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ABSTRACT

Polymers are essential components in the development of controlled release drug delivery systems because of their
unique physicochemical, biodegradable, and biocompatible properties. They enhance drug stability, solubility,
bioavailability, and therapeutic efficacy while minimizing dosing frequency and adverse effects. This review
discusses the classification of polymers based on their mechanism of action, biodegradability, release kinetics,
processing methods, and pharmaceutical applications. Key polymer properties, including molecular weight,
hydrophobicity, crosslinking density, thermal behavior, chemical stability, mechanical strength, and pH
responsiveness, are highlighted for their influence on drug release profiles. The review also emphasizes the role of
natural and synthetic polymers in designing advanced dosage forms for oral, transdermal, injectable, ophthalmic,
nasal, pulmonary, and implantable drug delivery systems. Recent advances in polymer technology have enabled
the development of targeted, site- specific, and stimuli-responsive drug delivery platforms. Overall, polymers
remain indispensable materials for improving formulation performance, patient compliance, and the future of

personalized pharmaceutical therapies.
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INTRODUCTION

Polymers have become indispensable in the pharmaceutical industry due to their versatile properties and wide-ranging
applications. These large molecules, composed of repeating structural units called monomers, offer a plethora of
advantages in drug delivery systems, formulation development, and biomedical applications. From enhancing drug

solubility to controlling drug release, polymers play a pivotal role in modern pharmaceutical science.™

www.wjpsronline.com 808



http://www.wjpsronline.com/
https://doi.org/10.5281/zenodo.21949621
https://creativecommons.org/licenses/by-nc/4.0/

World Journal of Pharmaceutical Science and Research Volume 5, Issue 8, 2026

Polymers are macromolecules composed of repeating units called monomers. These monomers can vary in structure,

giving rise to a vast array of polymers with distinct properties. The properties of polymers crucially depend on factors

such as molecular weight, polymer chain architecture, and chemical composition. These properties can be tailored to

meet specific pharmaceutical requirements, making polymers highly adaptable materials in drug development.!?

Classification of polymers

Polymers play a crucial role in the formulation of controlled release drug delivery systems, allowing for precise

modulation of drug release kinetics and targeting specific sites of action. These polymers can be classified based on

their mechanism of action, biodegradability, and release kinetics. Here's a classification of polymers commonly used in

the formulation of controlled release drug delivery systems:

A

1.

Based on Mechanism of Action

Diffusion-Controlled Polymers: These polymers regulate drug release through diffusion of the drug molecules
through the polymer matrix. Examples include hydrophilic polymers like hydroxypropyl methylcellulose (HPMC),
hydroxyethyl cellulose (HEC), and hydroxypropyl cellulose (HPC), as well as hydrophobic polymers like ethyl
cellulose and polyethylene oxide (PEO)."!

Swelling-Controlled Polymers: These polymers swell upon exposure to aqueous fluids, creating a gel-like matrix
that controls drug release. Examples include sodium carboxymethyl cellulose (NaCMC), poly(acrylic acid) (PAA),
and polyvinyl alcohol (PVA).!

Erosion-Controlled Polymers: In erosion-controlled systems, the polymer matrix degrades or erodes over time,
releasing the encapsulated drug. Biodegradable polymers such as poly(lactic-co-glycolic acid) (PLGA), polylactic
acid (PLA), and poly(caprolactone) (PCL) are commonly used for this purpose.r!

Based on Biodegradability

Biodegradable Polymers: These polymers degrade into biocompatible byproducts over time, reducing the risk of
long-term accumulation and potential toxicity. Examples include PLGA, PLA, PCL, and polyhydroxyalkanoates
(PHASs).1®

Non-biodegradable Polymers: While non-biodegradable polymers do not degrade in biological environments,
they can still be used in controlled release formulations. Examples include ethyl cellulose, polyvinyl chloride

(PVC), and silicone elastomers.”)

Based on Release Kinetics

Zero-Order Release Polymers: These polymers provide a constant rate of drug release over time, independent of
drug concentration. Examples include non-porous polymeric membranes and hydrophilic polymers like HPMC.®!
First-Order Release Polymers: In first-order release systems, drug release occurs exponentially over time,
typically due to diffusion or erosion processes. Examples include PLGA and ethyl cellulose.

Non-linear Release Polymers: Some polymers exhibit non-linear release kinetics, where drug release is
influenced by factors such as pH, temperature, or enzymatic activity. These polymers can be tailored to achieve

specific release profiles for different therapeutic applications.™
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D. Based on Specific Applications

1. Mucoadhesive Polymers: Polymers designed to adhere to mucosal surfaces, prolonging drug residence time and
enhancing local drug delivery. Examples include chitosan, carbopol, and alginate.™®

2. pH-Sensitive Polymers: Polymers that respond to changes in pH, allowing for targeted drug release in specific
regions of the gastrointestinal tract. Examples include Eudragit® polymers and cellulose acetate phthalate

(CAP).IH

E. Based on Processing Method

1. Microporous Polymers: Polymers with interconnected micropores or nanopores, facilitating sustained drug
release through diffusion or desorption processes. Examples include porous silicon, polymeric foams, and
mesoporous silica.*?

2. Sprayable Polymers: Polymers formulated into sprayable formulations for localized or systemic drug delivery,
enabling convenient administration and targeted release. Examples include polymeric sprays for nasal, pulmonary,
or transdermal delivery.®

F. Based on Mechanism of Drug Encapsulation:

Encapsulating Polymers: Polymers that encapsulate drug molecules within their matrix or cavities, providing
protection and controlled release. Examples include cyclodextrins, liposomes, and polymer-drug conjugates.**

2. Matrix Polymers: Polymers that entrap drug molecules within their structure, allowing for sustained or controlled

release over time. Examples include hydrogels, microspheres, and nanoparticles.**!

Properties of polymer

Polymer properties play a crucial role in the development of controlled release formulations, which are designed to
release active ingredients at a predetermined rate over an extended period. These formulations are widely used in
pharmaceuticals, agriculture, cosmetics, and other industries. Here's a discussion on the key properties of polymers

relevant to controlled release formulations:

Biodegradability: Biodegradable polymers undergo degradation into non-toxic byproducts, which is advantageous for
controlled release formulations, especially in biomedical applications. Polymers like polylactic acid (PLA),

polyglycolic acid (PGA), and their copolymers (PLGA) are commonly used due to their biodegradability.

Hydrophobicity/Hydrophilicity: Polymer hydrophobicity or hydrophilicity influences the release profile of active
ingredients. Hydrophobic polymers tend to release drugs slowly, as they repel water, whereas hydrophilic polymers
absorb water and release drugs more rapidly. By blending hydrophilic and hydrophobic polymers, one can tailor the

release kinetics to achieve desired profiles.

Molecular Weight: Polymer molecular weight affects the diffusion rate of drugs through the polymer matrix. Higher
molecular weight polymers typically result in slower drug release due to increased tortuosity within the polymer matrix,

hindering drug diffusion.

Crosslinking Density: Crosslinking density impacts the porosity and mechanical strength of the polymer matrix,

thereby influencing drug diffusion and release rates. Higher crosslinking densities generally lead to slower release rates

as they reduce the permeability of the polymer matrix.™")
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Thermal Properties: Thermal properties such as glass transition temperature (Tg) and melting point influence polymer
stability and drug release behavior. Polymers with Tg above ambient temperature tend to be more rigid and exhibit
slower drug release rates, while those with Tg below ambient temperature are more flexible and may release drugs
more rapidly.*®!

Chemical Stability: Polymers must be chemically stable under physiological conditions to prevent degradation or
adverse reactions with the encapsulated drug. Stability against hydrolysis, oxidation, and enzymatic degradation is
particularly important for long-term controlled release applications.

Compatibility with Active Ingredients: Polymers should be compatible with the active ingredients to ensure stability

and efficacy. Incompatibility can lead to drug degradation, altered release kinetics, or even loss of therapeutic activity.

Controlled Release Mechanisms: Polymers can facilitate controlled release through various mechanisms, including
diffusion, erosion, swelling, and chemical reactions. The choice of polymer and formulation design determines the

predominant release mechanism.

Ease of Processing: Processability is essential for manufacturing-controlled release formulations on an industrial scale.
Polymers should be easily processable into desired shapes (e.g., films, microspheres, implants) using common

techniques such as extrusion, compression, or solvent casting.

Regulatory Approval and Safety: Polymers used in controlled release formulations must comply with regulatory
requirements for safety, biocompatibility, and biodegradability, particularly in pharmaceutical applications.
Understanding the regulatory landscape is crucial for the development and commercialization of controlled release
products.

pH Responsiveness: pH-responsive polymers exhibit changes in swelling and dissolution properties in response to
variations in pH. This property can be leveraged to design formulations that release drugs selectively in specific pH

environments within the body, such as the acidic environment of the stomach or the neutral pH of the intestine. ™!

Surface Area: The surface area of polymer particles or matrices influences the rate of drug release. Higher surface area
generally correlates with faster release rates due to increased contact between the polymer and the surrounding
medium, facilitating diffusion or erosion processes.

Solubility Parameters: Matching the solubility parameters of polymers with those of the active ingredient can enhance
compatibility and promote homogeneous drug distribution within the polymer matrix. This compatibility often leads to

more predictable and reproducible release kinetics.

Electrical Properties: Some polymers exhibit electrical conductivity or chargeability, which can be exploited for
controlled release applications. Electrically controlled release systems, such as iontophoresis or electroporation, use
polymers that respond to electrical stimuli to modulate drug release rates. !

Mechanical Strength: The mechanical strength of polymers influences the integrity and durability of controlled
release formulations, particularly for implants or devices intended for prolonged use. Polymers with adequate

mechanical properties can withstand physiological stresses and maintain their functionality over extended periods.
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Sterilization Compatibility: Polymers used in pharmaceutical or biomedical applications must be compatible with
sterilization methods such as gamma irradiation, ethylene oxide gas, or steam sterilization. Ensuring sterilization
compatibility is essential to maintain product safety and efficacy.*]

Environmental Impact: Consideration of the environmental impact of polymers is becoming increasingly important.
Biodegradable and renewable polymers offer eco-friendly alternatives to traditional synthetic polymers derived from

fossil fuels, aligning with sustainability objectives in controlled release formulation development.

Cost-effectiveness: The cost of polymers influences the overall economics of controlled release formulations.
Balancing performance requirements with cost considerations is essential for achieving commercially viable products,

especially in industries with stringent cost constraints such as generic pharmaceuticals or agricultural chemicals.

Advantages of polymer
Polymer-based controlled release formulations offer several advantages over traditional dosage forms, making them a

preferred choice in various industries, particularly pharmaceuticals. Here are some of the key advantages:

Tailored Release Kinetics: Polymers provide versatile platforms for designing controlled release formulations with
precisely tailored release kinetics. By selecting polymers with specific properties and modifying formulation
parameters, release profiles can be customized to match the desired therapeutic requirements, such as sustained,

pulsatile, or targeted release.??

Enhanced Bioavailability: Controlled release formulations can improve the bioavailability of drugs by maintaining
therapeutic concentrations in the bloodstream over an extended period. This sustained release can reduce dosing
frequency, minimize fluctuations in plasma drug levels, and enhance patient compliance, particularly for medications

requiring frequent administration.

Improved Patient Compliance and Convenience: Extended-release formulations offer the convenience of less
frequent dosing, which can improve patient adherence to treatment regimens. This is especially beneficial for chronic

conditions requiring long-term therapy, as patients are less likely to miss doses or experience interruptions in treatment.

Reduced Side Effects and Toxicity: Controlled release formulations can mitigate side effects and toxicity associated
with rapid drug release by minimizing peak plasma concentrations and reducing fluctuations in drug levels. This
controlled delivery profile can improve safety and tolerability, enhancing the overall therapeutic profile of the

medication.

Stabilization of Labile Drugs: Polymers can provide a protective environment for labile drugs, such as peptides,
proteins, and nucleic acids, shielding them from degradation by enzymes, pH fluctuations, or oxidative processes. This
stabilization allows for the formulation of sensitive drugs into controlled release dosage forms while maintaining their

integrity and efficacy.

Localized Delivery and Targeting: Polymer-based delivery systems enable localized drug delivery to specific

anatomical sites, such as tumors, inflamed tissues, or intraocular compartments. By incorporating targeting ligands or
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stimuli-responsive polymers, controlled release formulations can selectively release drugs at the desired site of action,
[23]

minimizing systemic exposure and off-target effects.
Versatility in Formulation Design: Polymers offer versatility in formulation design, allowing for the development of
various dosage forms, including tablets, capsules, films, patches, implants, and microspheres. This flexibility enables
formulation scientists to choose the most suitable delivery system based on the drug's physicochemical properties,

therapeutic requirements, and patient preferences.

Scale-up and Manufacturing Efficiency: Controlled release formulations based on polymers are often amenable to
scale-up and manufacturing processes, facilitating commercial production and ensuring consistent quality and
performance. Common manufacturing techniques, such as hot-melt extrusion, spray drying, or solvent casting, can be

readily adapted for large-scale production of polymer-based dosage forms.

Protection from First-Pass Metabolism: Certain drugs undergo extensive first-pass metabolism in the liver, resulting
in reduced bioavailability when administered orally. Controlled release formulations can prolong drug release and

reduce the peak plasma concentration, thereby minimizing first-pass metabolism and enhancing drug absorption.

Flexibility in Release Triggering: Polymers can be engineered to respond to various stimuli, such as pH, temperature,
enzymatic activity, or external triggers like magnetic fields or ultrasound. This responsiveness allows for on-demand or
triggered release of drugs at specific time points or physiological conditions, enhancing therapeutic efficacy and

minimizing systemic exposure. "

Combination Therapy: Polymer-based controlled release systems enable the incorporation of multiple drugs with
different release kinetics into a single dosage form. This facilitates combination therapy by delivering synergistic or

complementary drugs simultaneously, optimizing therapeutic outcomes and simplifying dosing regimens for patients.

Long-Term Therapy: For chronic conditions requiring prolonged treatment, polymer-based controlled release
formulations offer sustained drug release over extended periods, reducing the frequency of administration and
improving patient compliance. This is particularly beneficial for diseases such as diabetes, hypertension, or HIV/AIDS,

where long-term therapy is essential for disease management.

Reduced Variability in Pharmacokinetics: Controlled release formulations help minimize inter- and intra-patient
variability in drug pharmacokinetics by maintaining consistent drug release rates and plasma concentrations over time.

This reduces the risk of under- or overdosing, improving therapeutic efficacy and safety across patient populations.

Patent Protection and Market Exclusivity: Formulating drugs into controlled release formulations can extend patent
protection and market exclusivity for pharmaceutical companies, providing a competitive advantage and prolonging
product lifecycle. This incentivizes investment in research and development of innovative drug delivery technologies

based on polymers.

Customization for Special Populations: Controlled release formulations can be customized to meet the unique needs

of special patient populations, such as pediatric, geriatric, or patients with swallowing difficulties. Modified dosage
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forms, such as orally disintegrating tablets or transdermal patches, can improve medication adherence and enhance

therapeutic outcomes in these populations.

Minimization of Drug-Waste: Controlled release formulations minimize drug wastage by delivering drugs in a
controlled and predictable manner, reducing the need for frequent dosing and excess drug administration. This is
particularly relevant for expensive or limited-supply drugs, optimizing resource utilization and reducing healthcare
costs.[®

Ease of Dose Adjustment: Some polymer-based controlled release formulations allow for dose adjustment through
simple modifications in formulation parameters, such as polymer composition, drug loading, or dosage form geometry.
This flexibility enables healthcare providers to titrate doses according to individual patient responses, optimizing

treatment outcomes while minimizing the risk of adverse effects.

Application of polymers in formulation of controlled release drug delivery systems
Polymers play a crucial role in the formulation of controlled release drug delivery systems across various routes of
administration, offering numerous applications in pharmaceuticals and other industries. Here are some key applications

of polymers in the formulation of controlled release drug delivery systems:

1. Oral Drug Delivery

e Matrix Tablets: Polymers such as hydroxypropyl methylcellulose (HPMC) or ethyl cellulose are commonly used
to formulate matrix tablets for sustained release of drugs. These polymers provide controlled drug release by
forming a gel matrix that retards drug diffusion.?®

e Coated Beads or Pellets: Polymers like acrylic polymers (e.g., Eudragit) or cellulose derivatives are utilized to
coat beads or pellets containing the drug. The coating controls drug release by diffusion through the polymer or by

pH-dependent dissolution.?”?

2. Transdermal Drug Delivery

o Polymer Matrix Patches: Transdermal patches contain drug-loaded polymers (e.g., polyacrylates, silicones) that
adhere to the skin and release drugs gradually over time. Polymers control drug permeation across the skin barrier,
maintaining therapeutic plasma levels.®!

e Microneedle Arrays: Polymers such as polyvinylpyrrolidone (PVP) or poly(lactic-co-glycolic acid) (PLGA) are
used to fabricate microneedle arrays for transdermal delivery. These biodegradable polymers encapsulate drugs

and facilitate controlled release upon insertion into the skin.*"

3. Injectable Drug Delivery

e Polymeric Microspheres: Injectable microspheres composed of biodegradable polymers like PLGA or polylactic
acid (PLA) encapsulate drugs for sustained release. These microspheres are administered via injection and
gradually degrade, releasing the drug over an extended period.!*"

e Hydrogels: Injectable hydrogels based on polymers such as polyethylene glycol (PEG) or alginate can be loaded
with drugs for localized delivery. These hydrogels form depots at the injection site and release drugs through

diffusion or degradation."
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10.

Ophthalmic Drug Delivery

Polymeric Inserts: Ocular inserts made of polymers like HPMC or polyvinyl alcohol (PVA) are used for sustained
drug release in the eye. These inserts adhere to the conjunctival sac and release drugs gradually, providing
prolonged therapeutic effects.”

In Situ Gelling Systems: Polymers such as methylcellulose or gellan gum can form in situ gels when instilled into
the eye. These gels undergo gelation upon contact with ocular fluids, prolonging drug residence time and
enhancing bioavailability.™!

Nasal Drug Delivery

Mucoadhesive Polymers: Nasal formulations utilize mucoadhesive polymers like chitosan or Carbopol to prolong
drug residence time on the nasal mucosa. These polymers enhance drug absorption and provide sustained release,
offering an alternative route for systemic drug delivery.?

Implantable Drug Delivery

Polymer Implants: Biodegradable polymer implants, such as PLGA or polycaprolactone (PCL), are used for long-
term drug delivery. These implants can be inserted subcutaneously or intramuscularly, releasing drugs

continuously as the polymer degrades.™

Inhalable Drug Delivery

Polymer Nanoparticles: Inhalable formulations utilize polymer nanoparticles, such as poly(lactic-co-glycolic
acid) (PLGA) or chitosan, to encapsulate drugs for pulmonary delivery. These nanoparticles provide sustained
release and target specific regions of the lungs for local or systemic effects.*®!

Intravaginal Drug Delivery

Polymeric Inserts and Rings: Polymeric inserts or rings made of materials like silicone elastomers or ethylene
vinyl acetate (EVA) are used for intravaginal drug delivery. These devices provide sustained release of drugs for
the treatment of vaginal infections, contraception, or hormone replacement therapy.®’!

Intraocular Drug Delivery

Polymeric Implants: Implantable devices made of biodegradable polymers such as PLGA or poly(g-caprolactone)
(PCL) are used for intraocular drug delivery. These implants can be surgically placed in the eye to release drugs
over extended periods, providing treatment for conditions like macular degeneration or diabetic retinopathy.*®
Gastrointestinal Drug Delivery

Enteric Coatings: Polymers like methacrylic acid copolymers (Eudragit) are used to formulate enteric coatings for
oral dosage forms. These coatings protect drugs from gastric degradation and release them in the intestine,
allowing for site-specific delivery and improved bioavailability.’)

Mucoadhesive Formulations: Polymers with mucoadhesive properties, such as chitosan or sodium alginate, are
employed to develop gastroretentive formulations. These formulations adhere to the gastric mucosa, prolonging

gastric residence time and facilitating controlled drug release for localized or systemic effects. "
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11. Rectal Drug Delivery

e Suppositories: Polymers like cocoa butter or polyethylene glycols (PEGSs) are used to prepare rectal suppositories
for controlled release drug delivery. These suppositories melt at body temperature, releasing drugs that are
absorbed through the rectal mucosa for systemic or local effects.*"]

12. Intratumoral Drug Delivery

e Polymer-Based Depots: Injectable depots composed of biocompatible polymers, such as PLGA or polyethylene
glycol (PEG), can be directly administered into tumors. These depots slowly release anticancer drugs locally,
achieving high drug concentrations within the tumor while minimizing systemic toxicity."?

13. Oral Film Formulations

e  Polymer Films: Thin oral films made of polymers like hydroxypropyl cellulose (HPC) or polyvinyl alcohol (PVA)
can be loaded with drugs for controlled release. These films adhere to the oral mucosa and dissolve or disintegrate
gradually, allowing for sustained drug release and improved bioavailability.*!

14. Dermal and Topical Drug Delivery

e Polymeric Nanoparticles: Polymeric nanoparticles, such as PLGA or polymeric micelles, can encapsulate drugs
for dermal or topical delivery. These nanoparticles penetrate the skin barrier and release drugs in a sustained

manner, offering targeted therapy for skin conditions like acne, eczema, or psoriasis.**

CONCLUSION

Polymers are indispensable in the development of controlled release drug delivery systems due to their
biocompatibility, biodegradability, versatility, and ability to regulate drug release. They enable the design of advanced
formulations for oral, transdermal, injectable, ophthalmic, nasal, pulmonary, gastrointestinal, rectal, intravaginal,
intraocular, dermal, and implantable drug delivery. By improving drug stability, bioavailability, therapeutic efficacy,
and patient compliance while reducing dosing frequency and adverse effects, polymers have transformed modern
pharmaceutical formulations. Continued advancements in polymer science, including smart and stimuli-responsive
polymers, are expected to further enhance targeted, personalized, and efficient drug delivery systems, expanding their
future clinical and industrial applications.
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