These polymers, which are mostly
made up of proteins, polysaccharides, or their
derivatives, have drawn a lot of interest in the field of
pharmaceutical sciences due to their various functional
characteristics, biodegradability, and biocompatibility.
Plant-derived polymers, animal-derived polymers, and
microbial polymers are the three main groups into
which natural polymers utilized in pharmaceutical
formulations can be generally divided based on their
source and origin. Pharmaceutical uses are determined

by the unique physicochemical properties of each class.
7,11,17,18

2.1 Natural Polymers Derived from Plants

Polymers derived from plants are a common natural
material  utilized in  medicinal = compositions.
Polysaccharides derived from plant sources, including
seeds, fruits, leaves, and plant exudates, make up the
majority of their composition. These polymers are
widely utilized as medicinal excipients because of their
affordability, safety, and availability. Rice, potato, and
maize starch is frequently used in tablets as a diluent,
disintegrant, and binder. As binders and controlled-
release agents, cellulose derivatives such as
hydroxypropyl methylcellulose and microcrystalline
cellulose are utilized. Guar gum, acacia, and pectin are
examples of plant gums and mucilages that serve as
stabilizing, thickening, and suspending agents. Brown
seaweed alginate is also utilized for controlled
medication delivery systems and gel formation. 18 1920,
21, 22 Figure 1 illustrates polymers derived from plant
sources, highlighting naturally occurring
polysaccharides such as cellulose, starch, and gums that
are widely utilized in pharmaceutical and biomedical
applications. Figure 2 represents polymers of animal
origin, including proteins and polysaccharides such as
collagen, gelatin, and chitosan, which are known for
their biocompatibility and biodegradability. Figure 3
depicts polymers produced by microbial sources,
emphasizing biopolymers such as xanthan gum, dextran,
and alginate, synthesized through controlled
fermentation processes and valued for their consistency
and functional versatility.

Plant-Derived Polymers in Pharmaceutical Formulations

Plant-Derived Polymers
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Figure 1: Plant derived polymers
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2.2 Natural Polymers Derived from Animals

Important natural materials used in biomedical and
pharmacological applications are polymers generated
from animals. These polymers have good
biocompatibility and biodegradability and are primarily
proteins or polysaccharides derived from animal
tissues. Because of its mucoadhesive properties and
capacity to improve drug absorption, chitosan-which is
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derived from the chitin found in shrimp and crab shells-
is utilized extensively. It is used in mucoadhesive drug
delivery systems, nanoparticles, and microspheres.
Gelatin is frequently used as a stabilizer and in hard and
soft capsules. It is made from collagen found in animal
skin and bones. Collagen is utilized in tissue engineering
and wound treatments. Nonetheless, immunogenicity,
pathogen transmission, and moral dilemmas are among
the worries. 23.24,6,25,26

Animal-Derived Polymers in Pharmaceutical & Biomedical Applications

Animal-Derived Polymers

Natural Polymers from Animal Tissues

“
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e Wound Dressings,
Tissue Engineering,
Drug Delivery

Figure 2: Animal derived polymers

2.3 Microbial Natural Polymers

Natural polymers made by microorganisms like
bacteria, fungus, and algae are known as microbial
polymers. Because they may be manufactured using
controlled fermentation procedures that guarantee
uniform quality, purity, and reproducibility, they are
being utilized more and more in pharmaceutical
applications. 27, 28 The bacteria Xanthomonas
campestris produces xanthan gum, one of the most
often utilized microbial polymers. High-molecular-
weight polysaccharide xanthan gum is renowned for its
exceptional viscosity, stability, and tolerance to
temperature and pH variations. It is frequently utilized
in pharmaceutical suspensions, emulsions, and topical
formulations as a stabilizer, thickening agent, and

ISSN: 2250-1177 [167]

suspending agent. 2° Another important microbial
polymer is dextran, produced by bacteria such as
Leuconostoc mesenteroides. Dextran is a branched
polysaccharide widely used in biomedical applications,
including plasma volume expanders, drug delivery
systems, and controlled-release formulations. 30
Another important microbial polymer with good film-
forming capabilities is pullulan, which is made by the
fungus Aureobasidium pullulans. It is frequently utilized
in oral dissolving films, edible films, and capsule shells.
31 All things considered, microbial polymers offer a
number of benefits, such as high purity, reliable
physicochemical characteristics, scalable production,
and economical synthesis wusing fermentation
technology. 32 33
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Microbial Polymers in Pharmaceutical Applications
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Figure 3: Polymers made by microorganisms

3. Physicochemical Characteristics and Their
Impact on Drug Release

Since their physicochemical characteristics dictate how
they behave in drug delivery systems, natural polymers
are crucial to pharmaceutical formulations. These

characteristics affect the dosage form's overall
performance, release rate, and drug stability. 34 14 Table
1 below discusses some of the most significant
characteristics influencing medication release and
formulation.

Table 1: Properties of natural polymers affecting drug release 3> 36,37, 14, 38,39, 40,41

Physicochemical Description Effect on Drug Release / Formulation
Property
Natural polymers' mechanical strength, viscosity, High molecular weight polymers create robust
and capacity to form matrices are all influenced | matrices and thicker gels that prolong
Molecular by their molecular weight. Stronger and denser | medication release and slow drug diffusion.
Weight polymer networks are formed by high molecular | prygs are released more quickly when low
weight polymers. molecular weight polymers disintegrate more
quickly.
The degree to which a polymer dissolves or | Because they dissolve quickly, highly soluble
hydrates in biological fluids depends on its | polymers may release the medication quickly.
Solubility solubility. Gums and polysaccharides are | Diffusion barriers created by poorly soluble
examples of hydrophilic polymers that easily | polymers limit medication release and slow
react with water to generate viscous solutions. fluid penetration.
The tendency of polymers to absorb water and brug diffusion is coptrolled by svyelllng, which
. . creates a gel barrier surrounding the dose
. increase in volume when exposed to watery . . e .
Swelling . : : form. By creating a thicker diffusion barrier
. conditions is known as swelling. When natural . . . .
Capacity ) . . . and preserving tablet integrity, a higher
polymers come into touch with gastrointestinal swelling capacity typically inhibits drug
fluids, they swell. release
Molecular weight and polymer concentration Thicker g?l 'layers mad? of high-viscosity
. . . . . polymers limit drug diffusion and extend drug
. . have an impact on viscosity, which is the
Viscosity . . . release. Faster drug molecule movement and
resistance of polymer solutions to flow. Viscous release are made possible by low-viscosit
gels can be formed by hydrated polymers. p y y
polymers.
Biodegradability | The capacity of polymers to be degraded by | While preventing the body from accumulating
biological or enzymatic processes within the | polymer residues, the gradual breakdown of
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biodegradable.

body is known as biodegradability. Natural
polymers are frequently both biocompatible and

the polymer matrix permits controlled and
prolonged medication release.

Mucoadhesion

mucoadhesion.

The capacity of some polymers to stick to
mucosal tissues—such as the buccal, nasal, or
gastrointestinal mucosa—through electrostatic
or hydrogen bonding interactions is known as

Adhesion to mucosal surfaces increases the
drug's residence time at the absorption site,
improving bioavailability and allowing for
regulated drug delivery.

Gel-Forming

When certain natural polymers are hydrated or
subjected to particular ions or pH levels, they can

Drug delivery is made possible by gel
formation, which traps drug molecules inside
the polymer matrix and releases them

Ability igcw?)rrll(j form a three-dimensional polymer gradually through erosion and diffusion
' processes.
4. Pharmaceutical, Biomedical and synthetic excipients in the future due to the increased

Environmental Applications

Because of their many uses, natural polymers are
essential as pharmaceutical excipients. They are
essential to contemporary medication formulation

interest in sustainable and biocompatible materials.
However, sophisticated processing and standardization
methods are required to handle issues like
unpredictability and stability. 42 Tables 2, 3, and 4
illustrate the use of natural polymers in pharmaceutical,

because of their capacity to function as stabilizers, biomedical, and environmental applications,
disintegrants, binders, and controlled release agents. respectively.
Natural polymers are anticipated to supplant numerous
Table 2: Pharmaceutica] Applications 43,6,44,45,46,47,48, 49,50, 51, 52,53, 54, 55, 56,57, 58, 59, 60
S. Natural Pharmaceutical . -
No. | Polymer Source Application Mechanism / Role Key Benefit
. . Cationic nature enables
. Chitin Drug dellyery systems, interaction with cell Enhanced absorption,
1 Chitosan (crustacean nanoparticles, .
. membranes and targeted delivery
shells) mucoadhesive systems
mucosa
Controlled release Gel formation in .
. . Sustained drug release,
2 Alginate Brown algae systems, hydrogels, wound | presence of divalent . .
. X biocompatibility
dressings ions
3 Gelatin Animal collagen Qapsules, mlcrqspheres, F¥lm-form1ng and . Safe: biodegradable
tissue engineering biodegradable matrix carrier
Plants (corn, T?blets (binder, Swelling and gel Cost-effective,
4 Starch disintegrant), controlled . .
potato) formation biodegradable
release
Cellulose & Tablet coating, controlled Fllm-_formmg and Improved stability and
5 o Plant cell walls . matrix-forming
derivatives release formulations . release control
properties
: Plant cell walls | Colon-targeted drug Degraded by colonic Site-specific drug
6 Pectin . ) o .
(fruits) delivery, in-situ nasal gel bacteria release
7 Guar gum Plant seeds Cor.ltrolled release, colon Swelling tand enzymatic Sus.talned and targeted
delivery degradation delivery
Microbial Plasma expanders, drug Water-solub'le Impl."qved drug
8 Dextran . . polysaccharide, forms stability and
(bacteria) carriers g . .
conjugates circulation
Hyaluronic Animal . Targeted Fiehver.y,' Binds to specific cell Target specificity,
9 . connective ophthalmic and injectable . -
acid : receptors (CD44) biocompatibility
tissue systems
10 | Collagen Animal ) Tissue engineering, wound | Mimics extracellular Promotes cell growth
connective

ISSN: 2250-1177
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tissue healing matrix and regeneration
Swells in presence of .
p . Natural, safe laxative;
water forming a .
mucilaginous gel; improves bowel
Bulk laxative, controlled . . L movement;
11 Isabgol Seed husk of drug delivery, disintegrant increases intestinal biodegradable and
husk Plantago ovata ’ " | bulk and promotes

suspending agent

peristalsis; also acts as
a hydrophilic matrix for
drug release

biocompatible; useful
in sustained drug
release formulations

12 Gellan Gum

Forms gels in the
presence of cations
(ion-activated
gelation); undergoes

Excellent gelling ability
atlow concentration

Produced by

?azgirlsnr:l onas Controlled drug delivery,
ei)deg in situ gelling systems
(microbial (ophthalmic, nasal
polysaccharide)

sol-gel transition

Table 3: Biomedical Applications 436 44 45,46

Application Area Role of Natural Polymers Examples Key Benefit
Drug Delivery C.arrler for drugs and Alginate, Chitosan, Gelatin Controlled release, protection of
Systems biomolecules drugs

Tissue Engineering

Scaffold formation

Collagen, Gelatin,
Hyaluronic acid

Supports cell growth and tissue
regeneration

Dressing materials,

Promotes healing, maintains

Wound Healing hydrogels Chitosan, Alginate moisture

Rege.n.e rative Struc.tural and functional Collagen, Fibrin Mimics natural tissue structure

Medicine repair

Stem Cell Cell encapsulation and . L Enhances cell proliferation and

L Alginate, Hyaluronic acid . L

Applications support differentiation

Nanocarriers Drug/gene delivery vehicles Natural po lymer Improyed bioavailability and
nanoparticles targeting

Table 4: Environmental Applications 43 6 44 45,46

Application Area | Role of Natural Polymers Examples Key Benefit

. . . . . Starch, Biodegradable, reduces
Bioplastics Alternative to synthetic plastics Polyhydroxyalkanoates plastic pollution
Food Packaging Eco-friendly packaging materials Polysaccharides, Proteins Sustainable and safe

packaging

Water Treatment

Removal of pollutants/heavy
metals

Chitosan, Cellulose
derivatives

Adsorption of contaminants

Agriculture

Soil conditioning, controlled release

Natural polymer

Improves soil quality, reduces

fertilizers composites chemical use
Envi 1 . . Eco-friendly cl
nVlror.lm.enta Degradation of pollutants Biopolymers co-friendly cleanup
Remediation processes

5. Natural Polymers in Advanced Drug Delivery

Systems

Because of their low toxicity, biocompatibility, and
biodegradability, natural polymers are essential to
advanced drug delivery systems (ADDS). The article
emphasizes the widespread usage of polymers such

medication

based polymers to
delivery.

improve the effectiveness of
Natural polymers provide

hydrogels or matrix systems that control drug release

hyaluronic acid, chitosan, polysaccharides, and arginine-
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through swelling and diffusion mechanisms, making
controlled and sustained drug delivery one of the main
uses. This lessens the frequency of dose and helps
maintain steady medication levels. In targeted drug

CODEN (USA): JDDTAO




Jha et al.

delivery, natural polymers are also crucial. By
interacting with cell membranes, polymers such as
chitosan and substances high in arginine enhance drug
absorption at certain locations. Particularly in the
treatment of cancer, this focused strategy improves
therapeutic efficacy and minimizes adverse effects. Drug
delivery methods based on nanoparticles are another
important use. Natural polymer-based nanoparticles
enhance solubility and bioavailability while encasing
medications and shielding them from deterioration.
Additionally, these systems are able to pass through
biological barriers like the blood-brain barrier. Cationic
natural polymers combine with DNA or RNA in gene

Journal of Drug Delivery & Therapeutics. 2026; 16(4):165-176

delivery systems to produce complexes that shield them
from enzymatic breakdown and promote cellular
uptake. They are therefore promising gene therapy
carriers. Additionally, natural polymers have
mucoadhesive qualities that enable medication
formulations to stick to mucosal surfaces such as buccal
or nasal tissues. This increases absorption and extends
the duration of medication residence. They are also
utilized in biomimetic drug delivery systems, which
improve circulation time and targeting efficiency by
imitating natural biological processes. Table 4 lists the
use of natural polymers in sophisticated drug delivery
systems. 61,62

Table 4: Natural polymers in advanced drug delivery systems 61,62,63,64

S. A Natural Polymers . Key Outcome /
No. Application Area Mentioned Mechanism / Role Advantage
Contrlolled & Polysaccharides, Swelling, gel formation, Maintains therapeutic
1 Sustained Drug . e drug levels, reduces
. Chitosan controlled diffusion of drug :
Delivery dosing frequency
Targeted Drug Arginine derivatives, Electrostatic interaction Wl.th cell Site-specific delivery
2 ; - membranes, receptor-mediated . .
Delivery Chitosan . with reduced side effects
targeting
Nanoparticle Drug Chitosan, Encapsulation of drugs into Improved b}oavallablllty
3 : . ) and protection from
Delivery Polysaccharides nanocarriers .
degradation
4 Gene Delivery Arginine-based Formation of complexes with g:gar;gigcct?él;?fr lleit;ftli(f
Systems polymers, Chitosan DNA/RNA (cationic interaction) pr &
material
. . . Increased residence time
Mucoadhesive Drug ) Adhesion to mucosal surfaces via .
5 . Chitosan L . and improved
Delivery ionic interaction :
absorption
Blorr.umetlc / Bio- Natural biopolymers Mimic biological systems Prolonged circulation
6 inspired Delivery (cells/pathogens) for drug ) .
(general) and immune evasion
Systems transport
Cancer Drug Biocompatible na_tural Carrier systems for anticancer Targeted tumor delivery
7 . polymers (e.g., chitosan- . . . -
Delivery drugs like doxorubicin with reduced toxicity
based systems)
Drug Delivery Across | Polysaccharide-based Carrler-me(.ilated transport . Imp.ro.ved df“g d.ellvery
8 . . . . across barriers (e.g., blood-brain | to difficult sites like
Biological Barriers nanocarriers . .
barrier) brain
Hydrogel-Based Natural polymer Formation of biodegradable gel Safe anc? c9ntrolled
9 Delivery Systems hydrogels matrices release in implants and
Yoy ydrog localized delivery
Hybrid Drug Natural + synthetic Combine biocompatibility Enhanced mechgnlcal
10 . o o . strength and delivery
Delivery Systems polymer combinations (natural) + stability (synthetic) efficiency

6. Recent Advances and Innovations

Significant progress has been made in the extraction,
modification, and use of natural polymers in biomedical
and environmental domains, according to recent
studies. The biodegradability, biocompatibility, and
sustainability of natural polymers like polysaccharides,

ISSN: 2250-1177
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proteins, and biopolyesters are drawing more and more
attention. 65 66 5 The creation of polymers produced
from trash and biomass is one significant development.
These days, alternative raw materials for the synthesis
of polymers include renewable feedstocks and agro-
industrial wastes. By reducing reliance on fossil fuels
and promoting a circular economy, this strategy

CODEN (USA): JDDTAO
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improves the sustainability of polymer production. 66 67
Modification of natural polymers using chemical and
physical methods is another significant innovation.
Mechanical strength, thermal stability, and functional
qualities are improved via procedures like blending,
grafting, and cross-linking. Natural polymers may now
compete with synthetic polymers in cutting-edge
applications including packaging, tissue engineering,
and drug delivery thanks to these alterations. 6668

Another significant development is the development of
stimuli-responsive (smart) natural polymers. These
polymers allow for targeted and regulated drug
administration by reacting to environmental stimuli like
pH, temperature, or ionic strength. In precision
medicine, where site-specific and controlled medication

release is crucial, these devices are especially helpful. 6%
66

Additionally, the usefulness of natural polymers has
been greatly improved by the integration of
nanotechnology. The creation of natural polymer-based
nanocarriers, nanocomposites, and nanosystems
enhances medication encapsulation, bioavailability, and
targeted delivery. These nanoscale systems are
frequently used in biomedical applications, such as
regenerative medicine and anticancer therapy. 7% 71 The
creation of films, membranes, coatings, and hydrogels
based on biopolymers is another noteworthy discovery.
Wound healing, tissue engineering, food packaging, and
environmental remediation are just a few of the many
uses for these materials. Their performance in
biomedical applications is improved by their capacity to
imitate biological structures and interact with living
tissues. 71 72 Their performance has also been enhanced
by the creation of hybrid and multifunctional materials
that combine natural polymers with additional
materials (such as synthetic polymers or nanoparticles).
These hybrid systems' improved mechanical
characteristics, stability, and multifunctionality increase
their potential uses in cutting-edge technology. 6673

7. Regulatory and Safety Considerations
7.1. Regulatory Framework

Natural polymers that are employed as drug delivery
vehicles or pharmaceutical excipients must adhere to
strict regulations set by organizations like the US FDA,
EMA, and CDSCO (India). Many commonly used
polymers (such as cellulose, starch, and alginate) are
categorized as Generally Recognized As Safe (GRAS),
which aids their regulatory acceptability. These
polymers are frequently assessed in accordance with
excipient guidelines. 7+ 75 Identification and
characterization, purity and impurity profiling,
microbiological limits, contamination control, and
batch-to-batch consistency are all common components
of regulatory review. Because their composition is
dependent on biological sources, climate, and extraction
techniques, natural polymers present a significant
problem due to their intrinsic variability. Compared to
synthetic polymers, this unpredictability makes
standardization and regulatory clearance more difficult.
76,77, 78 Furthermore, in order to guarantee safety and
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reproducibility, regulatory rules for natural products
place a strong emphasis on accurate documentation of
source materials, processing techniques, and quality
control procedures. 77.7]

7.2. Safety Evaluation Requirements
(a) Biocompatibility and Toxicity

Because they are quickly digested by the body and share
structural similarities with biological macromolecules,
natural polymers are typically regarded as safe. 76 77
Nevertheless, acute and chronic toxicity tests,
cytotoxicity and genotoxicity testing, and
immunogenicity assessment are still required to prove
safety. According to recent research, many polymers
derived from plants or seeds have high safety profiles
and low toxicity when tested in accordance with OECD
norms. 806

(b) Degradation and Metabolite Safety

The biodegradation behavior of natural polymers is one
of the main safety issues. The safety of the degradation
products must also be evaluated, even though they
break down into simpler molecules. Degradation should
produce non-toxic, readily removed metabolites; the
rate of degradation must be regulated to meet
therapeutic requirements, and intermediate
intermediates (such as oligomers) must be assessed for
toxicity. The polymer and its breakdown products must
be safe for human use and the environment, according
to regulatory bodies. 81 82

(c) Microbial Contamination

Because of their biological origin, natural polymers are
very vulnerable to microbial contamination. Particularly
for oral and parenteral preparations, this is a significant
regulatory concern. Microbial limit tests, sterilization
and preservation methods, and good manufacturing
practices (GMP) are important safety precautions. When
polymers are extracted from microbial or plant sources
in uncontrolled settings, the risk of contamination
increases. 76.77.83

(d) Presence of Impurities and Heavy Metals

Impurities including pesticides, heavy metals absorbed
from soil, and leftover proteins can be found in natural
polymers. Pharmacopeial standards set acceptable
limits for these pollutants. Because plants may absorb
metals from the environment, heavy metal
contamination is especially dangerous. 767784

7.3. Environmental and Ecotoxicological Safety

Natural polymers are frequently marketed as eco-
friendly substitutes for manufactured polymers. They
are appropriate for sustainable pharmaceutical
development since their biodegradability lessens their
long-term environmental impact. Regulatory agencies,
however, are increasingly requiring life-cycle analysis
for sustainability, assessment of environmental
exposure during manufacturing and disposal, and study
of the ecotoxicity of degradation products. Since
degradation is not always instantaneous and may result
in intermediate chemicals, even biodegradable
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polymers need to have their effects on ecosystems
assessed. 828586

Conclusion

Because of their low toxicity, biocompatibility, and
biodegradability, natural polymers have become useful
functional excipients in contemporary pharmaceutical
formulations. These polymers, which come from plant,
animal, and microbial sources, have a variety of
physicochemical characteristics that allow them to be
used as stabilizers, binders, and controlled-release
agents in drug delivery systems. Their use in cutting-
edge systems including hydrogels, nanoparticles, and
targeted delivery platforms has greatly enhanced
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patient compliance, drug stability, and efficacy.
Furthermore, natural polymers promote
environmentally friendly and sustainable
pharmaceutical development, which is in line with the
current worldwide tendencies toward green chemistry.
However, issues like microbiological contamination,
variability, and regulatory concerns need to be handled
with appropriate standardization and quality control
procedures. All things considered, natural polymers
offer a promising substitute for artificial excipients and
are anticipated to become more significant in the
creation of novel, secure, and efficient pharmaceutical
formulations in the future.

Author’s name

Contribution

Antesh Kumar Jha

Critical Analysis & Interpretation

Mahesh Prasad Conceptualization

Shashi Shankar Literature Search & Data Collection
Anant Prakash Pandey Literature Search & Data Collection
Abhishek Kumar Singh Literature Search & Data Collection

Shiv Kumar Srivastava

Writing - Original Draft

Funding sources: This paper did not receive any grant
from funding agencies in the public, commercial, or not-
for-profit sectors.

Competing interests/Conflicts of interest: Nil
Ethical Approval: Not applicable

References

1. Morozova EV. Pharmaceutical excipients: Essential components of
drug formulations. Res Rev ] Pharm Nanotechnol. 2025;13(3):1-3.

2. Sinetlia M. The importance of excipients in drugs. Clin Trai Vacci
Res. 2024;14(5):274-275.

3. Bagal NN, Subhedar RS, Chougale NB. A review on excipients used in
formulation of solid dosage form. Int ] Pharm Sci. 2024;2(5):1711-
1727.doi:10.5281/zenodo.11387378.

4. Maharaj S, Pandey S, Maharaj K, Sheik MS, Dhingra S. Significance of
pharmaceutical excipients in prescribed medicines: A case report.
Clin Case Rep. 2014;2(6):258-259.
https://doi.org/10.1002/ccr3.106 PMid:25548626
PMCid:PMC4270706

5. Abdulsalam L, Abubakar S, Permatasari I, Lawal AA, Uddin S, Ullah S,
et al. Advanced biocompatible and biodegradable polymers: A
review of functionalization, smart systems, and sustainable
applications. Polymers (Basel). 2025;17(21):2901.
https://doi.org/10.3390/polym17212901 PMid:41228661
PMCid:PMC12611034

6. Satchanska G, Davidova S, Petrov PD. Natural and synthetic
polymers for biomedical and environmental applications.
Polymers (Basel). 2024;16(8):1159.
https://doi.org/10.3390/polym16081159 PMid:38675078
PMCid:PMC11055061

7. Manivannan RK, Sharma N, Kumar V, Jayaraj [, Vimal S, Umesh M.
Natural macromolecular biopolymers for biomedical applications:
Recent advancements, challenges, and future outlook. Carbohydr
Polym Technol Appl. 2024;8:100536.
https://doi.org/10.1016/j.carpta.2024.100536

ISSN: 2250-1177 [173]

8. Das A, Ringu T, Ghosh S, Pramanik N. Advances in preparation,
physicochemical characterization, and bioengineering
applications of biopolymers. Polym Bull (Berl). 2023;80(7):7247-
7312. https://doi.org/10.1007 /s00289-022-04443-4
PMid:36043186 PMCid:PMC9409625

9.Jack N, Nagel S, Hartmann L. Sequence-defined polymers for
biomedical applications. Prog Polym Sci. 2025;167:101993.
https://doi.org/10.1016/j.progpolymsci.2025.101993

10. Hu T, Fang], Shen Y, Li M, Wang B, Xu Z, et al. Advances of
naturally derived biomedical polymers in tissue engineering.
Front Chem. 2024;12:1469183.
https://doi.org/10.3389/fchem.2024.1469183 PMid:39635576
PMCid:PMC11614639

11. Baranwal ], Barse B, Fais A, Delogu GL, Kumar A. Biopolymer: A
sustainable material for food and medical applications. Polymers
(Basel). 2022;14(5):983.
https://doi.org/10.3390/polym14050983 PMid:35267803
PMCid:PM(C8912672

12. Amponsah O, Nopuo PSA, Manga FA, Catli NB, Labus K. Future-
oriented biomaterials based on natural polymer resources. Int ]
Mol Sci. 2025;26:5518. https://doi.org/10.3390/ijms26125518
PMid:40564982 PMCid:PM(C12192855

13 Pires PC, Mascarenhas-Melo F, Pedrosa K, Lopes D, Lopes J,
Macdrio-Soares A, et al. Polymer-based biomaterials for
pharmaceutical and biomedical applications. Eur Polym J.
2023;187:111868.
https://doi.org/10.1016/j.eurpolym;j.2023.111868

14. Thang NH, Chien TB, Cuong DX. Polymer-based hydrogels applied
in drug delivery: An overview. Gels. 2023;9:523.
https://doi.org/10.3390/gels9070523 PMid:37504402
PMCid:PMC10379988

15. Adepu S, Ramakrishna S. Controlled drug delivery systems:
Current status and future directions. Molecules.
2021;26(19):5905. https://doi.org/10.3390/molecules26195905
PMid:34641447 PMCid:PM(C8512302

CODEN (USA): JDDTAO



https://doi.org/10.1002/ccr3.106
https://doi.org/10.3390/polym17212901
https://doi.org/10.3390/polym16081159
https://doi.org/10.1016/j.carpta.2024.100536
https://doi.org/10.1007/s00289-022-04443-4
https://doi.org/10.1016/j.progpolymsci.2025.101993
https://doi.org/10.3389/fchem.2024.1469183
https://doi.org/10.3390/polym14050983
https://doi.org/10.3390/ijms26125518
https://doi.org/10.1016/j.eurpolymj.2023.111868
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/molecules26195905

Jhaetal

16. Kandar CC, Hasnain MS, Nayak AK. Advances and challenges in
pharmaceutical technology. In: Elsevier; 2021. p. 1-44.
https://doi.org/10.1016/B978-0-12-820043-8.00012-8

17. Tudu M, Samanta A. Natural polysaccharides: Chemical properties

and pharmaceutical applications. Eur Polym J. 2023;184:111801.
https://doi.org/10.1016/j.eurpolym;j.2022.111801

18. Benalaya I, Alves G, Lopes ], Silva LR. Natural polysaccharides:
Sources, characteristics, and applications. Int ] Mol Sci.
2024;25(2):1322. https://doi.org/10.3390/ijms25021322
PMid:38279323 PMCid:PMC10816883

19. Guru PR, Kar RK, Nayak AK, Mohapatra S. Pharmaceutical uses of
plant-derived biopolysaccharides. Int ] Biol Macromol.
2023;233:123454.

https://doi.org/10.1016/j.ijbiomac.2023.123454 PMid:36709807
20. Apeji YE, Kaigama RT, Ibrahim SH, Anyebe SN, Abdussalam AO, Oyi

AR. Tableting performance of maize and potato starches in
metronidazole tablets. Turk ] Pharm Sci. 2022;19(5):513-520.
https://doi.org/10.4274 /tjps.galenos.2021.47855
PMid:36317857 PMCid:PMC9634452

21. Amiri MS, Mohammadzadeh V, Yazdi MET, Barani M, Rahdar A,
Kyzas GZ. Plant-based gums and mucilages in pharmacology and
nanomedicine. Molecules. 2021;26(6):1770.
https://doi.org/10.3390/molecules26061770 PMid:33809917
PMCid:PM(C8004199

22. Abka-Khajouei R, Tounsi L, Shahabi N, Patel AK, Abdelkafi S,
Michaud P. Structures, properties and applications of alginates.
Mar Drugs. 2022;20(6):364.
https://doi.org/10.3390/md20060364 PMid:35736167
PMCid:PM(C9225620

23. Puertas-Bartolomé M, Mora-Boza A, Garcia-Fernandez L. Emerging

biofabrication techniques: a review on natural polymers for
biomedical applications. Polymers (Basel). 2021;13(8):1209.
https://doi.org/10.3390/polym13081209 PMid:33918049
PMCid:PM(C8069319

24. Rahman S, Gogoi ], Dubey S, Chowdhury D. Animal derived
biopolymers for food packaging applications: A review. Int ] Biol
Macromol. 2024;255:128197.

https://doi.org/10.1016/j.ijbiomac.2023.128197 PMid:37979757

25. Baharlouei P, Rahman A. Chitin and chitosan: Prospective
biomedical applications in drug delivery, cancer treatment, and
wound healing. Mar Drugs. 2022;20(7):460.
https://doi.org/10.3390/md20070460 PMid:35877753
PMCid:PM(C9319611

26. Sen CK, Friday A, Khanna S, Roy S. Collagen-based products in
wound, skin, and health care. Adv Wound Care (New Rochelle).
2025. https://doi.org/10.1177/21621918251361118
PMid:40720447 PMCid:PMC12359144

27. Dallaev R, Papez N, Allaham MM, Holcman V. Biodegradable
polymers: Properties, applications, and environmental impact.
Polymers (Basel). 2025;17(14):1981.
https://doi.org/10.3390/polym17141981 PMid:40732859
PMCid:PM(C12298952

28. Hurtado-Fernandez E, Trujillo-Cayado LA, Alvarez-Mateos P,
Santos J. Extraction, characterization and applications of
biopolymers from sustainable sources. Polymers (Basel).
2026;18(5):581. https://doi.org/10.3390/polym1805081
PMid:41829279 PMCid:PMC12986599

29. Asase RV, Glukhareva TV. Production and application of xanthan
gum: Prospects in the dairy and plant-based milk industry. Food
Sci Biotechnol. 2023;33(4):749-767.
https://doi.org/10.1007 /s10068-023-01442-7 PMid:38371690
PMCid:PMC10866857

30.Petrovici AR, Pinteala M, Simionescu N. Dextran formulations as
effective delivery systems of therapeutic agents. Molecules.
2023;28(3):1086. https://doi.org/10.3390/molecules28031086
PMid:36770753 PMCid:PMC9920038

31. Shrestha BB, Mitra ], George S. Functionality enhancement of

pullulan-based composites for food packaging applications. Compr

Rev Food Sci Food Saf. 2026;25(1):e70349.

ISSN: 2250-1177 [174]

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Journal of Drug Delivery & Therapeutics. 2026; 16(4):165-176

https://doi.org/10.1111/1541-4337.70349 PMid:41355549
PMCid:PMC12683483

Drishya PK, Reddy MV, Mohanakrishna G, Sarkar O, Isha, Rohit MV,
et al. Advances in microbial and plant-based biopolymers:
Synthesis and applications in next-generation materials.
Macromol. 2025;5:21.
https://doi.org/10.3390/macromol5020021

Rusu AV, Trif M, Rocha JM. Microbial secondary metabolites via
fermentation approaches for dietary supplementation
formulations. Molecules. 2023;28(16):6020.
https://doi.org/10.3390/molecules28166020 PMid:37630272
PMCid:PMC10458110

Kim Y, Park K, Kim MS. Recent advances in polymer-based drug
delivery systems for atopic dermatitis. Mater Today Bio.
2025;35:102517. https://doi.org/10.1016/j.mtbio.2025.102517
PMid:41281660 PMCid:PMC12639611

Sun X, Bai B. Chemical enhanced oil recovery. In: Wang Q, editor.
Recovery Improvement. Gulf Professional Publishing; 2023.
p-185-279. https://doi.org/10.1016/B978-0-12-823363-4.00003-
0

Ottenbrite RM, Javan R. Biological structures. In: Bassani F, Liedl
GL, Wyder P, editors. Encyclopedia of Condensed Matter Physics.
Elsevier; 2005. p.99-108. https://doi.org/10.1016/B0-12-
369401-9/00698-7

Li H, Hardy RJ, Gu X. Effect of drug solubility on polymer hydration
and drug dissolution from polyethylene oxide matrix tablets. AAPS
PharmSciTech. 2008;9(2):437-443.
https://doi.org/10.1208/s12249-008-9060-x PMid: 18431663
PMCid:PM(C2976924

Ghebremedhin M, Seiffert S, Vilgis TA. Physics of agarose fluid gels:
Rheological properties and microstructure. Curr Res Food Sci.
2021;4:436-448. https://doi.org/10.1016/j.crfs.2021.06.003
PMid:34258588 PMCid:PM(C8255179

Kamaly N, Yameen B, Wu J, Farokhzad OC. Degradable controlled-
release polymers and polymeric nanoparticles: Mechanisms of
controlling drug release. Chem Rev. 2016;116(4):2602-2663.
https://doi.org/10.1021/acs.chemrev.5b00346 PMid:26854975
PMCid:PMC5509216

Shaikh R, Singh TRR, Garland M], Woolfson AD, Donnelly RF.
Mucoadhesive drug delivery systems. ] Pharm Bioallied Sci.
2011;3(1):89-100. https://doi.org/10.4103/0975-7406.76478
PMid:21430958 PMCid:PMC3053525

Zhao L, Zhou Y, Zhang ], Liang H, Chen X, Tan H. Natural polymer-
based hydrogels: From polymer to biomedical applications.
Pharmaceutics. 2023;15(10):2514.

https://doi.org/10.3390 /pharmaceutics15102514
PMid:37896274 PMCid:PMC10610124

Budiman A, Ivana H, Huang KA, Huang SA, Nadhira MS, Rusdin A, et
al. Biocompatible natural polymer-based amorphous solid
dispersion systems. Polymers (Basel). 2025;17(15):2059.
https://doi.org/10.3390/polym17152059 PMid:40808107
PMCid:PMC12349641

Saini L, Dubey A, Pal R, Pandey P, Mandal RK. Synthetic and natural
polymers enhancing drug delivery and their treatment: A
comprehensive review. ] Drug Deliv Ther. 2024;14(10):153-165.
https://doi.org/10.22270/jddt.v14i10.6802

Bekchanov D, Mukhamediev M, Yarmanov S, Lieberzeit P, Mujahid
A. Functionalizing natural polymers for wastewater treatment
applications. Carbohydr Polym. 2024;323:121397.
https://doi.org/10.1016/j.carbpol.2023.121397 PMid:37940289

Silva ACQ, Silvestre AJD, Vilela C, Freire CSR. Natural polymers-
based materials: A contribution to a greener future. Molecules.
2022;27:94. https://doi.org/10.3390 /molecules27010094
PMid:35011326 PMCid:PMC8747056

Saleh TA. Polymer science and polymerization methods toward
hybrid materials. In: Polymer Hybrid Materials and
Nanocomposites. William Andrew Publishing; 2021. p.59-103.
https://doi.org/10.1016/B978-0-12-813294-4.00004-2
PMid:34344230

CODEN (USA): JDDTAO


https://doi.org/10.1016/B978-0-12-820043-8.00012-8
https://doi.org/10.1016/j.eurpolymj.2022.111801
https://doi.org/10.3390/ijms25021322
https://doi.org/10.1016/j.ijbiomac.2023.123454
https://doi.org/10.4274/tjps.galenos.2021.47855
https://doi.org/10.3390/molecules26061770
https://doi.org/10.3390/md20060364
https://doi.org/10.3390/polym13081209
https://doi.org/10.1016/j.ijbiomac.2023.128197
https://doi.org/10.3390/md20070460
https://doi.org/10.1177/21621918251361118
https://doi.org/10.3390/polym17141981
https://doi.org/10.3390/polym18050581
https://doi.org/10.1007/s10068-023-01442-7
https://doi.org/10.3390/molecules28031086
https://doi.org/10.1111/1541-4337.70349
https://doi.org/10.3390/macromol5020021
https://doi.org/10.3390/molecules28166020
https://doi.org/10.1016/j.mtbio.2025.102517
https://doi.org/10.1016/B978-0-12-823363-4.00003-0
https://doi.org/10.1016/B978-0-12-823363-4.00003-0
https://doi.org/10.1016/B0-12-369401-9/00698-7
https://doi.org/10.1016/B0-12-369401-9/00698-7
https://doi.org/10.1208/s12249-008-9060-x
https://doi.org/10.1016/j.crfs.2021.06.003
https://doi.org/10.1021/acs.chemrev.5b00346
https://doi.org/10.4103/0975-7406.76478
https://doi.org/10.3390/pharmaceutics15102514
https://doi.org/10.3390/polym17152059
https://doi.org/10.22270/jddt.v14i10.6802
https://doi.org/10.1016/j.carbpol.2023.121397
https://doi.org/10.3390/molecules27010094
https://doi.org/10.1016/B978-0-12-813294-4.00004-2

Jhaetal

47. Srivastava SK, Prasad M, Shankar S, Pandey AP, Jha AK. From
molecules to medicine: Nanotechnology transforming modern
therapeutics. ] Drug Deliv Ther. 2026a;16(2):29-40.
https://doi.org/10.22270/jddt.v16i2.7557

48. Srivastava SK, Prasad M, Shankar S, Pandey AP, Singh AK, Jha AK.
Alginate-based hydrogels and particulate systems: Preparation
techniques, adaptations, and utilizations in pharmaceutical
delivery and biomedical research. ] Drug Deliv Ther.
2026b;16(3):180-191. https://doi.org/10.22270/jddt.v16i3.7627

49. Srivastava SK, Prasad M, Jha AK. Design and characterization of
doxepin in-situ nasal gel using pectin as a biocompatible matrix.
Int ] Pharm Compd. 2026¢;30(1):42-56.

50. Jha AK. Formulation and optimization of sustained-release matrix
tablets of metoprolol succinate using HPMC and guar gum: A
factorial design and response surface approach. Int ] Creat Res
Thoughts. 2025;13(10):c417-c429.

51. Jha AK, Srivastava SK, Srivastav RK, Tiwari AK, Tiwari A, Prasad M.
Exploring the multifaceted benefits of psyllium husk: A review of
its pharmaceutical, pharmacological, and nutritional properties.
Int ] Creat Res Thoughts. 2025;13(1):g498-g508.
https://doi.org/10.56975 /ijcrt.v13i1.276355

52. Srivastava SK, Srivastav RK, Tiwari AK, Tiwari A, Jha AK, Prasad M.
Factorial design analysis of formulation variables on glipizide-
loaded fast dissolving tablets. Int ] All Res Educ Sci Methods.
2025;13(3):2787-2792.

53. Srivastava SK, Prasad M, Jha AK. Development and evaluation of
thermo-triggered in situ nasal gel of selegiline for depressive
disorders. Res ] Pharm Technol. 2022;15(4):1424-1430.
https://doi.org/10.52711/0974-360X.2022.00236

54. Srivastava SK, Jha AK, Prasad M. Formulation, optimization and
evaluation of gellan gum-based in situ nasal gel of selegiline. Int ]
Pharm Res. 2021;13(2):436-444.
https://doi.org/10.31838/ijpr/2021.13.02.046

55. Srivastava SK, Jha AK, Prasad M. In situ nasal gel: An excellent
approach to overcome issues with CNS drug delivery systems.
Indian Drugs. 2020;57(3):7-19.

56. Jha AK, Chetia D. Development and statistical analysis of glipizide-
loaded fast dissolving tablets using Plantago ovata husk as
superdisintegrant. Int ] Pharm Compd. 2011;15(6):312-325.
https://doi.org/10.4103/0973-8398.97106

57.Jha AK, Chetia D. Development of natural gum-based fast
disintegrating tablets of glipizide. Asian ] Pharm. 2012;6(4):282-
288. https://doi.org/10.4103/0973-8398.107564

58. Jha AK, Chetia D. In vitro-in vivo performance evaluation of treated
Plantago ovata husk-based fast dissolving tablets of glipizide.
Asian ] Pharm. 2014;8(4):250-258.
https://doi.org/10.4103/0973-8398.143938

59. Jha AK, Bhattacharya A. Preparation and evaluation of sweet
potato starch blended sodium alginate microbeads. Asian ] Pharm.
2009;3(4):299-303. https://doi.org/10.4103/0973-8398.59955

60. Sachan N, Pushkar S, Jha A, Bhattacharya A. Sodium alginate: the
wonder polymer for controlled drug delivery. ] Pharm Res.
2009;2(8):1191-1199.

61. Tong X, Pan W, Su T, Zhang M, Dong W, Qi X. Recent advances in
natural polymer-based drug delivery systems. React Funct Polym.
2020;148:104501.
https://doi.org/10.1016/j.reactfunctpolym.2020.104501

62. Sung YK, Kim SW. Recent advances in polymeric drug delivery
systems. Biomater Res. 2020;24:12.
https://doi.org/10.1186/s40824-020-00190-7 PMid:32537239
PMCid:PMC7285724

63. Shyambabu MP, Maurya M, Singh AK, Vishwakarma PK, Mishra SB.
Natural polymers for drug delivery. In: Keservani RK, Ahire ED,
Kesharwani RK, editors. Pharmaceutical Polymer Formulations
and Its Applications.
https://doi.org/10.1002/9781394172856.ch5

64. Idrees H, Zaidi SZ], Sabir A, Khan RU, Zhang X, Hassan SU.
Biodegradable natural polymer-based nanoparticles for drug

ISSN: 2250-1177 [175]

Journal of Drug Delivery & Therapeutics. 2026; 16(4):165-176

delivery applications. Nanomaterials (Basel). 2020;10(10):1970.
https://doi.org/10.3390/nan010101970 PMid:33027891
PMCid:PMC7600772

65. Joseph TM, Unni AB, Joshy KS, Kar Mahapatra D, Haponiuk J,
Thomas S. Emerging bio-based polymers from lab to market:

Current strategies, market dynamics and research trends. C.
2023;9:30. https://doi.org/10.3390/c9010030

66. Vasile C, Aguirre-Alvarez G, Sun XF. Advances in natural polymers:
Extraction methods and applications. Polymers (Basel).
2024;16:1886. https://doi.org/10.3390/polym16131886
PMid:39000740 PMCid:PMC11243784

67. Selvam T, Rahman NMMA, Olivito F, Ilham Z, Ahmad R, Wan-
Mohtar WAAQI. Agricultural waste-derived biopolymers for
sustainable food packaging: Challenges and future prospects.
Polymers (Basel). 2025;17:1897.
https://doi.org/10.3390/polym17141897 PMid:40732776
PMCid:PM(C12299824

68. Kumar B, Singh N, Kumar P. Alginate-based modified polymers:
Sources, modification techniques, properties and applications. Eur
Polym J. 2024;213:113078.
https://doi.org/10.1016/j.eurpolym;j.2024.113078

69. Zhang Y, Wu BM. Stimuli-responsive hydrogels as smart drug
delivery carriers. Gels. 2023;9(10):838.
https://doi.org/10.3390/gels9100838 PMid:37888411
PMCid:PMC10606589

70. Patra JK, Das G, Fraceto LF, Campos EVR, Rodriguez-Torres MDP,
Acosta-Torres LS, et al. Nano-based drug delivery systems: Recent
developments and future prospects. ] Nanobiotechnol.
2018;16(1):71. https://doi.org/10.1186/s12951-018-0392-8
PMid:30231877 PMCid:PMC6145203

71. Silva ACQ, Silvestre A]D, Vilela C, Freire CSR. Natural polymers-
based materials: A contribution to a greener future. Molecules.
2021;27(1):94. https://doi.org/10.3390/molecules27010094
PMid:35011326 PMCid:PMC8747056

72. Khare S, Kumar S, Urmaliya P, Yadav S. Green hydrogels: Recent
advancements and applications in biomedicine and sustainability.
Results Chem. 2025;18:102857.
https://doi.org/10.1016/j.rechem.2025.102857

73. Bamisaye A, Adekola MA, Abati SM, Etafo NO, Ademola OS, Joseph
PT, et al. Metal/metal-oxide nanoparticle-polymer nanohybrids
for biomedical applications. Mater Today Chem. 2025;49:103086.
https://doi.org/10.1016/j.mtchem.2025.103086

74. Saito ], Agrawal A, Patravale V, Pandya A, Orubu S, Zhao M, et al.
Pharmaceutical excipients in pediatric patients: Current status
and future perspectives. Children (Basel). 2022;9(4):453.
https://doi.org/10.3390/children9040453 PMid:35455497
PMCid:PM(C9026161

75. Rathi K. Formulation and evaluation of sustained release tablets
using natural polymers. ] Pharm Chem Drug Formul. 2025;7(2).

76.]Jain S, Jain A, Jain R, Chauhan NS. Potential of natural polymeric
materials in pharmaceutics. Pharmacol Res Nat Prod.
2024a;2:100014. https://doi.org/10.1016/j.prenap.2024.100014

77.]ain SD, Shrivastava SK, Agrawal A, Gupta AK. WHO guidelines for
quality control of herbal medicines. Int ] Pharm Chem Anal.
2024b;11(3):212-225. https://doi.org/10.18231/j.ijpca.2024.031

78. Desai N, Rana D, Patel M, Bajwa N, Prasad R, Vora LK. Nanoparticle
therapeutics in clinical perspective. Small.
2025;21(29):e2502315.
https://doi.org/10.1002/smll.202502315 PMid:40454890
PMCid:PMC12288819

79. Sahu A, Srivastava N, Jena D, Singh A, Kumar S, Chauhan I.
Important regulatory guidelines on natural products. Curr Tradit
Med. 2024;10(6).
https://doi.org/10.2174/0122150838226206230922043839

80. Patil SY, Jat RK. Acute toxicity study of seed-based polymers in
Wistar rats. Int ] Drug Regul Aff. 2025;13(2):52-59.
https://doi.org/10.22270/ijdra.v13i2.757

CODEN (USA): JDDTAO


https://doi.org/10.22270/jddt.v16i2.7557
https://doi.org/10.22270/jddt.v16i3.7627
https://doi.org/10.56975/ijcrt.v13i1.276355
https://doi.org/10.52711/0974-360X.2022.00236
https://doi.org/10.31838/ijpr/2021.13.02.046
https://doi.org/10.4103/0973-8398.97106
https://doi.org/10.4103/0973-8398.107564
https://doi.org/10.4103/0973-8398.143938
https://doi.org/10.4103/0973-8398.59955
https://doi.org/10.1016/j.reactfunctpolym.2020.104501
https://doi.org/10.1186/s40824-020-00190-7
https://doi.org/10.1002/9781394172856.ch5
https://doi.org/10.3390/nano10101970
https://doi.org/10.3390/c9010030
https://doi.org/10.3390/polym16131886
https://doi.org/10.3390/polym17141897
https://doi.org/10.1016/j.eurpolymj.2024.113078
https://doi.org/10.3390/gels9100838
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.3390/molecules27010094
https://doi.org/10.1016/j.rechem.2025.102857
https://doi.org/10.1016/j.mtchem.2025.103086
https://doi.org/10.3390/children9040453
https://doi.org/10.1016/j.prenap.2024.100014
https://doi.org/10.18231/j.ijpca.2024.031
https://doi.org/10.1002/smll.202502315
https://doi.org/10.2174/0122150838226206230922043839
https://doi.org/10.22270/ijdra.v13i2.757

Jha et al

81.Zhang X, Yin Z, Xiang S, Yan H, Tian H. Degradation of Polymer
Materials in the Environment and Its Impact on the Health of
Experimental Animals: A Review. Polymers (Basel).
2024b;16(19):2807. https://doi.org/10.3390/polym16192807
PMid:39408516 PMCid:PMC11478708

82. Picken CAR, Buensoz O, Price PD, Fidge C, Points L, Shaver MP.
Sustainable formulation polymers for home, beauty and personal
care. Chem Sci. 2023;14:12926-12940.
https://doi.org/10.1039/D3SC04488B PMid:38023508
PMCid:PMC10664511

83. Kumar R, Rana A. Basic concepts of sterilization techniques. Res |
Pharmacol Pharmacodyn. 2021;13(4):155-161.
https://doi.org/10.52711/2321-5836.2021.00029

ISSN: 2250-1177 [176]

Journal of Drug Delivery & Therapeutics. 2026; 16(4):165-176

84. Alengebawy A, Abdelkhalek ST, Qureshi SR, Wang MQ. Heavy

metals and pesticides toxicity in soil and plants. Toxics.
2021;9(3):42. https://doi.org/10.3390/toxics9030042
PMid:33668829 PMCid:PMC7996329

85. Shergujri DA, Khanday MA, Noor A, Adnan M, Arif [, Raza SN, et al.

Next-generation biopolymer gels: Innovations in drug delivery
and theranostics. ] Mater Chem B. 2025;13:3222-3244.
https://doi.org/10.1039/D4TB02068E PMid:39903271

86. Dada OI, Habarakada Liyanage TU, Chi T, Yu L, DeVetter LW, Chen

S. Sustainable agroecosystems and biodegradable mulch films: A
life cycle assessment. Environ Sci Ecotechnol. 2025;24:100541.
https://doi.org/10.1016/j.ese.2025.100541 PMid:40034612
PMCid:PMC11875804

CODEN (USA): JDDTAO


https://doi.org/10.3390/polym16192807
https://doi.org/10.1039/D3SC04488B
https://doi.org/10.52711/2321-5836.2021.00029
https://doi.org/10.3390/toxics9030042
https://doi.org/10.1039/D4TB02068E
https://doi.org/10.1016/j.ese.2025.100541

