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Abstract 
Polymer matrices have proven to be highly efficient drug carriers due to their customizable physicochemical characteristics, 

biocompatibility, and potential to control therapeutic release. They allow loading the drugs into a biodegradable or non-

biodegradable polymeric matrix for sustained, targeted, and stimuli-controlled release. In recent years, innovations in polymer 

chemistry have provided access to novel natural, synthetic, and hybrid polymers that exhibit high capacity to load drugs and 

target them to desired sites. Controlled drug delivery by means of polymer matrices allows stabilizing the plasma drug level, 

decreasing the required dosages, improving patient compliance, and minimizing toxic effects. On the other hand, targeted drug 

delivery systems consist of ligand-conjugated and nanoparticulate polymer matrices capable of selective delivery of drugs to 

diseased tissues, for example, cancer cells, inflamed areas, and infected cells. Several fabrication technologies, such as solvent 

casting, electrospinning, nanoparticle precipitation, and gelation reactions, are used to tailor the drug delivery properties of 

polymer matrices. Furthermore, smart polymer matrices can respond to external stimuli, such as pH, temperature, enzymatic 

action, magnetic fields, and electric potentials. Polymeric matrix technology involves various drug delivery methods, including 

oral, transdermal, ocular, injectable, and implantable, which may offer tremendous benefits for combating cancer, gene 

delivery, vaccines, and tissue engineering. Although many developments have occurred in this area, there are still many 

problems that must not be neglected. This paper will review the status of polymeric matrix technology used in drug delivery 

and consider the following problems associated with polymeric matrix technology, including polymeric matrices, drug 

delivery, targeted drug delivery, and biomedical applications. 
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1. Introduction 

Polymeric matrices have gained importance in drug delivery systems because of their capacity 

to control drug release and thereby increase the effectiveness of the medication. Polymer 

matrices differ from other dosage forms in that they enable controlled drug delivery to a 

specific site. This leads to less frequent administration of the drug, fewer systemic side effects, 

and better patient compliance. Based on their intended use, polymer matrices can be made from 

natural, synthetic, or semi-synthetic polymers (Sharma et al., 2021). 

Recent breakthroughs in polymer science and nanotechnology have enabled the synthesis of 

smart polymers that respond to specific stimuli and can be used to release drugs upon 

encountering them. There have been promising applications of such polymer matrices for the 

treatment of diseases like cancer, infections, and many others. This chapter is an effort to 

introduce the reader to polymer matrices, their types, mechanisms of drug delivery, and 

prospects (González et al., 2023). 

1.1 Importance of Polymer Matrices 

Polymers are now used as integral parts of modern drug delivery systems due to their ability to 

release drugs in a controlled manner for a long time period. Contrary to traditional dosage 

forms, polymers are able to keep drugs from degradation, increase their stability and solubility 

as well as maintain high drug concentration in the blood for a long time.  

One more important benefit of the use of polymer matrices is the flexibility of this approach. 

Polymer matrices can be produced from natural, synthetic, or hybrid polymers with certain 

physical and chemical features that will help to deliver drugs into different parts of the body. 

Moreover, polymer matrices can be designed to react to different stimuli, including pH levels, 

temperatures, enzymes, or oxidoreduction reactions, which help to deliver the drug precisely 

at the needed time and place. Thus, polymer matrices are especially important in the treatment 

of chronic diseases, cancer, infectious diseases, and other cases where controlled drug delivery 

is necessary (Karthika et al., 2019). 
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1.2 Scope and Objectives 

This chapter gives an extensive review of the polymer matrices and their significance in 

achieving controlled and targeted drug delivery. This chapter reviews the classification of 

polymers into natural, synthetic, and hybrid, in addition to the modes of drug release and 

fabrication methods used for preparation of these delivery systems. It also focuses on the recent 

developments in targeted and stimulus-responsive polymer matrices used in biomedicine. Main 

objectives include the elucidation of basic principles underlying the development of polymer 

matrices used in drug delivery systems, the examination of strengths and weaknesses, and the 

description of recent developments in this area (Yuan et al., 2021). 

2. Classification of Polymer Matrices 

The different types of polymers are broadly categorised depending upon their source, 

biodegradability, and other functional properties. Some of the categories include natural 

polymers, synthetic polymers, hybrid polymers, biodegradable polymers, non-biodegradable 

polymers, and stimuli-responsive polymers. Every type of polymer is distinguished from the 

other by certain special features that affect the drug loading and release mechanisms. The 

choice of the right kind of polymer is decided with respect to the physicochemical nature of 

the drug and its mode of administration. The classification, properties, and applications of 

polymer matrices used in drug delivery are presented in Table 1 (Patil et al., 2026). 

Table 1: Classification of Polymer Matrices for Drug Delivery 

Classification Description Common 

Examples 

Advantages Limitations Major Drug 

Discovery 

Applications 
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Natural Polymer 

Matrices 

Derived from 

natural sources 

such as plants, 

animals, or 

microorganisms. 

Chitosan, 

Alginate, Gelatin, 

Collagen, 

Hyaluronic acid, 

Dextran 

Biocompatible, 

biodegradable, 

low toxicity, 

excellent 

bioactivity 

Batch-to-

batch 

variability, 

lower 

mechanical 

strength, 

possible 

microbial 

contamination 

Wound 

healing, tissue 

engineering, 

oral, ocular, 

and injectable 

drug delivery 

na (Jain et al., 

2024) 

Synthetic Polymer 

Matrices 

Chemically 

synthesised 

polymers with 

well-defined and 

tunable 

properties. 

PLGA, PLA, 

PGA, PCL, PEG, 

Polyvinyl alcohol 

(PVA), 

Polymethacrylates 

High 

mechanical 

strength, 

controlled 

degradation, 

reproducibility, 

scalable 

production 

May require 

organic 

solvents, some 

exhibit limited 

bioactivity 

Controlled-

release 

formulations, 

implants, 

nanoparticles, 

microspheres, 

cancer therapy 

(Balaji et al., 

2017). 

Hybrid/Composite 

Polymer Matrices 

Combination of 

natural and 

synthetic 

polymers to 

improve overall 

performance. 

Chitosan–PLGA, 

Gelatin–PCL, 

Alginate–PEG, 

Collagen–PLA 

Combines 

biocompatibility 

with mechanical 

stability, 

enhanced drug 

loading and 

controlled 

release 

Complex 

fabrication 

process, 

higher 

production 

cost 

Targeted drug 

delivery, 

regenerative 

medicine, 

sustained-

release 

systems 

(Karthika et 

al., 2019). 

Biodegradable 

Polymer Matrices 

Undergo 

degradation into 

non-toxic 

products after 

drug release. 

PLGA, PLA, 

PGA, PCL, 

Chitosan, Gelatin 

Eliminates 

surgical 

removal, 

sustained 

Degradation 

rate may vary 

depending on 

physiological 

conditions 

Injectable 

depots, 

implants, 

tissue 

engineering, 
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release, safe 

degradation 

vaccine 

delivery 

(Künkel et al., 

2016)  

Non-

biodegradable 

Polymer Matrices 

Remain 

structurally 

stable after drug 

release and may 

require removal. 

Silicone rubber, 

Ethylene-vinyl 

acetate (EVA), 

Polyurethane 

Long-term 

stability, 

prolonged drug 

release, 

excellent 

mechanical 

properties 

Surgical 

removal may 

be necessary, 

long-term 

implantation 

concerns 

Implantable 

devices, 

ocular inserts, 

contraceptive 

systems  

Nanostructured 

Polymer Matrices 

Polymer-based 

nanoscale 

carriers with 

enhanced 

targeting ability. 

Polymeric 

nanoparticles, 

Nanogels, 

Polymeric 

micelles, 

Dendrimers 

High drug 

loading, 

improved 

bioavailability, 

enhanced 

cellular uptake 

Stability 

issues, 

manufacturing 

complexity 

Targeted 

chemotherapy, 

gene delivery, 

vaccine 

delivery, CNS 

drug delivery 

(Aye & Sato, 

2022) 

 

3. Mechanisms of Controlled Drug Release 

The process of controlled release of a drug from polymers is determined by the interplay of the 

drug, polymers, and the biological environment. The mode of release will dictate how fast, for 

how long, and effectively the drug is delivered and thus determine its effectiveness. Drug 

release may take place by diffusion, swelling of the polymer, erosion of the polymer, osmosis, 

or even external and internal stimuli (Müller et al., 2000). 

3.1 Diffusion-Controlled Systems 
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Diffusion-controlled systems are one of the most common modes for drug delivery. This mode 

involves incorporation of drugs in a polymer matrix that releases the drugs through diffusion 

from the matrix to the biological fluid surrounding it. The rate of diffusion depends on several 

parameters, including polymer porosity, solubility of the drug, molecular weight, thickness of 

the matrix and diffusion coefficient. The process of drug release through polymer hydration 

and then molecular diffusion is represented in Figure 1 (Choi et al., 2021). 

 

Figure 1. Diffusion-Controlled Drug Release from Polymer Matrix  

The hydrophilic polymers tend to facilitate faster drug diffusion than the hydrophobic ones. 

The sustained and predictable nature of drug release by diffusion-controlled matrices makes 

them ideal for various modes of drug administration such as oral, transdermal, implantable and 

injectable modes of drug delivery. 

3.2 Swelling-Controlled Systems 

Hydrogel-based devices have been extensively used in controlled drug delivery due to their 

capability to control drug delivery via the swelling of polymers. When placed in biological 

fluids, hydrophilic polymers will swell by taking up water and become a kind of gel which 

enhances the mobility of drugs. With the swelling of the polymer structure, drugs are released 

gradually into the environment. 
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Several factors control the rate of release of the drug from swelling-controlled systems, which 

include the swelling capability of the polymer, extent of crosslinking, molecular weight of the 

polymer, solubility of the drug, and other environmental factors like pH, temperature, and ionic 

strength. The polymers that are used in swelling-controlled delivery systems include 

hydroxypropyl methyl cellulose (HPMC), polyethene glycol (PEG), polyvinyl alcohol (PVA), 

Chitosan, Alginate, and different kinds of hydrogel-forming polymers. Swelling-controlled 

polymer delivery systems are most suitable for the delivery of proteins, peptides, and other 

delicate drug molecules owing to the protective nature of the hydrogel (Siepmann & Siepmann, 

2012). 

3.3 Erosion and Degradation-Controlled Systems 

The systems where drug delivery takes place through erosion and degradation of the polymer 

matrix can be defined as those where drugs are released because of the erosion and/or 

degradation of the polymer matrix. In this case, the drug trapped within the polymer matrix is 

released through erosion or degradation of the polymer matrix. These types of polymers include 

biodegradable polymers such as poly (lactic-co-glycolic acid) (PLGA), poly (lactic acid) 

(PLA), poly (glycolic acid) (PGA), polycaprolactone (PCL), gelatin, and chitosan (Adepu & 

Ramakrishna, 2021). 

The drug delivery rate is influenced by many factors such as the composition of the polymer, 

the molecular weight of the polymer, the degree of its crystallization, the rate of degradation, 

the geometrical shape of the matrix and the biological environment surrounding it. Erosion-

type polymers deliver drugs at a much more constant and reliable rate, while bulk degradation 

polymers allow water penetration into the matrix before degradation takes place. This type of 

system is extremely important for drug delivery in cases where the treatment is supposed to 

last for a long period of time (Bhattacharjee et al., 2026). 

3.4 Stimuli-Responsive Drug Release 
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Drug delivery systems that respond to stimuli can also be referred to as smart drug delivery 

systems. These stimulus-responsive polymer systems respond physiochemically to certain 

stimuli, including pH, temperature, enzyme action, redox reaction, light, magnetic field, 

ultrasonic field, or an electric field, to provide targeted drug release at certain sites. This type 

of drug delivery system ensures minimum leakage of the drugs and maximum therapeutic 

efficiency. It is influenced by the nature of the stimulus, the nature of the polymer, its degree 

of crosslinking, and the environment around the system (Wells et al., 2019). There are several 

smart polymers available, such as pH-sensitive hydrogels, temperature-sensitive polymeric 

systems like PNIPAM, and redox-sensitive polymeric systems. These materials can be utilised 

for selective drug delivery within diseased areas, for instance, acidic tumor microenvironments 

and inflammatory conditions. Stimuli-responsive polymer systems have attracted great interest 

in cancer therapy, gene delivery, tissue engineering, and personalised medicine because of the 

capability of delivering a drug on demand and minimizing side effects (Wei et al., 2017). 

4. Targeted Drug Delivery Approaches 

Targeted drug delivery refers to the delivery of drugs into a specific tissue, cell or infected area 

without damaging healthy tissues. This is achieved by utilising polymer matrices as 

biocompatible carriers that enhance the stability of drugs, prolong the circulation time and 

control drug release at the target site. There are basically two methods of drug delivery 

depending on the method of targeting, and these include: Passive targeting, where the process 

is based on physiological phenomena like the EPR effect; and Active targeting, which makes 

use of ligands, antibodies, peptides or any other type of targeting agents that specifically bind 

to cellular receptors. The recent advances in polymer technology and nanotechnology have 

made targeted drug delivery very effective (Raguraman et al., 2023). 

 

4.1 Passive Targeting 

Passive targeting is a type of drug delivery system that exploits the physiologic and pathologic 

properties of diseased tissues as opposed to molecular interactions. When using polymers for 

delivery, drugs tend to localise in the disease area owing to structural differences and different 
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permeabilities between healthy and diseased tissues. EPR effect is the most widely used method 

of passive targeting, whereby drugs are able to diffuse through the leaky blood vessels into the 

tumor or inflammation sites since they have poor lymphatic drainage. 

 

Factors that affect the efficiency of passive targeting include particle size, surface charge, the 

nature of the polymers, circulation time, and kinetics of drug delivery. Nanoparticles, micelles, 

liposomes, and hydrogels have been extensively used as methods to increase the accumulation 

of drugs at the site of disease and minimise their effects on other parts of the body. There has 

been extensive research into the application of passive targeting in the treatment of cancer, 

inflammation, and infection. However, the efficiency of this method varies according to the 

type of disease and individual physiology (Wakaskar, 2017). 

 

4.2 Active Targeting 

Active targeting represents a highly sophisticated drug delivery method, where the polymers 

are decorated with targeting ligands capable of interacting and binding to specific 

receptors/biomarkers, which are overexpressed on diseased cells. The interaction may be 

established using various kinds of ligands, such as antibodies, peptides, aptamers, folic acid, 

carbohydrates, and even small molecules, thus ensuring that the drug is delivered to its target 

site and does not accumulate in healthy tissues.  

Active targeting is influenced by numerous parameters, among which the ligand selectivity, 

receptor expression, nature of the polymer used, particle size, and drug release rate are the most 

important. Once the polymer binds the target receptor, it can be taken up via receptor-mediated 

endocytosis, thus delivering the drug inside the cell efficiently. Such a delivery system 

increases the efficiency of the drug, reduces its systemic toxicity, and allows the use of lower 

dosages than in conventional delivery systems. Active targeting has been widely explored for 

cancer treatment, gene delivery, immunotherapy, and inflammatory and infectious diseases (Hu 

et al., 2023). 

 

4.3 Ligand-Conjugated Polymer Systems 
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Ligand-modified polymer systems can be viewed as special types of drug delivery vehicles, 

which involve chemical attachment of targeting ligands to the surfaces of polymeric scaffolds 

for delivery of therapeutic compounds in a selective manner. Such ligands selectively interact 

with receptors/biomarkers, which are abundantly expressed by diseased cells but not by healthy 

ones, leading to efficient accumulation of the delivered drugs in the tumor tissue only. 

Antibodies, peptides, folic acid, transferrin, aptamers, carbohydrates, and low molecular 

weight compounds are commonly used as ligands in such approaches.  

Conjugation of ligands allows increasing the selectivity and effectiveness of the polymeric 

carrier through receptor-mediated recognition and cellular uptake. The effectiveness of ligand-

modified polymer systems is determined by many factors, including ligand density and affinity 

to the respective receptor, polymer properties and release of the drug from its delivery system. 

Ligand-modified polymer systems proved to be very promising tools for cancer therapy, gene 

delivery, vaccine development, and treatment of inflammatory and infectious diseases (Li et 

al., 2016). 

 

4.4 Nanotechnology-Based Targeting 

Targeting via nanotechnology has provided a new breakthrough in polymer-based drug 

delivery systems, where there is highly efficient delivery of the therapeutics to a particular 

target site like a tissue, cell or intracellular organelle, without being toxic throughout the body. 

The polymeric nano delivery systems, which include nanoparticles, polymeric micelles, 

dendrimers, nanogels, nano capsules and nanospheres, offer high loading capacity, improved 

solubility of drugs having poor solubility in water, increased circulation time in the body and 

also protection against any degradation of the drug molecule in advance. The nanocarriers can 

be designed in such a way that they can have controllable size, charge and surface modification 

to help them bypass biological barriers for both passive targeting by virtue of the enhanced 

permeability and retention (EPR) phenomenon and active targeting through the use of 

antibodies, peptides, aptamers or folic acid molecules (Correia et al., 2023). 

Polymers have shown a great deal of promise in cancer therapy, gene and siRNA delivery, 

vaccine formulation, antimicrobial treatment, and cardiovascular and central nervous system 
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disease treatment. Recent developments in nanofabrication technologies, functionalization and 

multifunctional polymer-based nanoplatforms have been driving the development of 

personalized and precision medicine through such targeted drug delivery systems. However, 

there are some issues associated with large-scale manufacturing and biocompatibility that 

should be considered while implementing these systems based on nanotechnology 

(Rashidzadeh et al., 2021). 

 

5. Fabrication Techniques of Polymer Matrices 

The fabrication process employed to make polymer matrices is very important in influencing 

the structure, drug loading capacity, drug release profiles, mechanical properties, and general 

performance of the polymer matrices. Various fabrication processes are chosen depending on 

the physicochemical properties of the drug and the polymer, as well as the desired form and 

route of administration of the dosage. Such traditional methods as solvent casting and 

emulsification processes, as well as sophisticated fabricating processes such as electrospinning, 

nanoprecipitation, hydrogel formation, and 3D printing, are used for accurate design of the 

matrix structure and drug release profiles. The continuous improvement in fabricating methods 

has led to increased stability, reproducibility, and targeting of the polymer matrices (Venkatesan 

et al., 2021). 

 

5.1 Solvent Casting 

Solvent casting is among the easiest techniques that have been applied in preparing polymer 

matrices for controlled drug delivery. In this method, both the polymer and drug are dissolved 

in a solvent. This forms a homogeneous mixture. This mixture is then placed in moulds, and 

the solvent is removed slowly. In the end, there is the formation of a solid matrix of the polymer, 

which has the drug evenly distributed within the polymer matrix.  

 

Various properties of the resultant matrix depend on parameters such as polymer concentration, 

solvent, drying temperature, solvent evaporation rate, and compatibility between the drug and 

the polymer. Some of the strengths of the solvent casting technique include ease of use, cost-
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effectiveness, even drug distribution, and scalability. Some weaknesses of this technique 

include the presence of residual solvents, long drying time, and drug degradation by the solvent 

(Borbolla-Jiménez et al., 2023). 

 

5.2 Electrospinning 

Electrospinning is a sophisticated method employed in the development of ultrafine nanofibers 

of the polymer for targeted and controlled drug delivery. Electrospinning involves exposing a 

solution or melt of the polymer loaded with a drug molecule to a high-voltage electric field to 

form continuous nanofibers that are collected at a grounded electrode. The resulting fibrous 

network is characterized by a high surface area to volume ratio, porous nature and a high 

loading capacity for drugs that makes drug release from the system more efficient. 

 

Several parameters influence the properties of electrospun fibres such as the concentration of 

polymer, viscosity of the solution, applied voltage, flow rate and distance from the needle to 

the collector. Polycaprolactone (PCL), poly (lactic acid) (PLA), poly (lactic-co-glycolic acid) 

(PLGA), gelatin, chitosan and polyvinyl alcohol (PVA) are just some examples of both natural 

and synthetic polymers that can be electrospun. Due to their similar composition to that of the 

extracellular matrix, electrospun nanofibers have found numerous applications in the fields of 

wound healing, tissue engineering, transdermal drug delivery and regenerative medicine. Even 

in light of all its benefits, there are still obstacles related to the low production rate and the use 

of special equipment (Garg et al., 2022). 

 

5.3 Nanoprecipitation 

The technique of nanoprecipitation is one of the simplest methods employed in the production 

of nanoparticles using polymers for drug delivery systems. This involves dissolving the 

polymer along with the drug in an organic solvent that is miscible with water before adding the 

solution to the aqueous phase having the stabiliser is present. Rapid diffusion of the organic 

solvent into the aqueous phase leads to precipitation of the polymer in the form of nanoparticles 
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loaded with the drug. The solvent is then removed through evaporation/dialysis (Gagliardi et 

al., 2021).  

The properties of the nanoparticles, such as size, encapsulation efficiency, and release profile 

of the drug, depend on parameters such as the concentration of polymer, type of solvent used, 

ratio of solvent to water, stirring speed, and concentration of the stabiliser. The common 

polymers used include PLGA, PLA, PCL, and PEG. There are various merits of using the 

nanoprecipitation method in the production of nanoparticles. These include a simple process, 

reproducibility, low energy requirement, and production of nanoparticles with a narrow size 

range. On the other hand, this method is not appropriate for highly hydrophilic drugs and 

requires an efficient process for elimination of the residual organic solvent (Martínez Rivas et 

al., 2017). 

 

6. Applications in Biomedical Fields 

In recent times, polymer matrices have gained importance in the field of biomedicine owing to 

their ability to deliver therapeutic agents in a controlled and targeted manner. The application 

of the polymers in biomedical uses can take different forms because of the following 

characteristics possessed by them: biocompatibility, biodegradation, physicochemical nature, 

and the capability of surface modification. Not only do such polymers shield the drugs from 

premature degradation but they also enhance the bioavailability of the drug and deliver the drug 

to the required area. The application of technology in the field of polymer chemistry and 

bioengineering has enabled them to find applications in cancer treatment, gene delivery, tissue 

engineering, regenerative medicine, vaccination, wound treatment, and chronic diseases 

(Zagho et al., 2018). 

 

6.1 Cancer Therapy 

Polymer-based matrices have gained a great deal of significance in the delivery of anticancer 

drugs in order to provide controlled, sustained and targeted drug delivery. In these systems, the 

anticancer drugs are encapsulated within degradable or biocompatible polymers in such a way 

that they are protected against premature degradation, along with gaining enhanced stability, 
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solubility and circulation time. The polymer matrices deliver the anticancer drugs through the 

EPR effect (passive) as well as antibody-, peptide-, or folic acid-based ligands (active). Figure 

2 shows some of the major therapeutic methods employed for treating cancer, such as surgery, 

chemotherapy, radiotherapy, hormone therapy, immunotherapy, stem cell transplantation, and 

biomarker testing (Huang, 2020). 

 

 

Figure 2.  Overview of Major Cancer Therapy Modalities 

 

Polymers which are commonly used for the delivery of anticancer drugs include poly (lactic-

co-glycolic acid) (PLGA), poly (lactic acid) (PLA), polycaprolactone (PCL), polyethene glycol 

(PEG), chitosan, and dendrimer polymers. Such polymers are used to develop nanoparticles, 

micelles, hydrogels, implants, and nanofibers for the delivery of anticancer drugs like 

doxorubicin, paclitaxel, cisplatin, and docetaxel. Polymer scaffolds help deliver drugs, genes, 

and immune therapeutics while ensuring responsive delivery based on pH, temperature, and 

enzyme changes in the tumor microenvironment. Therefore, polymer-based delivery systems 

help increase the efficacy of treatments, minimise toxicity, address multidrug resistance issues, 
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and improve patient outcomes, thus forming an important part of today’s targeted cancer 

therapy and precision medicine (Iacob, 2025). 

 

6.2 Gene and Protein Delivery 

Due to their capability to shield such biomolecules against enzyme attack and enable controlled 

release, polymer matrices have emerged as potential vectors for the delivery of genes and 

therapeutic proteins. Nucleic acids like plasmid DNA, mRNA, siRNA, and the constituents of 

CRISPR/Cas9 are easily susceptible to degradation in physiological conditions. On the other 

hand, therapeutic proteins are known to be unstable with short circulation times. Polymer-based 

drug delivery systems solve the above problems through the encapsulation or complexation of 

biomolecules in the form of biodegradable and biocompatible carriers. 

Polymers employed in the delivery of genes and proteins consist of chitosan, PLGA, PEG, PEI, 

and polycaprolactone (PCL). The polymers can be prepared in forms of nanoparticles, 

hydrogels, micelles, nanogels, and injectable delivery systems for controlled release of 

biomolecules. Modification of the polymer surfaces with specific ligands helps in targeted 

delivery with better cellular uptake and fewer side effects. Delivery systems based on polymer 

matrices have demonstrated significant potential in various gene therapy applications, protein 

therapies, vaccine delivery, and regenerative medicine applications. Protection of biomolecules 

from degradation, enhanced transfection efficiency, protein stabilization, and controlled release 

of biomolecules make such delivery systems an important platform for the development of 

gene and protein therapies (Wang et al., 2014). 

 

6.3 Transdermal and Ocular Delivery 

The utilization of polymers in the delivery of drugs through the transdermal and ocular routes 

is becoming more common because they have the ability to deliver drugs in a controlled and 

sustained manner. Transdermal systems based on polymers can deliver drugs to the skin and 

overcome the first-pass effect as well as sustain a constant level of therapeutic drugs. In 

addition, in ocular drug delivery systems, the use of polymer matrices increases the retention 

of drugs at the ocular surface, improves the corneal permeation of drugs, and reduces the 
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frequency of drug administration. Polymers including PVA, chitosan, PEG, hyaluronic acid, 

alginate, and PLGA have been developed into hydrogels, nanoparticles, ocular inserts, and 

transdermal patches for the sustained release of the drugs to target tissues. Such polymers have 

been studied in glaucoma, dry eye disease, ocular infection, chronic pain, and inflammation 

(Donato & Bernardo, 2026). 

 

6.4 Tissue Engineering and Regenerative Medicine 

The development of tissue engineering and regenerative medicine is impossible without the 

use of polymer matrices as three-dimensional substrates that promote cell attachment, 

proliferation, differentiation, and regeneration of damaged tissues. The polymer matrices are 

substitutes for the natural extracellular matrix and provide favourable conditions for cell 

growth and tissue repair. Both natural polymers (collagen, gelatin, chitosan, alginate) and 

synthetic polymers (poly(lactic-co-glycolic acid) (PLGA), poly(lactic acid) (PLA), 

polycaprolactone (PCL)) are widely used due to their good mechanical properties and 

biocompatibility. Moreover, it is possible to add different growth factors, stem cells, or 

bioactive substances to the scaffold to stimulate the process of tissue repair and regeneration. 

The great potential of such systems has already been proven in bone, cartilage, skin, nerve, and 

cardiovascular tissues' regeneration (Qasim et al., 2018). 

 

7. Advantages and Challenges 

Polymeric matrices have brought about tremendous changes in terms of drug delivery through 

the numerous advantages that they possess over traditional drug delivery systems. The 

biocompatibility, biodegradability, adjustable physicochemical characteristics, and sustained 

drug release of the polymer matrices have resulted in enhanced efficacy and improved 

compliance among patients. In addition, the development of intelligent polymers via advanced 

technologies in polymer chemistry and nanotechnology has facilitated responsive drug delivery 

systems triggered by certain physiological stimuli. 

However, despite the advantages, some concerns still exist regarding the design and clinical 

use of polymer matrix drug delivery systems. Some of these include the low drug-loading 
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capacity for certain drugs, variable degradation of the polymer, difficulties in scaling up the 

process, stability over time, regulatory approval, and toxicity of some artificial polymers. Thus, 

further research will be conducted on polymer matrices that will be safe, effective, and 

affordable, with high reproducibility and scalability in future (Luckachan & Pillai, 2011). 

 

7.1 Therapeutic Benefits 

The polymer matrices provide many advantages to treatment and hence serve as efficient drug 

delivery vehicles. The systems ensure sustained release of drugs for an extended period of time, 

ensuring continuous drug concentration without the need to increase the drug doses frequently. 

They also increase the stability of drugs and help them remain undegraded. In addition, they 

protect drugs from adverse biological factors that could otherwise decrease their effectiveness. 

Drug delivery through polymer matrices ensures site-specific delivery, thus reducing any 

adverse side effects that might arise due to systemic toxicity of the drug. Moreover, the system 

allows delivery of drugs under the influence of physiological stimuli like temperature and pH. 

In addition, the systems are highly biocompatible and biodegradable; therefore, they allow the 

delivery of different kinds of drugs, including small-molecule drugs, proteins, genes, and 

vaccines. 

 

 

7.2 Toxicological and Regulatory Concerns 

Despite the benefits, the use of polymer matrices in the clinic faces some toxicological and 

regulatory challenges. Biocompatibility and biodegradability of the polymers should be studied 

sufficiently to be sure that neither the polymers nor their by-products cause harmful biological 

reactions. Some artificial polymers, organic solvents, cross-linking agents, or contamination of 

the production process may lead to cytotoxicity, inflammation, immunogenic reactions, and 

even tissue accumulation of the substance. Besides, various types of polymers and 

manufacturing techniques influence the quality of the drug and its release profile. 

As far as the regulation is concerned, drug delivery systems with the use of polymer matrices 

require rigorous testing in pre-clinical and clinical studies before obtaining approval. Following 
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the Good Manufacturing Practices (GMP), implementing standard quality control protocols, 

and taking into account regulatory requirements are necessary steps to be taken. 

 

7.3 Scale-Up and Commercialization Issues 

The efficient commercialization of polymer matrix-based drug delivery systems relies on 

addressing several issues in regard to large-scale manufacture and product development. 

Despite the fact that many types of polymers prove effective in the laboratory environment, the 

transition to industrial production involves issues associated with reproducibility, product 

quality, and effective manufacture. The issues of polymer purity, batch-to-batch consistency, 

drug loading efficacy, sterilization, storage stability, and other aspects need to be managed 

properly to achieve reliable results. Moreover, large-scale production implies special 

equipment and adherence to GMP, which means additional expenses and time. Thus, the 

commercialization of polymer matrix-based drug delivery systems faces the challenge of costs 

connected to the use of sophisticated polymers and technologies, as well as preclinical and 

clinical investigations. The continual improvement of technology and quality control, as well 

as regulations, is required for achieving successful commercialization. 

 

 

 

8. Future Perspectives and Emerging Trends 

Future polymer matrices used in controlled and targeted delivery of medications depend on 

advances in materials science, nanotechnology, biotechnology, and artificial intelligence. The 

current advancements in the area of polymer materials include the creation of polymer matrices 

delivering drugs in a controllable and personalized way to enhance the effectiveness of 

medication use and minimize negative side effects. Nanoparticles sensitive to different stimuli, 

bio-responsive polymers, 3D printed drug delivery platforms, and smart hydrogels provide new 

possibilities for using polymers in the delivery of medications. Also, the use of artificial 

intelligence and machine learning technologies helps optimize drug loading capacity and 

control the release of the drug from the matrix (Mudshinge et al., 2011). 
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8.1 Personalized Medicine 

One of the most important trends in the design of polymer-based drug delivery systems is the 

emergence of personalized medicine. Specifically, by personalizing drug composition to 

account for patients' genetic characteristics, disease, and treatment requirements, polymer 

matrices will enable precise dosage, rate, and targeted drug delivery. With the application of 

advanced technologies, such as 3D printing, nanotechnology, and biomarker targeting, 

personalized medicines with the highest efficacy and minimal side effects on the basis of 

polymer technology will be developed. Furthermore, stimuli-responsive polymer matrices for 

drug delivery in response to certain patient's physiological characteristics will facilitate 

personalized medicines (Su et al., 2024). 

 

8.2 AI and Nanomedicine Integration 

Incorporation of AI technology with nanomedicine contributes significantly to the creation of 

polymer matrix-based drug delivery systems. With the use of AI and machine learning 

algorithms, one is able to examine large amounts of data to predict the behaviour of polymers, 

drug-polymer interactions, and drug release kinetics. In combination with nanomedicine, AI 

enables the design of polymeric nanoparticles and intelligent nanocarriers for better targeting, 

drug loading, and control over the drug release profile. Thus, by using AI, one can determine 

the optimal strategy for therapy, as well as monitor the process of drug delivery (Pun et al., 

2023). 

 

9. Conclusion 

Polymeric matrices have become a very efficient and versatile means of targeted and controlled 

drug delivery, providing many improvements over traditional means of drug delivery. The 

biocompatibility, biodegradability, and capability of sustained site-specific and stimuli-

responsive drug delivery of these matrices have allowed for increased efficacy of the drugs 

administered without compromising safety or causing adverse effects to patients. 

Developments in polymer science and technology have made it possible to use polymers in the 
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treatment of cancer, drug delivery systems for proteins/gene delivery, transdermal drug 

delivery, drug delivery systems for the eyes, tissue engineering, regenerative medicine, and 

precision medicine. In addition, the application of artificial intelligence and nanotechnology in 

such a system makes it highly precise. In spite of problems associated with mass production, 

regulation, safety, and translation into clinical practice, the ongoing studies are constantly 

tackling these problems with the use of novel materials and state-of-the-art technologies. On 

the whole, polymeric matrix drug delivery systems are one of the most prospective frontiers 

for development in pharmacy and biomedicine with a great impact on the future of precision 

medicine. 
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