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1Modern Approaches in Drug Designing

Abstract
Controlled release drug delivery systems have transformed modern pharmacotherapy by addressing the 
inherent limitations of conventional dosage forms, including poor bioavailability, fluctuating plasma drug 
levels, and reduced patient adherence. Through the ability to precisely control medication release rates, 
durations, and target sites, these systems minimize systemic toxicity while increasing therapeutic efficacy. 
This study highlights the increasing importance of controlled release technologies in modern drug 
delivery by offering a targeted and historical summary of their development, formulation advancements, 
and clinical uses. The fundamentals of regulated drug release, including diffusion, degradation, and 
stimulus-mediated mechanisms, are described in the article. In order to achieve consistent and long-
lasting drug profiles, it also looks at important formulation techniques, highlighting the function of 
biocompatible polymers, particle carriers, and depot-based systems. Recent developments in smart 
delivery systems and nanotechnology are examined, with a focus on stimuli-responsive systems that 
can modify medication release in response to environmental or physiological cues. These developments 
have broadened the range of applications for controlled release, making it possible to treat complicated 
illnesses including cancer, long-term metabolic disorders, and localized diseases more successfully. In 
addition to therapeutic benefits, the review critically addresses current challenges related to formulation 
complexity, biological barriers, scalability, and regulatory translation. Emerging trends, including 
personalized delivery systems and next-generation biomaterials, are explored as promising pathways 
for overcoming these limitations. By integrating formulation science with clinical needs, controlled 
release systems continue to redefine drug delivery paradigms. This review aims to provide researchers, 
formulators, and clinicians with a clear and insightful synthesis of progress in the field, while outlining 
future directions that will shape the next generation of controlled drug delivery technologies..

Keywords: Controlled drug delivery; Controlled release systems; Drug formulation; Nanocarriers; 
Stimuli-responsive delivery; Therapeutic application

Introduction
Despite major advances in pharmaceutical sciences, conventional drug delivery systems 

continue to face fundamental limitations in achieving consistent and optimal therapeutic 
outcomes, particularly for drugs requiring prolonged or precise exposure [1]. Immediate-
release formulations often result in rapid drug absorption followed by sharp declines in 
plasma concentration, leading to subtherapeutic levels, frequent dosing, and increased risk of 
adverse effects [2]. These challenges are especially critical in the treatment of chronic diseases, 
cancer, and neurological disorders, where maintaining drug concentrations within a narrow 
therapeutic window is essential for efficacy and safety [3]. Consequently, the development of 
controlled release drug delivery systems has emerged as a strategic response to overcome these 
pharmacokinetic and clinical shortcomings [4]. Controlled release systems are engineered 
to deliver therapeutic agents at predetermined rates over extended periods, enabling 
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sustained drug exposure while minimizing dosing frequency and 
plasma level fluctuations [5]. By modulating release kinetics, 
these systems enhance bioavailability, improve patient adherence, 
and reduce systemic toxicity [6]. Over the past decade, controlled 
release technologies have evolved from relatively simple polymeric 
matrices to highly tunable delivery platforms with programmable 
release profiles and multifunctional capabilities [7]. This evolution 
has positioned controlled release systems as integral components 
of modern drug delivery strategies, particularly for long-acting and 
precision therapies [3]. The performance of controlled release drug 
delivery systems is governed by fundamental mechanisms such as 
diffusion, polymer degradation, swelling, and osmotic pressure, all 
of which are strongly influenced by formulation design and material 
properties [4]. Recent advances in biodegradable polymers, lipid-
based carriers, and hybrid materials have enabled improved 
control over drug loading, stability, and release predictability. 
In parallel, the incorporation of micro-and nanotechnology has 
significantly expanded formulation possibilities by allowing 
precise control over particle size, surface characteristics, and 
drug-carrier interactions [2]. These developments have facilitated 
improved interaction with biological barriers and expanded the 
applicability of controlled release systems to biologics, peptides, 
and nucleic acid-based therapeutics [1]. More recently, research 
has increasingly focused on advanced and smart controlled release 
systems capable of responding dynamically to physiological or 
external stimuli [8]. Stimuli-responsive platforms triggered by 
pH, temperature, enzymatic activity, redox conditions, light, or 
magnetic fields enable site-specific and on-demand drug release, 
offering significant advantages for targeted and precision medicine 
applications [7]. These systems have demonstrated particular 
promise in cancer therapy, inflammatory diseases, and localized 
drug delivery, where spatial and temporal control of drug action is 
critical [3]. However, despite their therapeutic potential, challenges 
related to formulation complexity, reproducibility, large-scale 
manufacturing, and regulatory approval continue to limit their 
widespread clinical translation [5]. The scope of this review is to 
provide a focused and up-to-date analysis of controlled release 
systems for drug delivery, with particular emphasis on advances 
in formulation strategies and their therapeutic applications. The 
review concentrates on core principles that govern controlled 
drug release, including key release mechanisms, material selection, 
and formulation architectures that have driven recent progress 
in the field. Rather than presenting an exhaustive inventory of 
all available delivery platforms, this article selectively highlights 
representative controlled release systems that demonstrate 
meaningful improvements in drug stability, release precision, and 
therapeutic performance. In addition, the review examines how 
modern formulation approaches such as particulate systems, 
advanced polymeric carriers, and smart delivery platforms have 
expanded the clinical relevance of controlled release technologies 
across diverse therapeutic areas, including cancer, chronic disease 
management, and localized treatments. Key challenges related to 
biological barriers, scalability, safety, and regulatory translation 
are discussed to provide a balanced and realistic assessment of 
current limitations. The overarching purpose of this review is 
to integrate formulation science with therapeutic application, 

offering a clear and coherent synthesis of recent advances while 
identifying emerging directions that may shape the next generation 
of controlled release drug delivery systems.

Evolution of Controlled Release Technologies
The evolution of controlled release drug delivery technologies 

reflects a progressive effort to improve therapeutic efficacy, dosing 
convenience, and patient adherence. Early controlled release 
systems trace their roots to the mid‑20th century, most notably with 
the advent of the Span Sule® sustained‑release oral technology in 
the 1950s, which combined immediate and extended drug release 
to maintain therapeutic levels over prolonged periods [5,9]. This 
foundational innovation marked a departure from traditional 
immediate‑release formulations by demonstrating that drug 
release profiles could be engineered to optimize pharmacokinetics 
and clinical outcomes, setting the stage for systematic innovation 
in drug delivery [9]. Throughout the latter half of the 20th 

century, controlled release technologies matured through 
advances in formulation and delivery routes. First‑generation 
systems (1950s-1980s) largely focused on oral and transdermal 
sustained‑release designs that extended dosing intervals for 
small‑molecule drugs. As the field progressed into the 1980s and 
1990s, research expanded to include zero‑order release systems, 
long‑acting depot formulations, and biodegradable polymeric 
implants capable of delivering drugs over weeks or months with 
predictable kinetics [5,9]. The turn of the century ushered in the 
second major wave of controlled release innovation, centered on 
nanocarrier‑based platforms. Nanotechnology enabled the design 
of polymeric nanoparticles, liposomes, micelles, dendrimers, and 
other nanoscale carriers that could encapsulate a diverse range 
of therapeutics including poorly soluble drugs and biologics and 
improve their bioavailability, stability, and biodistribution [10]. 
These nanocarriers offered enhanced control over drug release 
profiles, facilitated passive and active targeting, and expanded the 
therapeutic repertoire of controlled release systems beyond small 
molecules to include peptides, proteins, and nucleic acids [11]. 
More recently, the evolution of controlled release technologies has 
been characterized by stimuli‑responsive and “smart” delivery 
systems, which release drugs in response to specific physiological 
or external cues. Advances in stimuli‑responsive nanocarriers allow 
drug release to be modulated by environmental triggers such as pH 
gradients, enzymatic activity, temperature shifts, redox conditions, 
or externally applied stimuli like light and magnetic fields [12]. 
These systems enhance spatiotemporal precision in drug delivery by 
exploiting pathological microenvironments or clinician‑controlled 
triggers, improving therapeutic index and reducing off‑target effects 
[13,14]. In summary, controlled release technology has evolved 
from simple sustained‑release oral matrices to sophisticated 
platforms that integrate material science, nanotechnology, and 
responsive design (Figure1). This evolution reflects a trajectory 
aimed at achieving precise control over drug release characteristics, 
addressing complex biological challenges, and meeting the 
demands of modern therapeutic regimens. Continued innovation 
in smart materials and programmable delivery systems promises 
to further improve specificity, responsiveness, and clinical impact 
across a broad range of therapeutic contexts (Table1).
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Figure 1: The evolution of controlled release drug delivery technologies. This timeline illustrates the progression from 
early sustained-release oral systems (1950s) to first-generation oral and transdermal platforms (1980s), nanocarrier-
based delivery (2000s), and modern stimuli-responsive systems. It highlights key innovations in drug release control, 
targeting, and programmability, reflecting the transition from simple matrices to advanced, precision therapeutics.

Table 1: Background from 1950 on drug delivery technologies and technology needed for the future.

1st Generation (1950) 2nd Generation (1980) 3rd Generation (2010)

Basics of Controlled Release Smart Delivery System Modulated Delivery System

• Oral

Once-a-day or twice

• Zero-Orde

Zero-Order vs first-Order

Poorly Soluble Drugs

• Non-Toxic Excipients

Transdermal-Once-a-day, Once-a-week
Peptide and Protein Durable depot with 

biodegradable polymers Delivery to pulmonary 
sites

Peptide and Protein Delivery for >6 months 
control of Release Kinetics

• Non-invasive Delivery

Drug release

• Mechanisms

• Dissolution

• Diffusion Osmosis.

• Ion-Exchange

Smart polymers and hydrogels

• Responsive to the condition

• Auto-release

Smart polymers and hydrogels

• Signal specificity and sensitivity

• Rapid response kinetics

Nanoparticles

• Tumor-specific delivery

Targeted drug delivery

• Non-toxic to non-target cells

• Overcoming the barrier of blood-brain

Successful control of physicochemical properties 
of delivery Cannot overcome the biological barriers Should surmount both biological and 

physiochemical barriers

Mechanisms of Controlled Drug Release
Controlled release drug delivery systems are designed to 

regulate the timing, rate, and location of therapeutic agent release, 
enhancing efficacy while minimizing toxicity. The underlying 
mechanisms that govern drug liberation are critical to the rational 

design of formulations and include diffusion, degradation/erosion, 
swelling, osmosis, and stimuli-responsive release. Diffusion 
remains one of the most fundamental mechanisms, particularly in 
polymeric matrices and reservoir systems, where drug molecules 
migrate along a concentration gradient through water-filled pores 
or polymer networks. This process is well described by Fick’s laws 



4

Mod Appro Drug Des       Copyright © Moses Adondua Abah

MADD.MS.ID.000605. 5(1).2026

of diffusion and is often modelled using the Higuchi equation, 
which predicts cumulative release as proportional to the square 
root of time. Diffusion-controlled systems are highly dependent on 
polymer porosity, drug solubility, and matrix architecture, allowing 
for predictable sustained delivery of small molecules and certain 
biologics [15]. In parallel, degradation and erosion mechanisms 
rely on the gradual breakdown of the carrier material to release 
encapsulated drugs. Biodegradable polymers undergo chemical 
or enzymatic cleavage, either at the surface (surface erosion) or 
throughout the bulk matrix (bulk erosion), leading to sustained 
and sometimes near zero-order release kinetics. The degradation 
profile can be precisely tuned by polymer chemistry, molecular 
weight, and environmental conditions, providing versatility across 
different therapeutic contexts [16]. Swelling-controlled systems, 
typical of hydrophilic polymeric matrices such as hydrogels, utilize 
water uptake to expand the polymer network. This hydration 
alters the polymer’s glass transition properties, facilitating drug 
diffusion through the swollen matrix. The release kinetics in such 
systems are influenced by polymer composition, crosslink density, 
and external conditions such as pH and ionic strength, making 
them suitable for site-specific and controlled [16]. Osmotic-driven 
mechanisms employ water influx to generate internal pressure 
that drives drug release through semipermeable membranes 
or openings. These systems are particularly valuable in oral 
osmotic pumps and implantable devices because they can achieve 
near constant, predictable release rates, largely independent of 

external variables such as gastrointestinal transit or enzymatic 
activity [17]. Modern drug delivery has further embraced stimuli-
responsive or smart systems, where drug release is triggered by 
specific internal cues such as pH, enzymes, or redox conditions, 
or by external signals such as temperature, light, or magnetic 
fields. These platforms provide on-demand, site-specific release, 
enabling precise therapeutic control in contexts such as tumor 
microenvironments, localized inflammation, or targeted organ 
delivery [18]. Most contemporary controlled release systems 
integrate multiple mechanisms to optimize drug performance. For 
example, a hydrogel-based nanoparticle may combine swelling-
induced diffusion with enzyme-triggered degradation, while a 
nanocarrier could leverage diffusion, osmotic pressure, and external 
stimuli for spatiotemporal control. Understanding the interplay 
of these mechanisms allows researchers to design formulations 
with tailored release profiles, achieving therapeutic windows with 
minimal systemic exposure and improved patient compliance. This 
mechanistic insight underpins the development of next-generation 
drug delivery systems, guiding material selection, architectural 
design, and functionalization strategies across both small-molecule 
and biologic therapeutics [15-17]. This mechanistic framework is 
central to advancing therapeutic outcomes, minimizing side effects, 
and enabling the development of innovative, clinically relevant 
delivery platforms that meet the diverse needs of contemporary 
medicine (Figure 2).

Figure 2: Mechanisms of controlled drug release. Illustration of the main drug release mechanisms: diffusion, 
degradation/erosion, swelling, osmotic pressure, and stimuli-responsive release, highlighting how each controls drug 

liberation.

Materials and Formulation Strategies in Controlled 
Release Systems

Controlled release drug delivery relies on the thoughtful 
selection of materials and formulation strategies that together 
dictate release kinetics, biocompatibility, targeting capability, and 
clinical performance. At the heart of many advanced controlled 
release systems are polymers, which serve as structural matrices, 

carriers, or vehicles for encapsulating therapeutic agents. Both 
synthetic polymers (e.g., Poly (Lactic‑Co‑Glycolic Acid) [PLGA], 
polycaprolactone, ethyl cellulose) and natural polymers (e.g., 
chitosan, alginate, dextrans, hyaluronic acid) are widely employed 
due to their tunable degradation profiles, mechanical properties, 
and biocompatibility, enabling sustained or programmed drug 
release over predetermined durations [16]. Synthetic polymers can 
be engineered with specific molecular weights and compositions 
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to achieve desired release profiles, whereas natural polymers 
offer inherent biodegradability and minimal toxicity, making them 
especially attractive for clinical translation. The combination 
of polymers with functional moieties further introduces 
responsiveness to physiological stimuli such as pH or enzymes, 
enhancing control over drug liberation in targeted environments 
[16]. Nanocarrier platforms constitute another central formulation 
strategy in controlled release systems, enabling enhanced delivery of 
both hydrophilic and hydrophobic drugs. Polymeric nanoparticles, 
micelles, dendrimers, and lipid‑based carriers such as liposomes 
provide high surface areas and modifiable surfaces for drug loading, 
protection, and targeted release. The physicochemical properties 
of nanoparticles size, surface charge, hydrophobicity can be tuned 
to optimize circulation time, cellular uptake, and biodistribution, 
thereby improving therapeutic efficacy while reducing off‑target 
effects. In particular, polymeric nanoparticles functionalized with 
stimuli‑responsive linkers have been developed to release drugs 
selectively in microenvironments characterized by specific triggers, 
such as the acidic pH of tumor tissue or elevated enzyme levels, 
enabling more precise and effective treatment regimens [19]. 
Lipid‑based carriers such as liposomes and solid lipid nanocarriers 
offer complementary advantages. Liposomes, composed 
of phospholipid bilayers, can encapsulate both hydrophilic 
and lipophilic drugs while protecting them from premature 
degradation. Their surfaces can be modified with Poly Ethylene 

Glycol (PEG) or targeting ligands to increase circulation time and 
facilitate active targeting, improving accumulation at disease sites 
and controlled release of therapeutic payloads. Liposomal and 
hydrogel hybrids have also been developed to combine prolonged 
retention and responsive release functionalities, particularly in 
applications such as cancer therapy and localized treatments [20]. 
Hydrogels and injectable depots represent another vital class of 
carriers, comprised of crosslinked polymer networks capable 
of absorbing significant water content. These systems provide 
matrix‑based sustained release and can be engineered for in situ 
gelation upon administration, forming depots that release drugs 
over long durations while minimizing invasive procedures. By 
adjusting crosslink density and polymer composition, hydrogel 
systems can mitigate burst release and achieve controlled diffusion 
over extended periods, making them suitable for delivering large 
biomolecules such as proteins and vaccines [21]. Finally, hybrid 
and porous materials such as mesoporous silica nanoparticles and 
engineered composite carriers integrate multiple functionalities 
high drug loading, tailored surface chemistry, and triggered 
release behavior enabling precise regulation of release kinetics 
and targeted delivery (Table 2). These approaches are increasingly 
explored in advanced formulations that combine the strengths 
of different material classes to overcome biological barriers and 
improve therapeutic outcomes [22].

Table 2: Key materials and formulation approaches in controlled release drug delivery.

Carrier/Materials Examples Formulation Strategies

Synthetic Polymers PLGA, Polycaprolactone, Ethyl cellulose Microparticles, implants, films, matrix tablets

Natural Polymers Chitosan, Alginate, Dextrans, Hyaluronic acid Hydrogels, beads, films, matrices

Nanocarriers Polymeric nanoparticles, Micelles, Dendrimers Nanoparticles, nano emulsions, polymer-drug conjugates

Lipid-Based Carriers Liposomes, Solid lipid nanoparticles Liposomes, solid lipid nanoparticles, nanostructured lipid 
carriers

Hydrogels/Injectable Depots Crosslinked hydrophilic polymers In situ forming gels, injectable depots, microgels

Hybrid / Porous Materials Mesoporous silica, Composite carriers Porous nanoparticles, composite hydrogels, hybrid 
matrices

Applications of Controlled Release Drug Delivery 
Systems

Controlled release drug delivery systems have significantly 
expanded the therapeutic landscape by enabling precise temporal 
and spatial control over drug exposure, thereby improving efficacy, 
safety, and patient adherence across diverse medical applications. 
One of the most impactful areas is cancer therapy, where 
controlled release platforms such as polymeric microparticles, 
hydrogels, and microneedle systems have been developed to 
sustain antigen and adjuvant presentation for cancer vaccines, 
enhancing immunogenicity while reducing the need for frequent 
booster injections [23]. Nanoparticle‑based delivery systems that 
provide controlled and targeted release of chemotherapeutics 
have demonstrated improved tumor accumulation, reduced 
systemic toxicity, and enhanced antitumor effects compared with 
conventional chemotherapy, as evidenced in lung and other solid 
tumor models [3,24]. In the realm of infectious diseases, controlled 
release formulations offer substantial benefits by maintaining 

sustained therapeutic concentrations of antimicrobial agents and 
vaccines, reducing the frequency of administration, and improving 
patient compliance. Injectable sustained‑release gels and 
nanoparticle systems have been explored for prophylactic vaccines, 
long‑acting antibiotic therapy, and post‑exposure prophylaxis, 
addressing logistical and adherence challenges that contribute 
to morbidity and mortality in infectious disease settings [25]. 
For chronic conditions such as diabetes, hypertension, asthma, 
and neurological disorders, controlled release technologies 
ensure steady drug levels over extended periods, minimizing 
peak‑to‑trough fluctuations and enhancing therapeutic consistency. 
This steady pharmacokinetic profile has been particularly valuable 
for hormones and metabolic agents where tight control of systemic 
concentrations is imperative [26]. Pain management is a key 
application of controlled release drug delivery systems. These 
technologies are designed to maintain therapeutic drug levels over 
extended periods and reduce peak‑to‑trough plasma fluctuations 
that are common with immediate‑release formulations, thereby 
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improving pain control and reducing dosing frequency in chronic 
conditions. For example, implantable or long‑acting systems can 
provide continuous opioid or analgesic delivery with improved 
pharmacokinetics and patient adherence compared with 
conventional dosing [27]. Ophthalmic controlled release systems, 
such as periocular implants and ocular inserts, have improved the 
treatment of chronic eye diseases by enabling localized sustained 
drug delivery, which minimizes systemic exposure and reduces 
the burden of frequent topical dosing. These systems have shown 
promise in managing conditions like glaucoma and post‑surgical 
inflammation. Moreover, other routes of administration including 
transdermal patches and oral controlled release formulations have 
demonstrated utility in cardiovascular therapy and central nervous 

system disorders, where maintaining stable plasma drug levels 
is essential for therapeutic success [28]. In summary, controlled 
release drug delivery systems have transformed therapeutic 
strategies across oncology, infectious disease, chronic disease 
management, pain control, hormone therapy, and ophthalmology 
by providing sustained, predictable, and targeted drug exposure. 
These applications underscore the clinical significance of controlled 
release formulations in enhancing therapeutic outcomes, reducing 
dosing frequency, and improving patient adherence. Continued 
innovation in materials and formulation design promises to further 
extend the clinical impact of these systems in precision medicine 
(Figure 3).

Figure 3: Clinical applications of controlled release drug delivery. Central controlled release system connecting to 
major therapeutic areas-cancer, infectious diseases, chronic conditions, pain, hormone therapy, and ophthalmology 

highlighting benefits of improved efficacy, reduced dosing, and enhanced compliance.

Current Challenges in Controlled Release Drug 
Delivery Systems

Despite remarkable advances, the clinical translation of 
controlled release drug delivery systems remains constrained by 
several challenges. Scaling laboratory formulations to reproducible, 
commercially viable products is a major limitation, as many 
promising polymeric, nanoparticle, and hybrid systems exhibit 
excellent in vitro performance but face manufacturing, stability, and 
regulatory hurdles during large-scale production [29]. Maintaining 
precise control over particle size, polymer degradation rates, and 
drug loading while ensuring sterility and long-term stability is 
particularly difficult, limiting the translation of complex delivery 
systems into clinical practice [30]. Safety and biocompatibility 
are central concerns in controlled release applications. Long-
term exposure to synthetic polymers, metallic nanoparticles, 
or hybrid systems can induce immunogenicity, cytotoxicity, or 

tissue accumulation, particularly in chronic therapy settings [31]. 
Additionally, complex pharmacokinetics and biodistribution may 
result in off-target effects or unpredictable systemic exposure, 
necessitating rigorous preclinical evaluation and ongoing post-
marketing surveillance [30]. Regulatory pathways for novel 
delivery platforms, especially stimuli-responsive or multifunctional 
hybrid systems, remain underdeveloped, creating uncertainty that 
slows clinical adoption [29].

Future Research Directions
Future directions should focus on next-generation innovations 

to overcome these challenges. Stimuli-responsive systems that 
release drugs in response to specific internal or external cues, 
such as pH, temperature, light, or enzymatic activity, offer on-
demand and site-specific therapy [32]. Personalized and modular 
platforms, incorporating patient-specific parameters and AI-guided 
predictive pharmacokinetic modeling, are emerging to tailor drug 
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release kinetics to individual therapeutic needs [29]. Bioinspired 
and biodegradable materials, including self-assembling peptides, 
DNA nanostructures, and advanced hydrogels, provide safer, 
sustainable alternatives for long-term administration [31]. 
Multifunctional hybrid systems, combining polymeric matrices 
with nanoparticles, liposomes, or hydrogels, can enhance targeting 
and release control while minimizing systemic toxicity [30]. 
Advances in microfabrication, 3D printing, and nanomanufacturing 
enable precise control of structure at micro- and nanoscale levels, 
improving reproducibility and predictability of drug release [32-
34]. Interdisciplinary collaboration between material scientists, 
clinicians, and regulatory authorities, along with standardized 
evaluation protocols, is essential to accelerate clinical translation 
and maximize therapeutic impact [29].

Conclusion
Controlled release drug delivery systems have transformed 

modern therapeutics by enabling precise control over the timing, 
rate, and site of drug release. Through the integration of advanced 
materials, formulation strategies, and innovative platforms, these 
systems improve efficacy, reduce dosing frequency, and enhance 
patient compliance across a wide range of clinical applications. 
Despite significant progress, challenges remain in large-scale 
manufacturing, safety, regulatory translation, and long-term 
biocompatibility. The convergence of smart stimuli-responsive 
materials, personalized and modular delivery platforms, and 
advanced fabrication techniques represents the future of controlled 
release technologies. Continued interdisciplinary research and 
innovation will be critical to overcoming current limitations and 
realizing the full clinical potential of these systems, ultimately 
advancing precision medicine and improving therapeutic outcomes.
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