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Abstract  

Sustained release (SR) matrix tablets are an advanced oral drug delivery system designed to 

release active pharmaceutical ingredients (APIs) at a controlled rate, thereby maintaining 

therapeutic drug levels for extended periods. This approach significantly improves patient 

compliance, reduces dosing frequency, and minimizes plasma drug concentration fluctuations, 

making it particularly beneficial for chronic disease management. The review comprehensively 

explores the rationale, formulation strategies, and evaluation methods associated with SR 

matrix tablets. It details the various matrix systems—hydrophilic, hydrophobic, lipid-based, 

biodegradable, and multi-matrix—highlighting their unique drug release mechanisms such as 

diffusion, erosion, swelling, and combined processes. The selection of appropriate polymers, 

excipients, and formulation techniques, such as direct compression, wet granulation, and melt 

granulation, is emphasized for optimizing drug release kinetics. Mechanistic models and in 

vitro–in vivo correlation (IVIVC) approaches are discussed to predict and validate 

performance. Recent advancements, including 3D printing technologies, smart polymers, and 

floating or mucoadhesive systems, offer customizable and site-specific drug delivery. However, 

the review also addresses challenges such as dose dumping, drug-polymer incompatibility, and 

scale-up limitations. Regulatory frameworks from the FDA, EMA, and ICH are outlined, 

focusing on quality control, bioequivalence, and stability requirements. Overall, this review 

consolidates current knowledge on SR matrix tablets, providing valuable insights into 

formulation science, technological trends, and future prospects for controlled drug delivery. It 

serves as a vital resource for pharmaceutical scientists, formulators, and clinical researchers 

involved in developing effective and patient-friendly oral dosage forms. 

Keywords: Sustained release tablets, Matrix tablet formulation, Hydrophilic polymers, 

Regulatory guidelines, 3D printed tablets. 
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1. INTRODUCTION 

Sustained Release (SR) drug delivery systems are pharmaceutical formulations designed to 

release a therapeutic agent at a predetermined rate, sustaining its therapeutic levels in the blood 

for an extended period. Unlike immediate-release formulations that discharge the active drug 

all at once, SR systems modulate the rate and duration of drug release, enhancing patient 

compliance and therapeutic efficacy. These systems are especially crucial for chronic 

conditions where long-term and consistent drug levels are needed. Sustained release matrices 

often employ hydrophilic or hydrophobic polymers to control the drug diffusion rate, enabling 

constant plasma concentration over extended intervals, thereby minimizing the need for 

frequent dosing and reducing the risk of side effects associated with peak plasma levels [1,2]. 

Sustained release (SR) tablets offer several advantages over conventional immediate-release 

dosage forms. One of the key benefits is improved patient compliance, as these formulations 

require less frequent dosing. This reduced dosing frequency is particularly beneficial for 

patients who may have difficulty adhering to multiple daily doses [3]. Additionally, SR tablets 

help in minimizing fluctuations in drug levels by maintaining more stable plasma 

concentrations, thereby avoiding the peaks and troughs associated with conventional dosage 

forms.This consistent therapeutic level enhances drug utilization, allowing the body to make 

more efficient use of the medication. Furthermore, sustained release formulations contribute to 

a reduction in side effects, especially for drugs that have a narrow therapeutic index, where 

precise dosing is crucial [4]. Another important benefit is cost-effectiveness, as the need for 

fewer daily doses can reduce overall treatment costs. Due to these advantages, sustained release 

tablets are especially suitable for managing chronic conditions such as hypertension, diabetes, 

angina, and psychiatric disorders, where maintaining steady-state drug levels is essential for 

effective treatment [5]. 

Objectives of Sustained Release Matrix Tablet Formulation 

The formulation of sustained release matrix tablets aims to achieve the following objectives: 

Prolonged therapeutic action: Extending the drug release over 12–24 hours. 

Optimized pharmacokinetics: Sustaining plasma levels within the therapeutic window. 

Enhanced patient compliance: Especially in elderly or multi-drug regimen patients. 

Drug targeting: In some formulations, targeted release can be accomplished. 
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Reduction in dosing frequency: Ultimately leading to better clinical outcomes [6]. 

Matrix systems provide a simple and cost-effective platform for sustained release. They involve 

embedding the drug in a polymer matrix which controls the release via diffusion or erosion 

mechanisms, depending on polymer type and solubility characteristics. 

This review paper provides a systematic exploration of sustained-release (SR) matrix systems, 

encompassing a comprehensive analysis of the diverse range of polymers, both natural and 

synthetic, employed in their fabrication. Furthermore, it delves into the various formulation 

techniques utilized in the development of these systems, alongside a detailed examination of 

the factors that significantly influence drug release kinetics. The paper also addresses the 

crucial evaluation methods employed to establish in vitro and in vivo correlation (IVIVC), 

ensuring the predictive capacity of in vitro testing. Regulatory considerations relevant to SR 

formulations and current trends shaping their development are also discussed. To provide 

practical context, the review analyzes case studies drawn from recent pharmaceutical 

advancements, illustrating the application of matrix tablets in real-world therapeutic scenarios 

and highlighting innovative approaches such as bioerodible and osmotic matrix systems. 

Finally, the paper reflects on potential future directions in the field, including the integration of 

smart polymers and the application of 3D printing technologies in drug delivery, thereby 

positioning matrix tablets within the broader context of controlled-release technologies. This 

review aims to present a comprehensive analysis of sustained release matrix tablets, 

highlighting their formulation strategies, types of matrix systems, mechanisms of drug release, 

evaluation techniques, and clinical advantages. The review also discusses the various polymers 

used, processing techniques such as wet granulation and direct compression, and the 

mathematical models applied for predicting drug release kinetics.The focus is on how different 

formulation variables (e.g., type and concentration of polymer, drug solubility, excipient 

properties) influence drug release and tablet performance. Special attention is given to 

mechanistic insights into drug release from various polymer matrices, helping formulation 

scientists design more efficient and reliable sustained release systems [7].Additionally, this 

review addresses the advantages of sustained release matrix tablets such as improved patient 

compliance, reduced dosing frequency, and better control over therapeutic outcomes. However, 

it also discusses limitations, including dose dumping risk, polymer incompatibility, and 

potential variability in release due to physiological conditions [8]. 
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By consolidating research findings and technological advances in this field, this review serves 

as a valuable resource for researchers, formulators, and clinicians seeking a deeper 

understanding of sustained release oral dosage forms. 

2. RATIONALE BEHIND SUSTAINED RELEASE MATRIX TABLETS 

Therapeutic Need for Sustained Drug Release 

The development of sustained release (SR) matrix tablets is rooted in the need to improve the 

pharmacotherapeutic effectiveness of drugs that require frequent dosing or have short 

biological half-lives. Many conventional (immediate-release) dosage forms cause rapid spikes 

and declines in drug plasma levels, which can lead to suboptimal therapeutic response or 

adverse effects due to fluctuating concentrations. Sustained release systems offer a solution by 

delivering the drug at a controlled rate, thereby maintaining consistent drug levels within the 

therapeutic window for extended periods [9,10]. From a clinical perspective, the ideal drug 

delivery system maintains drug concentration within the therapeutic range for the maximum 

duration, minimizing peak–trough fluctuations. This becomes especially important in chronic 

conditions like hypertension, diabetes, asthma, epilepsy, and cardiovascular diseases, where 

stable plasma levels are critical for efficacy and safety [11]. Additionally, frequent dosing 

schedules often lead to poor patient compliance, especially in geriatric and pediatric 

populations. By reducing the frequency of administration (from multiple times a day to once 

or twice daily), sustained release formulations significantly improve adherence to the 

prescribed therapy. Improved compliance not only enhances therapeutic outcomes but also 

reduces the likelihood of disease progression and complications [12]. Another rationale is the 

potential for reduction in side effects. Drugs that exhibit dose-dependent toxicity or require 

precise plasma concentration control (e.g., theophylline, propranolol, verapamil) benefit 

greatly from SR systems. Avoiding peak plasma levels helps minimize side effects, especially 

for drugs with narrow therapeutic indices [13]. From a formulation standpoint, matrix tablets 

are especially attractive due to their simple design, low production cost, and ease of scale-up 

for industrial manufacturing. The matrix system can be engineered using various polymers 

(hydrophilic, hydrophobic, or biodegradable) to achieve desired release characteristics through 

mechanisms such as diffusion, erosion, or swelling [14]. Moreover, SR matrix tablets can 

potentially reduce the overall dose of the drug by improving bioavailability and reducing 

metabolic degradation associated with high peak levels. This not only optimizes the use of the 

API but also leads to cost-effective therapy [15]. 
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Benefits Over Conventional Dosage Forms 

Conventional (immediate-release) oral dosage forms are designed to release the drug rapidly 

after administration, resulting in a sharp increase in plasma drug concentration. While this may 

be suitable for drugs that require a fast onset of action, such formulations often suffer from 

significant limitations, particularly when used for chronic diseases that demand long-term, 

steady therapeutic effects. These limitations include frequent dosing, variable plasma 

concentrations, increased side effects, and poor patient compliance—all of which can be 

effectively addressed by sustained release (SR) matrix tablets [16]. 

Reduction in Dosing Frequency 

One of the most compelling benefits of SR matrix tablets is the ability to maintain therapeutic 

plasma drug levels for an extended duration, thereby reducing the need for frequent dosing. In 

contrast to conventional dosage forms that may require administration multiple times a day, SR 

formulations often allow once-daily or twice-daily dosing. This not only simplifies the 

medication regimen but also enhances convenience for patients [17]. 

Improved Patient Compliance 

Frequent dosing schedules, especially in chronic diseases, are associated with a higher 

likelihood of missed doses. Poor adherence is a significant issue in clinical practice, particularly 

in elderly or pediatric patients. Sustained release matrix tablets, by lowering dosing frequency 

and maintaining consistent plasma levels, result in improved patient adherence to the treatment 

plan, leading to better therapeutic outcomes [18]. 

Minimized Fluctuations in Plasma Drug Concentration 

Immediate-release dosage forms cause peak-trough fluctuations, where drug concentrations 

rise quickly after administration and fall rapidly, sometimes dipping below the minimum 

effective concentration. These fluctuations can lead to periods of sub-therapeutic efficacy or, 

conversely, toxic side effects if the peak exceeds the therapeutic window. SR matrix tablets 

ensure a gradual and continuous release of the drug, maintaining plasma concentrations within 

a more controlled and effective range [19]. 
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Enhanced Safety and Reduced Side Effects 

By avoiding high peak plasma concentrations, SR matrix tablets reduce the risk of dose-related 

side effects. This is especially critical for drugs with a narrow therapeutic index (e.g., 

theophylline, lithium, phenytoin) where even minor deviations from the therapeutic range can 

lead to toxicity. Sustained delivery helps maintain steady-state levels, improving both the safety 

and tolerability of medications [20]. 

Improved Drug Utilization and Bioavailability 

In some cases, sustained release formulations can improve the bioavailability of drugs by 

reducing the extent of first-pass metabolism and providing prolonged residence time in the 

gastrointestinal tract. The extended-release profile ensures that more of the drug is absorbed in 

the desired region of the gut over time [21]. 

Economic and Manufacturing Advantages 

From a pharmaceutical industry standpoint, SR matrix tablets offer advantages in terms of 

manufacturing simplicity, especially compared to more complex delivery systems like osmotic 

pumps or multiparticulate drug delivery systems. Matrix tablets can be manufactured using 

conventional tablet processing methods such as direct compression or wet granulation, making 

them more cost-effective and scalable [22]. 

Improved Patient Compliance and Reduced Dosing Frequency 

Sustained Release (SR) matrix tablets represent a major advancement in pharmaceutical 

technology, primarily designed to overcome the limitations of conventional dosage forms. One 

of the key therapeutic rationales behind the development of SR matrix tablets is their ability to 

improve patient compliance and reduce dosing frequency, two interrelated challenges 

commonly faced in clinical practice, particularly in the management of chronic conditions. 

 The Problem with Frequent Dosing 

Conventional dosage forms require multiple administrations per day to maintain therapeutic 

drug levels in the bloodstream. This frequent dosing schedule often leads to patient non-

compliance, especially among elderly patients, those on polypharmacy regimens, or 
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individuals with cognitive impairments. Forgetting doses or choosing not to take them due to 

inconvenience can significantly affect treatment outcomes, especially in diseases like 

hypertension, diabetes, epilepsy, and asthma [23]. 

 Sustained Release as a Solution 

SR matrix tablets are formulated to release the active pharmaceutical ingredient (API) at a 

controlled rate over an extended period. This allows for once-daily or twice-daily dosing, 

compared to the two to four times required with immediate-release formulations. As a result, 

SR matrix tablets reduce the burden of frequent administration, leading to better treatment 

adherence [24].The concept is supported by several studies that demonstrate higher compliance 

rates when patients are switched from multiple daily doses to a single SR dose. For instance, 

research has shown that once-daily regimens improve adherence by 10–15% compared to 

three-times-daily regimens [25]. 

Psychological and Lifestyle Advantages 

Reduced dosing frequency is not just a clinical benefit but also offers psychological and 

lifestyle advantages. Patients are more likely to adhere to treatment if they perceive it as easy 

to follow. This simplicity enhances their sense of control over the disease and reduces the 

psychological burden of illness. It is particularly beneficial for working individuals, school-

going children, or patients who travel frequently, as fewer doses fit better into busy lifestyles 

[26]. 

Clinical Relevance and Better Outcomes 

Improved compliance directly correlates with better clinical outcomes, particularly in chronic 

therapies where consistent drug levels are necessary to prevent disease progression or relapse. 

For example, in antihypertensive therapy, non-compliance can lead to uncontrolled blood 

pressure and increased risk of stroke or heart failure. In such cases, SR matrix tablets help in 

maintaining steady-state drug levels, ensuring that therapeutic effects are sustained throughout 

the dosing interval [27]. 
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Economic and Healthcare System Benefits 

From a broader perspective, improved compliance through reduced dosing frequency also 

reduces hospitalization rates, emergency visits, and the economic burden on healthcare 

systems. Non-adherence is a leading cause of therapeutic failure and disease complications, 

both of which are expensive to manage. Thus, SR formulations indirectly contribute to cost-

effective healthcare delivery [28]. 

3. TYPES OF MATRIX SYSTEMS 

Hydrophilic Matrix Systems (HPMC, NaCMC) 

Hydrophilic matrix systems are among the most commonly used platforms in the formulation 

of sustained release (SR) matrix tablets. Their widespread application in oral drug delivery is 

primarily due to their versatility, safety, biocompatibility, and ability to provide predictable 

and reproducible drug release profiles. These systems employ water-soluble polymers that 

hydrate and form a gel barrier upon exposure to gastrointestinal fluids, controlling the release 

of the active pharmaceutical ingredient (API) through mechanisms such as diffusion, swelling, 

and erosion [29,30]. 

Mechanism of Drug Release in Hydrophilic Matrices 

When a hydrophilic matrix tablet comes in contact with gastrointestinal fluids, the outer layer 

of the polymer begins to swell and hydrate, forming a gel-like structure. This gel acts as a 

barrier to drug diffusion. As time progresses, the hydration front moves inward, while the outer 

gel layer may begin to erode. Drug release occurs through a combination of diffusion through 

the gel and erosion of the matrix, depending on the physicochemical nature of the drug and 

polymer used [31].This biphasic mechanism allows the formulation to modulate release 

profiles across a wide range of drug types, particularly water-soluble and moderately soluble 

drugs. Hydrophilic matrices are especially suitable for achieving zero-order or near zero-order 

drug release kinetics [32]. 
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Table 1: Common Hydrophilic Polymers Used 

Polymer Properties 
Application in SR 

Matrix Tablets 
Remarks 

Hydroxypropyl 

Methylcellulose (HPMC) 

- Non-toxic- pH-

independent 

swelling- Film-

forming- Available in 

various viscosity 

grades (K4M, K15M, 

K100M) 

- Most widely used 

polymer for 

hydrophilic matrix 

tablets- Tailors drug 

release rate based on 

viscosity and 

concentration 

Higher viscosity 

grades form 

denser gels, 

leading to slower 

drug release [33]. 

Sodium 

Carboxymethylcellulose 

(NaCMC) 

- Anionic and highly 

hydrophilic- Forms 

viscous gels upon 

hydration 

- Suitable for highly 

water-soluble drugs- 

Slows rapid 

dissolution- Often 

used with HPMC for 

better control 

Enhances gel 

barrier formation, 

modulates release 

profile in 

combination 

formulations [34]. 

Other Hydrophilic 

Polymers 

- Includes xanthan 

gum, guar gum, 

carrageenan, 

polyethylene oxide 

(PEO)- Natural 

origin- 

Biocompatible 

- Used for their 

swelling and gel-

forming abilities- 

Alternative or 

complementary agents 

to synthetic polymers 

Chosen for eco-

friendliness and 

good matrix 

integrity in SR 

formulations [35]. 
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Table 2: Factors Influencing Drug Release from Hydrophilic Matrices 

Polymer Properties 
Application in SR 

Matrix Tablets 
Remarks 

Hydroxypropyl 

Methylcellulose (HPMC) 

- Non-toxic- pH-

independent 

swelling- Film-

forming- Available in 

various viscosity 

grades (K4M, K15M, 

K100M) 

- Most widely used 

polymer for 

hydrophilic matrix 

tablets- Tailors drug 

release rate based on 

viscosity and 

concentration 

Higher viscosity 

grades form 

denser gels, 

leading to slower 

drug release [33]. 

Sodium 

Carboxymethylcellulose 

(NaCMC) 

- Anionic and highly 

hydrophilic- Forms 

viscous gels upon 

hydration 

- Suitable for highly 

water-soluble drugs- 

Slows rapid 

dissolution- Often 

used with HPMC for 

better control 

Enhances gel 

barrier formation, 

modulates release 

profile in 

combination 

formulations [34]. 

Other Hydrophilic 

Polymers 

- Includes xanthan 

gum, guar gum, 

carrageenan, 

polyethylene oxide 

(PEO)- Natural 

origin- 

Biocompatible 

- Used for their 

swelling and gel-

forming abilities- 

Alternative or 

complementary agents 

to synthetic polymers 

Chosen for eco-

friendliness and 

good matrix 

integrity in SR 

formulations [36]. 

 

Hydrophobic Matrix Systems (e.g., Ethylcellulose, Waxes)  

Hydrophobic matrix systems represent a significant class of sustained release (SR) 

technologies used in oral drug delivery. Unlike hydrophilic matrices, which rely on swelling 

and gel formation to control drug release, hydrophobic matrices use water-insoluble polymers 

or waxy substances to retard the penetration of aqueous fluids, thereby slowing the diffusion 

of the active pharmaceutical ingredient (API) from the dosage form. These systems are 
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especially beneficial for delivering highly water-soluble drugs, where rapid dissolution needs 

to be controlled more rigorously to achieve prolonged therapeutic effects [37]. 

Mechanism of Drug Release in Hydrophobic Matrices 

Hydrophobic matrix tablets typically use polymers that are non-swellable and insoluble in 

water, which creates a diffusion-controlled system. Upon contact with gastrointestinal fluids, 

water permeates into the matrix at a slow rate, and the drug diffuses through the porous network 

or channels formed within the matrix. The rate of drug release is mainly governed by drug 

solubility, porosity, and polymer content.In some formulations, erosion of the waxy material or 

partial disintegration of the matrix may also contribute to the release, although the primary 

mechanism is diffusion through the inert, hydrophobic matrix structure [38,39]. 
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Table 3 : Common Hydrophobic Polymers and Excipients 

Hydrophobic Agent Properties 
Application in SR 

Matrix Tablets 
Remarks 

Ethylcellulose (EC) 

- Chemically modified 

cellulose- Water-insoluble 

but water-permeable- 

Provides pH-independent 

release 

- Used alone or with 

other polymers/pore 

formers- Suitable for 

direct compression or 

hot-melt granulation 

Offers consistent 

drug release; 

commonly used for 

robust, 

hydrophobic matrix 

systems [40]. 

Waxes(e.g., 

Carnauba Wax, 

Beeswax, 

Hydrogenated Castor 

Oil) 

- Lipophilic- Processed via 

melting/congealing or 

melt granulation- Reduces 

water penetration 

- Ideal for moisture-

sensitive and highly 

soluble drugs- Used to 

form hydrophobic 

barriers around drug 

particles 

Drug release rate 

influenced by 

particle size, wax 

type, and 

processing 

conditions [41]. 

Other Hydrophobic 

Agents(e.g., 

Glyceryl Behenate, 

Stearic Acid, 

Hydrogenated Oils) 

- Hydrophobic- Used as 

matrix formers or 

granulating agents 

- Form hydrophobic 

matrices- Applied in 

melt granulation for 

controlled release 

Enhance matrix 

integrity and 

sustain release 

through lipophilic 

barrier formation 

[42]. 

 

Lipid-Based Matrix Systems 

Lipid-based matrix systems represent an important category of sustained release (SR) drug 

delivery systems that utilize various lipids or lipid-like materials to regulate drug release from 

oral solid dosage forms [43]. These systems are particularly useful in formulating drugs with 

high aqueous solubility, which tend to release too rapidly in hydrophilic or conventional matrix 
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systems. Lipid matrices offer a hydrophobic environment that retards drug diffusion, enabling 

a gradual, controlled release over time [44]. Lipid matrices function primarily through 

hydrophobic barriers formed by the lipid materials, which limit water ingress and reduce the 

rate of drug dissolution and diffusion. Unlike purely hydrophilic systems, lipid-based matrices 

can also protect sensitive drugs from hydrolytic degradation by limiting their exposure to 

moisture [45]. 

Mechanism of Drug Release from Lipid Matrices 

The primary mechanism of drug release in lipid-based matrix tablets involves diffusion of the 

drug through the lipid matrix and/or erosion or leaching of the lipid components. Upon oral 

administration and exposure to gastrointestinal fluids, some lipids partially melt or soften, 

especially at body temperature, creating micro-channels through which the drug diffuses. The 

hydrophobic nature of the lipid matrix acts as a physical barrier that slows both the ingress of 

water and the egress of dissolved drug molecules, contributing to prolonged release profiles 

[46]. 
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Table 4 : Common Lipids Used in Matrix Formulations 

Lipid-Based 

Excipient 

Composition / 

Properties 

Application in SR 

Matrix Tablets 
Remarks 

Glyceryl 

Behenate 

(Compritol® 888 

ATO) 

- Mixture of mono-, di-, 

and triglycerides of 

behenic acid- Low 

permeability 

- Forms solid lipid 

matrices- Effective for 

water-soluble drugs- 

Used in direct 

compression and hot-melt 

granulation 

Provides sustained 

release by forming 

dense, impermeable 

matrices [47]. 

Stearic Acid and 

its Salts 

- Long-chain fatty acid- 

Excellent 

compressibility 

- Forms stable matrices- 

Moderate-to-slow drug 

release- Often combined 

with waxes or fatty 

alcohols 

Enhances matrix 

rigidity and extends 

drug release 

duration [48]. 

Hydrogenated 

Castor Oil and 

Hard Fats 

- High melting point 

waxes (e.g., Precirol®, 

Sterotex®)- Strong 

moisture resistance 

- Used in melt 

granulation- Drug is 

embedded in molten lipid 

and solidified into matrix 

Suitable for gradual 

and consistent drug 

release [49]. 

Carnauba Wax 

and Beeswax 

- Naturally derived 

waxes- High structural 

integrity 

- Employed as release-

retarding agents- Drug 

release through erosion 

and diffusion 

Ideal for melt 

molding or 

congealing 

techniques in SR 

formulations [50]. 
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Biodegradable Polymer Matrix Systems 

Biodegradable polymer matrix systems represent a promising and increasingly popular 

approach in the field of sustained release (SR) drug delivery [51]. These systems utilize 

biodegradable and biocompatible polymers to form matrices that gradually degrade or erode in 

the body, enabling controlled drug release over an extended period [52]. The biodegradation 

process eliminates the need for surgical removal of the drug delivery system and offers 

advantages in patient safety, convenience, and environmental sustainability [53,54].These 

matrix systems are especially suitable for long-term therapy, such as in cancer treatment, 

hormone replacement therapy, and chronic inflammatory diseases. The drug release 

mechanism in biodegradable matrices is primarily governed by polymer erosion, diffusion, or 

a combination of both, depending on the properties of the polymer used and the drug 

incorporated [55]. 

Mechanism of Drug Release in Biodegradable Matrices 

The drug release from biodegradable matrices typically occurs through two primary 

mechanisms: polymer erosion or degradation, and drug diffusion through the matrix. When a 

biodegradable polymer is exposed to biological fluids, it undergoes hydrolysis or enzymatic 

degradation, breaking down into non-toxic, absorbable byproducts. This degradation process 

may occur as bulk erosion, where the entire matrix erodes simultaneously, or as surface erosion, 

where the matrix degrades layer by layer. The specific erosion mechanism depends on the 

nature of the polymer used. In addition to degradation, drug molecules may also diffuse through 

the polymer matrix. This diffusion can take place either before or during the degradation 

process, especially if the matrix becomes porous or swells upon contact with fluids. The overall 

drug release profile is governed by the interplay between these two mechanisms—degradation 

of the polymer and diffusion of the drug—ultimately determining the kinetics of drug release 

from the system [56]. 
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Table 5 : Common Biodegradable Polymers Used in Matrix Systems 

Polymer Properties 
Application in SR 

Matrix Tablets 
Remarks 

Polylactic Acid 

(PLA) 

Hydrophobic aliphatic 

polyester derived from 

lactic acid; degrades 

into lactic acid in vivo 

Provides sustained 

drug release from 

weeks to months; 

suitable for high 

molecular weight and 

hydrophobic drugs 

Naturally metabolized; 

effective for long-term 

release [57]. 

Polyglycolic Acid 

(PGA) and PLGA 

PLGA is a copolymer 

of PLA and PGA; 

degradation rate 

tunable by 

lactic:glycolic acid 

ratio 

Offers controlled 

release from days to 

several months 

depending on polymer 

grade and formulation 

Predictable 

degradation, 

biocompatible, and 

FDA-approved; widely 

used in drug delivery 

[58]. 

Polycaprolactone 

(PCL) 

Semi-crystalline 

polyester with a very 

slow degradation rate 

Ideal for extremely 

prolonged drug release 

or implantable systems 

Excellent drug 

compatibility; suitable 

for long-term 

controlled release 

applications [59]. 

Natural 

Biodegradable 

Polymers 

Includes chitosan, 

alginate, gelatin, 

starch derivatives; 

enzymatically or 

hydrolytically 

degradable 

Used for SR matrices 

due to non-toxicity 

and renewability 

Susceptible to 

variability, pH 

sensitivity, and 

enzymatic degradation 

affecting release 

kinetics [60]. 
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Multi-Matrix Systems 

Multi-matrix systems, often referred to as multi-particulate systems, are a sophisticated class 

of sustained release (SR) drug delivery platforms that combine different polymeric materials 

or matrix components in a single dosage form. These systems offer a flexible and effective 

solution to control drug release over extended periods, and they are designed to optimize the 

pharmacokinetic profile of the drug by providing multiple mechanisms of drug release. The 

principal advantage of multi-matrix systems is their ability to combine different materials, each 

with its own specific drug release behavior, to create a formulation that can release the drug at 

multiple rates or in multiple phases. By using hydrophilic and hydrophobic polymers, as well 

as lipophilic components, multi-matrix systems can deliver complex release profiles, making 

them an ideal choice for a variety of clinical applications [61]. 

Mechanism of Drug Release in Multi-Matrix Systems 

In multi-matrix systems, drug release is governed by multiple independent mechanisms that 

operate simultaneously to control the release profile. The most prevalent among these is 

diffusion-controlled release, wherein the drug diffuses through one or more matrices within the 

dosage form. The rate of diffusion is largely influenced by the permeability of the polymeric 

network. Hydrophilic polymers such as Hydroxypropyl Methylcellulose (HPMC) are 

commonly used in this context, as they swell upon contact with water, forming a gel layer that 

enables a gradual and sustained release of the drug [62].In addition to diffusion, erosion-

controlled release also plays a critical role. In this mechanism, certain components of the matrix 

system gradually erode or degrade over time, leading to the release of the embedded drug. This 

process is especially typical in formulations using biodegradable polymers like poly(lactic-co-

glycolic acid) (PLGA), which degrade through hydrolysis, thereby facilitating controlled drug 

delivery as the polymer matrix disintegrates. Osmotic-controlled release is another mechanism 

found in some multi-matrix systems. These formulations contain osmotic agents that generate 

an osmotic gradient, drawing water into the matrix. The influx of water causes the matrix to 

swell, and the internal osmotic pressure drives the release of the drug in a controlled manner 

[63]. 
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Types of Multi-Matrix Systems 

Table 6: Classification of Multi-Matrix Systems Based on Composition and Drug 

Release Characteristics. 

Type of Multi-

Matrix System 
Description 

Mechanism/Release 

Characteristics 
Remarks 

Microcapsules 

and 

Microspheres 

Small drug-loaded particles 

made using polymers or 

polymer-lipid blends 

Drug release controlled by 

matrix permeability and 

particle size 

Useful for 

prolonged 

release 

formulations 

Granular 

Systems 

Drug is embedded in granules 

formed through granulation 

or spray drying 

Release via diffusion, 

erosion, or swelling 

Flexible 

processing 

methods; multi-

component 

structure [64] 

Coated Tablets 

Drug incorporated into coated 

tablets or beads using pH-

sensitive, enteric, or 

hydrophilic/hydrophobic 

coatings 

Enables burst release 

followed by sustained 

release or site-specific 

release in GI tract 

Allows precise 

release timing 

and control 

Multi-Layer 

Tablets 

Tablets with multiple layers 

of different matrix materials 

One layer may provide 

immediate release, others 

provide sustained release, 

achieving biphasic or 

prolonged effect 

Effective for 

time-controlled 

or phase-

specific drug 

delivery [65] 
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4. POLYMERS USED IN MATRIX TABLETS 

Polymers play a central role in the formulation of sustained release (SR) matrix tablets, as they 

are responsible for modulating the rate at which the active pharmaceutical ingredient (API) is 

released. The selection of a polymer depends on its physicochemical properties, swelling 

behavior, solubility, biocompatibility, and interaction with the drug and excipients.Matrix 

polymers used in sustained release tablets can be broadly categorized into natural, semi-

synthetic, and synthetic polymers. Each type exhibits distinct properties that influence the 

mechanism of drug release, such as swelling, erosion, diffusion, or a combination thereof [66]. 
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Table 7: Comparison of Natural, Semi-Synthetic, and Synthetic Polymers Used in 

Sustained Release Formulations.[67] 

Polymer 

Type 
Polymer 

Role in Drug 

Release 
Advantages Limitations 

Natural 

Polymers 

Xanthan 

Gum 

Swelling, gel 

formation, 

diffusion control 

Cost-effective, 

natural origin, 

biodegradable 

Batch-to-batch 

variability, pH 

sensitivity 

 Guar Gum 

Swelling, 

enzymatic 

degradation 

Natural, cheap, 

biodegradable 

Less predictable 

swelling, affected 

by microbial 

degradation 

Semi-

Synthetic 

Polymers 

HPMC 

Gel formation, 

diffusion, and 

erosion-based 

release 

Consistent release, 

inert, non-ionic, 

broad drug 

compatibility 

Requires hydration 

for activation 

 NaCMC 
Swelling and gel 

formation 

pH-sensitive release, 

forms viscous 

matrices 

Less stable under 

acidic conditions 

compared to HPMC 

Synthetic 

Polymers 

Eudragit (RS, 

RL, L, S) 

pH-triggered or 

diffusion-

controlled release 

Precise release 

control, chemically 

stable 

Formulation 

complexity, cost 

 
Carbopol 

(Carbomer) 

Swelling, gel 

formation, matrix 

erosion 

High drug loading, 

excellent control over 

release kinetics 

Sensitive to ionic 

strength and pH 
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Table 8: Role and Mechanism of Each Polymer in Drug Release [68]. 

Polymer Category Mechanism Release Characteristics 

Xanthan Gum Natural Swelling and diffusion Moderate to slow release 

Guar Gum Natural 
Swelling and enzymatic 

erosion 
Targeted colonic release 

HPMC 
Semi-

synthetic 

Gel formation, erosion, 

diffusion 

Controlled and predictable 

release 

NaCMC 
Semi-

synthetic 
Swelling, pH-sensitive gel pH-responsive release 

Eudragit 

RS/RL 
Synthetic Diffusion-controlled 

pH-independent sustained 

release 

Eudragit L/S Synthetic pH-dependent solubility Delayed or enteric release 

Carbopol Synthetic Mucoadhesion, swelling Sustained, site-specific release 

 

5. FORMULATION CONSIDERATIONS 

5.1 Drug Selection Criteria 

The selection of a drug candidate is a pivotal step in the formulation of sustained release (SR) 

matrix tablets. Not all drugs are ideal for this type of delivery system, and certain 

physicochemical and pharmacokinetic characteristics must be evaluated to ensure efficacy, 

safety, and consistency in drug release. 
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5.1.1 Biopharmaceutics Classification System (BCS) 

The Biopharmaceutics Classification System (BCS) classifies drugs based on their solubility 

and permeability, which directly impact their absorption and suitability for sustained release 

formulations [69]. 

Table 9: Suitability of BCS Drug Classes for Sustained Release (SR) Formulations [70]. 

BCS 

Class 
Solubility Permeability Suitability for SR Remarks 

Class I High High Ideal 
Easy to control release; dissolves 

and absorbs readily 

Class 

II 
Low High 

Suitable with 

modifications 

May require solubility enhancement 

(e.g., solid dispersions, surfactants) 

Class 

III 
High Low Less suitable 

Limited membrane transport reduces 

bioavailability in SR systems 

Class 

IV 
Low Low Least suitable 

Poor dissolution and absorption 

make sustained release challenging 

Thus, BCS Class I and II drugs are most commonly selected for SR matrix tablet development 

due to their favorable absorption profiles [71]. 

5.1.2 Solubility 

Drug solubility plays a crucial role in determining the release profile of active pharmaceutical 

ingredients from matrix systems. Highly water-soluble drugs tend to dissolve quickly, which 

can lead to rapid drug release or dose dumping—an undesirable outcome in sustained-release 

(SR) formulations. To mitigate this effect and control the rate of drug diffusion, formulators 

often incorporate hydrophobic polymers such as ethylcellulose. On the other hand, poorly 

soluble drugs inherently exhibit slower release rates, making them more compatible with SR 

systems. However, to ensure complete and consistent drug release, such formulations may still 

require strategies like particle size reduction or the formation of drug complexes [72]. 
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5.1.3 Stability 

The chemical and physical stability of a drug during processing and throughout its shelf life is 

a crucial consideration in pharmaceutical formulation. Drugs that are sensitive to moisture are 

generally unsuitable for wet granulation techniques and must be processed using dry methods, 

such as direct compression, to prevent degradation. Similarly, thermolabile drugs are prone to 

degradation when exposed to high temperatures, as seen in processes like melt granulation; 

therefore, alternative methods that operate at lower temperatures are preferred to preserve their 

stability. In the case of pH-sensitive drugs, degradation may occur in the acidic environment of 

the stomach, which necessitates the use of enteric coatings or pH-modifying excipients to 

ensure the drug remains stable until it reaches the intended site of absorption. Furthermore, for 

drugs intended for sustained release (SR) formulations, having a moderate half-life—typically 

in the range of 2 to 6 hours—is ideal. This allows the formulation to effectively extend the 

release profile of the drug over time without leading to drug accumulation in the body, thereby 

maintaining therapeutic efficacy and minimizing side effects [73]. 

5.2 Excipients and Their Roles 

Table 10: Common Categories of Excipients Used in Sustained Release Matrix Tablets—

Their Functions, Examples, and Key Considerations [74]. 

Excipient 

Category 
Function Examples Key Notes 

Diluents/Fillers 

Provide bulk and 

ensure content 

uniformity, 

especially for low-

dose drugs 

- Microcrystalline 

cellulose (MCC) - 

Lactose - Dicalcium 

phosphate 

MCC improves 

compressibility and 

flowability; lactose may 

not suit moisture-sensitive 

drugs; DCP is water-

insoluble. 

Binders 

Impart cohesion for 

granule formation 

and tablet hardness 

- Povidone (PVP) - 

Hydroxypropyl 

methylcellulose 

(HPMC) 

PVP is water-soluble and 

used in granulation; 

HPMC serves dual roles 

as binder and release 

modifier. 
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Excipient 

Category 
Function Examples Key Notes 

Lubricants and 

Glidants 

Reduce friction and 

enhance powder 

flow during 

manufacturing 

- Magnesium stearate - 

Talc - Colloidal silicon 

dioxide 

Overuse of magnesium 

stearate may affect drug 

release; talc and silicon 

dioxide improve flow in 

direct compression. 

Release-

Modifying 

Polymers 

Control drug release 

via swelling, 

erosion, or diffusion 

- Hydrophilic: HPMC, 

NaCMC - Hydrophobic: 

Ethylcellulose, Stearic 

acid - Lipid-based: 

GMS 

Hydrophilic types form 

gel barriers; hydrophobic 

types limit water entry; 

lipid-based matrices are 

suited for soluble drugs. 

Disintegrants (if 

applicable) 

Facilitate burst 

release in biphasic 

or layered systems 

Varies (used as needed) 

Not typically used in SR 

tablets unless a biphasic 

release is desired. 

5.3 Polymer Concentration and Compatibility 

5.3.1 Importance of Polymer Concentration 

The concentration of polymer in a matrix tablet is crucial in determining both the rate and the 

mechanism by which the drug is released. These polymers serve as the structural foundation of 

the matrix system and regulate drug release through processes such as diffusion, swelling, and 

erosion. When the polymer concentration is increased, it typically results in a slower drug 

release. This is because higher amounts of polymer form a thicker gel layer in hydrophilic 

matrices or a denser structure in hydrophobic systems, which limits the penetration of 

gastrointestinal fluids and slows the diffusion of the drug from the matrix. However, using an 

excessively high amount of polymer can have several drawbacks. It may lead to an increase in 

the overall tablet size, which can negatively impact patient compliance. Additionally, high 

polymer content can reduce the drug loading capacity of the tablet and, in some cases—

particularly with poorly soluble drugs—can result in incomplete drug release [75]. 

Therefore, determining the optimal polymer concentration is an experimental process aimed at 

achieving a balance between maintaining the structural integrity of the matrix and obtaining 
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the desired release kinetics. For instance, in the case of hydrophilic matrix systems, 

Hydroxypropyl Methylcellulose (HPMC) is commonly used in concentrations ranging from 

10% to 40% w/w, with the specific percentage depending on factors such as the solubility of 

the drug and the required dosage [76]. 

5.3.2 Drug–Polymer Compatibility 

The chemical and physical compatibility between the drug and polymer plays a vital role in 

ensuring the overall success of a pharmaceutical formulation. It is essential for maintaining 

drug stability throughout both the processing and storage phases. Additionally, compatibility 

contributes to achieving controlled and reproducible drug release profiles while preventing any 

adverse interactions that could compromise the efficacy or safety of the final product.To 

evaluate this compatibility, pre-formulation studies are typically performed. These studies 

utilize various analytical techniques, including Fourier Transform Infrared Spectroscopy 

(FTIR), which helps detect potential chemical interactions between the drug and polymer. 

Differential Scanning Calorimetry (DSC) is employed to identify physical changes such as 

polymorphic transitions. Moreover, techniques like Thermal Gravimetric Analysis (TGA) and 

X-ray Diffraction (XRD) are used to assess the thermal stability and changes in crystallinity of 

the components involved.In cases where incompatibility is detected, several strategies can be 

implemented to address the issue. These may include coating the drug substance, selecting a 

different polymer with better compatibility, or incorporating stabilizing excipients to mitigate 

the undesired interactions [77]. 

5.4 Techniques for Matrix Tablet Preparation 

The preparation method used for matrix tablets significantly affects drug release, uniformity, 

tablet hardness, and scalability. Common methods include direct compression, wet 

granulation, and melt granulation. 

5.4.1 Direct Compression 

Direct compression is the simplest and most widely utilized method for preparing sustained-

release (SR) matrix tablets, particularly when both the drug and excipients exhibit good flow 

characteristics and compressibility [78]. In this technique, dry powders of the drug, polymer, 

and other excipients are thoroughly blended and then compressed directly into tablets, 

eliminating the need for a granulation step. This method offers several advantages. It is cost-

effective and time-efficient, making it highly practical for large-scale manufacturing. 
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Additionally, it is well-suited for drugs that are sensitive to moisture or heat (thermolabile 

substances), as it involves fewer processing steps, thereby reducing the risk of degradation 

during formulation. However, direct compression also presents certain limitations. It 

necessitates excellent flow properties and uniform distribution of the drug throughout the blend 

to ensure consistent dosage in each tablet. This method is generally unsuitable for drugs with 

poor compressibility or for low-dose formulations where achieving content uniformity is 

challenging.To address formulation needs, commonly used excipients in direct compression 

include microcrystalline cellulose (MCC), which enhances compressibility, and magnesium 

stearate, which serves as a lubricant to improve tablet ejection and reduce friction during 

compression [79]. 

5.4.2 Wet Granulation 

In the wet granulation method, a binder solution is utilized to agglomerate powders into 

granules, which are subsequently dried and compressed into tablets. During the process, the 

active pharmaceutical ingredient (API) and a polymer are combined with a granulating fluid 

such as water or ethanol. This mixture is then formed into granules, dried thoroughly, and 

finally compressed into tablets. This method offers several advantages, including enhanced 

tablet hardness and mechanical strength, improved flow and compressibility, and more uniform 

drug distribution—particularly beneficial in low-dose formulations [80]. However, wet 

granulation is not ideal for drugs that are sensitive to moisture or heat and is generally more 

time-consuming and resource-intensive compared to other methods. Commonly used binders 

in this technique include polyvinylpyrrolidone (PVP) and hydroxypropyl methylcellulose 

(HPMC), which help in promoting cohesion among the granules.On the other hand, direct 

compression is a simpler technique that involves fewer processing steps and carries a reduced 

risk of drug degradation. This method, however, requires that the formulation have excellent 

flow properties and content uniformity. It is not suitable for drugs with poor compressibility or 

for low-dose formulations. In direct compression, excipients such as microcrystalline cellulose 

(MCC) are often used to improve compressibility, while magnesium stearate is added to serve 

as a lubricant during tablet [81]. 

5.4.3 Melt Granulation 

Melt granulation is a technique that utilizes a thermoplastic binder, which melts at a specific 

temperature and serves to bind the drug and excipients as it cools and solidifies. In this process, 

the drug and excipients are blended with a molten binder, such as polyethylene glycol or 

glyceryl monostearate. Once the mixture cools, the binder solidifies and forms granules that 
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are suitable for tablet compression.One of the key advantages of melt granulation is that it is a 

solvent-free process, making it particularly suitable for drugs that are sensitive to moisture or 

prone to hydrolysis [82]. Additionally, this method can enhance the physical stability and 

improve the bioavailability of poorly soluble drugs.However, melt granulation also has certain 

limitations. It requires both the drug and the polymer to be thermally stable, and it necessitates 

the use of specialized equipment, such as high-shear mixers equipped with heating systems. 

Despite these challenges, melt granulation is capable of producing uniform granules with high 

binding efficiency and is increasingly being employed in the development of modified release 

formulations [83]. 

6. MECHANISM OF DRUG RELEASE FROM MATRIX TABLETS 

Matrix tablets are among the most extensively used oral controlled drug delivery systems due 

to their simplicity, cost-effectiveness, and ability to maintain steady drug plasma levels over 

extended periods. The mechanism by which drugs are released from matrix systems depends 

on the nature of the polymer used and the physicochemical characteristics of the drug. The key 

mechanisms include diffusion, erosion, swelling, and their combinations. Additionally, matrix 

properties such as porosity, polymer type, and hydration behavior play a crucial role in 

modulating release kinetics [84]. 

6.1 Diffusion 

Diffusion is the predominant mechanism in matrix systems, particularly in formulations that 

incorporate hydrophobic polymers such as ethylcellulose or waxes. In this process, 

gastrointestinal (GI) fluids infiltrate the matrix structure and dissolve the embedded drug. Once 

dissolved, the drug molecules migrate out of the matrix following a concentration gradient.The 

rate at which the drug diffuses from the matrix is influenced by several key factors, including 

the solubility of the drug in the surrounding fluid, the porosity and tortuosity of the matrix 

structure, and the concentration and viscosity of the polymer used in the formulation. This 

diffusion-based release is typically governed by Fick’s law of diffusion. To mathematically 

describe the release kinetics, the Higuchi model is frequently employed. This diffusion-

controlled mechanism is commonly observed when hydrophilic drugs are embedded in a 

hydrophobic matrix, or conversely, when hydrophobic drugs are dispersed within a hydrophilic 

matrix [85]. 
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6.2 Erosion 

In erosion-controlled systems, the matrix undergoes gradual disintegration or dissolution. 

Erosion may be physical (due to mechanical agitation) or chemical (due to polymer 

solubilization or degradation). This mechanism is typical in hydrophilic matrices that erode 

upon hydration (e.g., cellulose derivatives) and in biodegradable polymers (e.g., polylactic 

acid, polyglycolic acid) that degrade over time. Drug release rate correlates with the rate of 

polymer erosion, which can be tailored by altering polymer composition and molecular 

weight[86]. 

6.3 Swelling 

Swelling-controlled release is characteristic of hydrophilic matrices such as those containing 

HPMC, NaCMC, or xanthan gum. Upon contact with GI fluids, these polymers absorb water, 

swell, and form a gel layer that controls drug diffusion. The process involves three layers: the 

hydrated outer layer, which controls diffusion; the swelling zone, where the polymer transitions 

from dry to hydrated; and the dry core, which contains unhydrated polymer and drug. As the 

gel layer forms and thickens, it provides a barrier to drug release, while erosion may 

simultaneously occur at the outermost layer [87]. 

6.4 Combination of Mechanisms (Diffusion + Erosion) 

In many matrix systems, especially those containing both hydrophilic and hydrophobic 

components, drug release is governed by a combination of diffusion and erosion mechanisms. 

Initially, diffusion dominates, especially for water-soluble drugs. Over time, as the polymer 

matrix erodes or swells, erosion becomes a contributing or even dominant mechanism. This 

dual-release mechanism provides more flexibility in designing sustained release profiles. For 

instance, HPMC-based formulations often release drug through both gel diffusion and matrix 

erosion, depending on polymer concentration and drug solubility [88]. 

6.5 Influence of Matrix Properties on Drug Release 

Matrix properties critically influence drug release mechanisms and kinetics. These include the 

type of polymer, where hydrophilic polymers swell and form gels, providing diffusion barriers. 

Hydrophobic polymers retard water ingress and rely on pore diffusion, while biodegradable 

polymers gradually degrade, enabling erosion-based release. Polymer viscosity and 

concentration also play an important role. Higher viscosity grades, such as HPMC K100M 

compared to K4M, swell more and create thicker gel layers, which slow down diffusion. 
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Increased polymer concentration generally results in a more sustained release due to the 

formation of a denser matrix structure. Drug solubility is another key factor. Highly soluble 

drugs may be released more quickly via diffusion, whereas poorly soluble drugs may rely more 

on erosion or the inclusion of solubilization-enhancing excipients. Tablet geometry and surface 

area affect the release as well. A larger surface area promotes faster drug release due to greater 

exposure to the dissolution medium. Flat-faced tablets may release the drug more slowly 

compared to convex or porous structures.The presence of pores or channels within the matrix 

further influences release characteristics. Porosity determines the extent to which the 

dissolution medium can penetrate the matrix and affects the path available for drug diffusion. 

Matrices with controlled porosity can be designed to fine-tune the drug release rate [89]. 

7. RECENT ADVANCES IN MATRIX TABLETS 

Recent advancements in matrix tablets have significantly transformed their design and 

functionality, driven by progress in material science, manufacturing techniques, and innovative 

drug delivery systems. Traditional matrix systems, while effective, often struggled with 

challenges such as burst release, inconsistent drug release kinetics, and limited customization 

for individual patients. However, modern developments have addressed these limitations 

through the incorporation of novel polymers and cutting-edge fabrication technologies like 3D 

printing, enabling enhanced control over drug release rates and tablet geometry [90]. 

A key area of innovation lies in the development of novel polymers and excipients. Smart and 

stimuli-responsive polymers, for example, can adjust drug release in response to physiological 

stimuli such as pH, temperature, or enzymatic activity. pH-sensitive polymers like Eudragit® 

L/S are tailored to release drugs in specific sections of the gastrointestinal tract, while thermo-

responsive polymers such as derivatives of poly(N-isopropylacrylamide) adjust their structure 

with temperature changes, allowing on-demand release. Additionally, natural and modified 

natural polymers like pectin, gum kondagogu, and locust bean gum have been optimized for 

sustained release formulations. Their biodegradable, non-toxic, and eco-friendly characteristics 

make them excellent candidates for modern matrix tablets, especially when combined with 

synthetic polymers [91]. 

Nanostructured and crosslinked polymers such as nanocellulose and hydrogels offer enhanced 

swelling and drug-retention capabilities, ensuring more predictable and uniform drug release 

profiles. Crosslinking techniques also contribute to mechanical robustness, minimizing issues 

like erosion or premature disintegration of the matrix. Lipid-based excipients have emerged as 

another viable option, especially for water-soluble drugs. Using components like glyceryl 
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behenate, glyceryl monostearate, or stearic acid, these systems create hydrophobic matrices 

that effectively control drug diffusion over time. Together, these advancements provide 

formulators with the tools to fine-tune drug release kinetics, enhance site-specificity, and 

improve overall tablet durability, enabling more effective and personalized treatments [92]. 

The integration of 3D printing into matrix tablet manufacturing has revolutionized the field, 

allowing the creation of tablets with highly precise geometries and layered designs that offer 

customizable drug release profiles. Several 3D printing technologies have found application in 

pharmaceutical development. Fused Deposition Modeling (FDM) employs thermoplastic 

polymers such as PVA or PLA to produce drug-loaded filaments suitable for multi-layered or 

compartmentalized tablets with distinct release phases. Inkjet printing, on the other hand, 

involves the deposition of drug-laden droplets layer by layer and is ideal for low-dose drugs 

and rapid prototyping. Stereolithography (SLA) utilizes light-sensitive resins to fabricate 

intricate 3D structures, which can be tailored to control internal porosity and thereby influence 

drug release patterns. The advantages of 3D printed matrix tablets are numerous. Controlled 

geometries can achieve zero-order release profiles, while multi-drug compartments support 

combination therapies within a single unit. Most notably, this technology paves the way for 

precision medicine, allowing customization of dosage forms according to individual patient 

requirements.  

A notable example is the FDA-approved Spritam® (levetiracetam), developed using ZipDose® 

3D printing technology, which illustrates the feasibility of this approach. Additionally, research 

has demonstrated that altering a tablet’s internal matrix or outer shell through 3D printing can 

result in pulsatile or biphasic release profiles.Dual-release and multi-layered matrix tablets 

represent another major development, offering two-phase drug delivery: an immediate-release 

(IR) phase for rapid onset followed by a sustained-release (SR) phase for prolonged therapeutic 

effect. This is particularly beneficial for conditions like hypertension, pain, and diabetes, where 

a combination of rapid and sustained action is desired. Multi-layered tablets consist of distinct 

layers with specific functions—an IR layer provides the initial dose, while the SR layer 

maintains therapeutic levels over time. The separation of these layers helps to fine-tune the 

release profile, prevent interactions between drugs or excipients, and facilitate combination 

therapies [93]. 

Compression-coated tablets, where a rapid-release core is encased in a sustained-release outer 

shell, offer additional control. Depending on the coating material—such as ethylcellulose or 

hydroxypropyl methylcellulose (HPMC)—the release can be delayed through mechanisms like 

hydration, erosion, or diffusion. These approaches are especially useful in applications 
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requiring chronotherapy, minimizing side effects and improving bioavailability through precise 

modulation of release timing [94]. 

For drugs that benefit from prolonged gastric retention, floating and mucoadhesive matrix 

tablets provide highly effective delivery systems. Floating tablets are designed to remain 

buoyant in the stomach by incorporating low-density materials and gas-generating agents like 

sodium bicarbonate, along with gel-forming polymers such as HPMC. This strategy is 

particularly useful for drugs absorbed primarily in the upper gastrointestinal tract or those 

intended for localized gastric treatment, such as antibiotics or antacids. Benefits of these 

systems include reduced fluctuations in plasma drug levels, enhanced bioavailability for drugs 

with narrow absorption windows, and improved therapeutic outcomes with fewer doses. 

Mucoadhesive systems, on the other hand, utilize bioadhesive polymers like Carbopol, 

chitosan, sodium alginate, and polycarbophil to adhere to the gastrointestinal mucosa, thereby 

prolonging the drug’s residence time at the absorption site.  

These interactions—mediated by electrostatic forces, hydrogen bonding, or van der Waals 

interactions—enable targeted delivery to specific regions of the GI tract and are particularly 

valuable for drugs with poor solubility or instability at intestinal pH levels. While challenges 

such as variability in mucus turnover and formulation complexity persist, mucoadhesive matrix 

systems continue to show promise in enhancing drug absorption and therapeutic effectiveness 

while reducing the frequency of dosing. Overall, the field of matrix tablet technology has 

evolved rapidly, offering a wide array of sophisticated systems tailored for optimized, 

personalized, and efficient drug delivery [95,96]. 

 

8. CHALLENGES AND LIMITATIONS 

Sustained release (SR) matrix tablets are designed to enhance therapeutic outcomes by 

improving patient compliance, reducing the frequency of dosing, and maintaining more 

consistent plasma drug concentrations. Despite these advantages, various challenges and 

limitations still restrict their optimal utilization. Two major concerns that significantly affect 

the development and quality control of SR formulations are the risk of dose dumping and 

potential polymer-drug interactions. 

8.1 Dose Dumping Risk 

Dose dumping is a critical concern in SR matrix tablet design, where an unintended and rapid 

release of the drug occurs, resulting in a sudden spike in plasma concentrations. This can be 

particularly dangerous for drugs with a narrow therapeutic index, such as theophylline, 
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verapamil, and opioids like morphine. One significant cause of dose dumping is alcohol-

induced failure. Co-administration with alcohol, especially in hydrophilic polymer-based 

formulations like those using hydroxypropyl methylcellulose (HPMC), can disrupt the matrix 

and accelerate drug release, a phenomenon referred to as alcohol-induced dose dumping. 

Mechanical damage is another risk factor. If an SR tablet is chewed, crushed, or broken, the 

structural integrity of the matrix is compromised, releasing the entire drug load rapidly. 

Furthermore, physiological variables such as fluctuations in gastrointestinal pH, motility, and 

enzymatic activity can unpredictably affect the release rate. Manufacturing inconsistencies, 

including issues related to mixing, compression force, or granule size distribution, can result 

in non-uniform matrices that are more prone to sudden release [97]. 

The consequences of dose dumping are serious. Patients may experience drug toxicity and 

adverse reactions due to elevated plasma levels. The therapeutic advantages of sustained 

release may be lost, and such safety concerns could lead to regulatory rejection during 

preclinical or clinical evaluations. Preventive strategies include selecting alcohol-resistant 

polymers such as ethylcellulose or Eudragit® RS/RL. The use of multi-unit pellet systems 

(MUPS) is another effective approach to minimize this risk. Additionally, during product 

development, rigorous in vitro–in vivo correlation (IVIVC) testing and stress testing in various 

simulated conditions, including gastric fluids containing ethanol, should be conducted [98]. 

8.2 Polymer-Drug Interaction 

A successful SR matrix formulation depends significantly on the compatibility between the 

drug and the polymer. Incompatibilities can lead to decreased stability, altered drug release 

profiles, or even a complete loss of therapeutic efficacy. Chemical interactions can occur 

between the functional groups of the drug and the polymer, especially in environments with 

moisture or high temperature, leading to drug degradation or polymer instability. Physical 

interactions also play a role; drugs can form ionic or hydrogen-bonded complexes with 

polymers, altering their solubility or permeability. For instance, acidic drugs may interact with 

basic polymers, causing them to precipitate or crystallize. Thermal instability is another 

concern during processes such as melt granulation or hot-melt extrusion, where drugs may 

degrade or interact adversely with polymers due to high temperature exposure [100]. 

8.3 Reproducibility Issues 

Reproducibility in SR matrix tablet manufacturing is vital for ensuring uniformity in drug 

content, mechanical strength, and release profiles across different production batches. Any 

variability may compromise therapeutic reliability and could lead to regulatory complications. 

COMPUTER RESEARCH AND DEVELOPMENT  (ISSN NO:1000-1239)  VOLUME 25 ISSUE 6 2025

PAGE NO: 825



One major source of reproducibility issues is variability in the characteristics of polymers, 

especially natural ones like xanthan gum and guar gum, which can differ in molecular weight, 

viscosity, and hydration behavior based on their origin or processing. Hydrophilic matrices are 

particularly sensitive to environmental factors such as humidity and temperature, which 

influence polymer swelling and gel layer formation, thereby affecting the drug release rate. 

Process variability, including small differences in compression force, granulation techniques, 

or mixing times, can significantly impact tablet porosity and hardness, altering dissolution 

behavior. Moreover, changes in the particle size or polymorphic form of the drug or excipients 

can result in inconsistent release kinetics across batches [101]. 

The impacts of poor reproducibility are manifold. Variations in drug plasma levels may 

compromise efficacy or increase safety risks. Manufacturing inconsistencies can lead to 

product recalls and heightened regulatory scrutiny, as well as increased production costs due 

to the need for extensive quality control. Addressing these issues involves using standardized 

excipients from validated suppliers, implementing thorough process validation and real-time 

monitoring technologies like Process Analytical Technology (PAT), and designing robust 

formulations that can tolerate minor variations in manufacturing parameters [102]. 

8.4 Scale-Up and Regulatory Concerns 

Transitioning SR matrix tablets from laboratory development to commercial-scale 

manufacturing poses unique challenges not typically encountered with conventional dosage 

forms. The performance of SR systems depends heavily on precise polymer behavior, matrix 

consistency, and controlled drug release kinetics. Equipment differences during scale-up, such 

as variations in mixer type, granulator size, or tablet press, can influence powder flow, granule 

uniformity, and tablet density, ultimately impacting drug release. Monitoring critical quality 

attributes like matrix hydration, gel formation, and swelling rate in real time becomes 

increasingly difficult in large-scale operations.Regulatory agencies such as the FDA and EMA 

impose stringent requirements for scale-up, demanding comprehensive documentation of 

procedures, bioequivalence studies, and IVIVC data to ensure that scaled-up batches perform 

equivalently to lab-scale formulations. Stability is another significant concern during scale-up, 

as larger batches may be more susceptible to moisture ingress and temperature fluctuations, 

which can degrade matrix performance over time.To address these challenges, adherence to 

ICH Q8–Q10 guidelines is essential, emphasizing a Quality by Design (QbD) approach to 

thoroughly understand formulation and process variables. Regulatory approval processes 

require detailed dissolution profiles, rigorous stress testing, and extensive validation data. 
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Strategies for effective scale-up include conducting pilot-scale trials under conditions that 

closely mimic commercial production, employing design of experiments (DoE) to identify 

critical formulation parameters, and maintaining controlled manufacturing environments. 

Incorporating real-time release testing (RTRT) further enhances the reliability and quality of 

the final product [103]. 

 

9. REGULATORY ASPECTS 

Sustained release (SR) matrix tablets are subjected to strict regulatory oversight due to their 

complex drug release mechanisms and the critical role of formulation components like 

polymers. Regulatory authorities such as the U.S. Food and Drug Administration (FDA), the 

European Medicines Agency (EMA), and the International Council for Harmonisation (ICH) 

have established comprehensive guidelines to ensure the safety, efficacy, and quality of 

modified-release products. Adherence to these regulatory standards is vital for successful 

product development, approval, and market access. 

9.1 Guidelines 

The FDA has issued key documents for sustained release and modified-release formulations. 

The SUPAC-MR Guidance (1997) addresses scale-up and post-approval changes in 

formulation components, manufacturing sites, batch sizes, and process and equipment. It also 

specifies the in vitro dissolution testing, stability data, and bioequivalence studies needed when 

such changes occur. Another important FDA guidance focuses on bioavailability and 

bioequivalence studies for orally administered drug products. It emphasizes the need for in 

vivo bioequivalence studies, establishing in vitro–in vivo correlation (IVIVC), and 

demonstrating consistent plasma concentration-time profiles compared to reference products. 

The EMA aims to harmonize regulatory approaches across EU member states. Its guidance on 

modified release oral dosage forms provides recommendations on conducting multiple-dose 

pharmacokinetic studies, assessing food effects, and ensuring therapeutic equivalence with 

reference drugs. It also stresses the importance of pharmacokinetic modeling, dissolution 

testing, and bridging data for post-approval modifications. EMA’s quality guidelines require 

comprehensive chemistry, manufacturing, and controls (CMC) documentation, including 

specifications of polymers, excipients, and active ingredients, stability data under various 

storage conditions, and validated control of drug release mechanisms. 

The ICH plays a key role in unifying global regulatory standards. ICH Q8 (R2) promotes 

pharmaceutical development through a Quality by Design (QbD) approach, encouraging the 
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use of design space and risk-based development to manage variability. ICH Q9 emphasizes 

quality risk management, focusing on identifying, analyzing, and mitigating risks in 

formulation and manufacturing. ICH Q10 highlights the importance of a lifecycle approach 

and continuous quality improvement in manufacturing systems. These guidelines are 

particularly relevant for scaling up SR products or transferring production to new facilities. 

Global regulatory considerations increasingly include real-time release testing (RTRT) for SR 

formulations, especially when a strong correlation exists between in vitro and in vivo 

performance. Environmental concerns regarding synthetic and non-biodegradable polymers 

are also under scrutiny. Furthermore, the emergence of complex generics has led regulators to 

demand innovative bioequivalence methods, including model-based analyses and population 

pharmacokinetic studies [104]. 

9.2 Dissolution Method Development 

Dissolution testing is a vital regulatory and quality control requirement for SR matrix tablets. 

It acts as a surrogate for in vivo drug release and ensures consistent product performance while 

meeting regulatory expectations. Agencies like the FDA, EMA, and ICH require rigorous 

dissolution method development due to the complexity of release mechanisms in SR 

formulations. In SR matrix tablets, drug release occurs via diffusion, erosion, and polymer 

swelling. Dissolution testing is crucial in predicting in vivo behavior, supporting 

bioequivalence and biowaiver decisions, serving as an indicator of stability, and monitoring 

post-approval changes. Regulatory expectations include the development of discriminating and 

reproducible methods that can detect formulation or manufacturing variations across 

laboratories. Methods must be physiologically relevant, simulating gastrointestinal conditions 

such as varying pH, agitation, and enzyme activity. Regulatory bodies also mandate predefined 

dissolution limits at multiple time points to ensure consistent drug release. Commonly used 

apparatus for SR matrix tablets include USP Apparatus 1 (basket) and 2 (paddle), while USP 

Apparatus 3 (reciprocating cylinder) and 4 (flow-through cell) are employed for floating or 

low-density formulations. Dissolution media typically include water, 0.1N HCl, or phosphate 

buffer (pH 6.8), and agitation speeds range from 50 to 100 rpm depending on the formulation. 

Method development involves several steps. Pre-formulation studies are used to determine 

drug solubility and stability in various media, guiding the selection of appropriate dissolution 
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conditions. A discriminating method must detect formulation variables such as polymer 

concentration, compression force, tablet hardness, and manufacturing conditions. Validation of 

the method according to ICH Q2(R1) guidelines is necessary, ensuring specificity, linearity, 

accuracy, precision, and robustness. A robust dissolution method can also support the 

establishment of an IVIVC, reducing the reliance on in vivo studies during formulation 

development and post-approval changes. However, challenges remain in SR dissolution 

method development. Variability due to matrix swelling or erosion can complicate sink 

conditions and sampling. Certain polymers, like ethylcellulose, form gel layers that hinder 

predictable drug release. Floating or buoyant tablets may require apparatus modifications, such 

as the use of sinkers or modified baskets [105,106]. 

9.3 Bioequivalence and Stability Studies 

SR matrix tablets must undergo thorough bioequivalence and stability testing to ensure 

consistent therapeutic performance and regulatory compliance. These evaluations are essential 

due to the complexity of their drug release profiles. Bioequivalence studies are mandatory for 

both generic approvals and post-approval changes. They confirm that the test SR formulation 

has comparable bioavailability to the reference product, without significant differences in the 

rate or extent of absorption. The FDA recommends evaluating SR products under both fed and 

fasted conditions due to the influence of food on gastrointestinal function and drug release. 

Similarly, the EMA requires multiple-dose studies and an assessment of steady-state 

pharmacokinetics. Typically, crossover study designs are used, with pharmacokinetic 

parameters such as C_max, T_max, and AUC measured and analyzed. For SR matrix tablets, 

partial AUCs are carefully evaluated to monitor early drug release and ensure prolonged 

absorption. Establishing a Level A IVIVC is highly encouraged by regulatory authorities, as it 

reduces the need for repeated in vivo studies during development and post-approval changes. 

Stability testing is equally critical to confirm the SR tablet maintains its chemical, physical, 

and functional characteristics over its shelf life. ICH Q1A(R2) guidelines recommend 

conducting long-term studies at 25°C ± 2°C/60% RH ± 5% RH and accelerated studies at 40°C 

± 2°C/75% RH ± 5% RH. Key parameters monitored during stability studies include drug 

content and potency, dissolution profile, physical attributes such as hardness and appearance, 
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moisture content, and microbial stability. Changes in dissolution behavior can directly affect 

clinical outcomes, making it a central element of stability assessments [107]. 

Stability-indicating methods, such as validated HPLC or UV spectrophotometry techniques, 

must be used to identify degradation products and assess any shifts in drug release. Packaging 

is also crucial; SR matrix tablets, particularly those made with hydrophilic or biodegradable 

polymers, are sensitive to moisture. Regulatory agencies therefore recommend protective 

packaging such as blister packs with desiccants to maintain product integrity throughout its 

shelf life [108]. 

CONCLUSION 

Sustained release (SR) matrix tablets represent a vital advancement in oral drug delivery 

systems, offering significant clinical and therapeutic advantages over conventional immediate-

release formulations. By enabling controlled and prolonged drug release, these systems 

effectively enhance patient compliance, minimize dosing frequency, and maintain consistent 

plasma drug levels, which are especially crucial for chronic disease management. This review 

has comprehensively examined the various types of matrix systems—hydrophilic, 

hydrophobic, lipid-based, biodegradable, and multi-matrix—highlighting their mechanisms, 

polymer selection, formulation strategies, and the critical role of excipients and processing 

methods. Despite their benefits, SR matrix tablets also face notable challenges, such as dose 

dumping, polymer–drug incompatibility, and reproducibility concerns during scale-up. 

However, advancements in smart polymers, 3D printing technologies, and quality-by-design 

(QbD) approaches have significantly mitigated many of these limitations. Regulatory 

frameworks continue to evolve to support innovation while ensuring safety and efficacy 

through stringent bioequivalence, stability, and dissolution testing requirements. Overall, SR 

matrix tablets have become an integral part of modern pharmaceutical development. With 

ongoing innovations in material science and manufacturing techniques, they are poised to play 

an increasingly prominent role in achieving precise, patient-centric, and cost-effective drug 

delivery. 
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