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ABSTRACT 

Stimuli-responsive drug delivery systems (SRDDS) have emerged as innovative platforms for achieving controlled and targeted drug release in response to specific 

physical, chemical, or biological triggers. These systems utilize advanced materials, including polymers, liposomes, nanoparticles, dendrimers, and hydrogels, 

which change such as swelling, degradation, bond cleavage, or conformational transformation upon exposure to stimuli. SRDDS have shown significant potential 

in cancer therapy, diabetes management, inflammatory and neurological disorders, and antimicrobial applications, providing enhanced efficacy and reduced 

systemic toxicity. This review presents a concise overview of classification, materials, mechanisms, and applications, highlighting recent advances and future 

perspectives, including multi-stimuli-responsive carriers, 3D-printed hydrogels, and minimally invasive devices. The insights provided aim to guide further research 

and translation into clinical practice.  

INTRODUCTION 

Stimuli-responsive drug delivery systems (SRDDS), commonly known as "smart" or "intelligent" systems, have surfaced as a promising approach. 

Efficient drug delivery continues to be a major obstacle in contemporary medicine, as traditional systems frequently encounter limitations like poor 

bioavailability, systemic toxicity, uncontrolled release, and inadequate site specificity [1,2]. These limitations can diminish therapeutic effectiveness and 

heighten adverse effects, especially in intricate diseases such as cancer, diabetes, and neurological disorders [3,4]. 

To overcome these issues [5,6]. SRDDS are designed to release therapeutic agents in response to specific internal (endogenous) triggers, including pH 

changes, redox potential, enzyme activity, or reactive oxygen species, as well as external (exogenous)stimuli, including temperature, light, magnetic 

fields, ultrasound, and electric fields [5–8]. This method of controlled release enables precise targeting in both time and space, enhancing drug efficacy 

at the intended site while reducing off-target effects [7,8]. 

Progress in polymeric carriers, nanoparticles, liposomes, and hydrogels has enabled the creation of SRDDS that can respond dynamically to the 

surrounding microenvironment [6,9]. Categorizing these systems according to the type of stimulus—endogenous versus exogenous, single versus multiple 

stimuli—provides a structured framework for developing customized therapeutic platforms [5,6]. In addition, SRDDS have demonstrated considerable 

potential in clinical applications, including targeted tumor therapy, diabetes control, neurological drug administration, and wound healing [3,7]. 

This review aims to deliver a thorough summary of SRDDS, emphasizing their classification, material design, mechanisms of action, applications, and 

obstacles, while underscoring future perspectives to direct the evolution of next-generation smart drug delivery systems. 

CLASSIFICATION OF STIMULI RESPONSIVE DRUG DELIVERY SYSTEM 

Stimuli-responsive drug delivery systems (SRDDS) can be categorized based on the nature of the stimulus that initiates drug release. These stimuli are 

typically classified into physical, chemical, or biological categories, which can be either endogenous (originating from within the body) or exogenous 

(coming from outside the body) [3–6]. This classification is useful for designing systems that are specifically suitable for various therapeutic applications. 

1. Physical Stimuli-Responsive Systems 

Temperature: Thermo-sensitive polymers like poly(N-isopropylacrylamide) (PNIPAM) exhibit reversible transitions between sol and gel states to 

facilitate drug release at designated temperatures [5,9]. 

Light: Ultraviolet (UV) or near-infrared (NIR) light can activate photo-sensitive carriers for targeted therapy [3,10]. 

Magnetic Field: Magnetic nanoparticles can discharge drugs when exposed to external magnetic fields, providing remote control options [5,11]. 
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Ultrasound: Acoustic waves can cause cavitation or disruption of vesicles, promoting localized drug release [3,12]. 

2. Chemical Stimuli-Responsive Systems 

pH-Responsive: The acidic pH found in tumor or inflamed tissues triggers drug release from carriers based on hydrazone or Schiff-base structures [6,13]. 

Redox-Responsive: Elevated levels of intracellular glutathione can reduce disulfide bonds in carriers, resulting in drug liberation [6,14]. 

Glucose-Responsive: The release of insulin or drugs is stimulated by glucose in glucose oxidase-based systems [3,15]. 

3. Biological (Endogenous) Stimuli-Responsive Systems 

Enzyme-Responsive: Enzymes that are overproduced in specific tissues can cleave linkers, enabling the targeted release of drugs [5,16]. 

Receptor-Targeted: The interactions between ligands and receptors facilitate internalization and subsequent drug release in specific cells [6,17]. 

4. Multi-Stimuli-Responsive Systems 

Sophisticated SRDDS are designed to respond to multiple stimuli, which improves targeting accuracy. For instance, carriers that are sensitive to both pH 

and temperature can release drugs solely at tumor locations when hyperthermic conditions are present [10,18]. 

STIMULUS TYPE EXAMPLE/MATERIAL MECHANISM OF DRUG 

RELEASE 

  REFERENCE 

PHYSICAL: 

Temperature PNIPAM, thermo-responsive 

hydrogels 

Swelling/shrinking with 

temperature change 

[5,9] 

Light Photo-responsive polymers, gold 

nanoparticles 

Bond cleavage/ carrier 

disruption 

[3,10] 

Magnetic Magnetic nanoparticles External magnetic field- 

triggered release 

[5,11] 

Ultrasound Liposomes, polymeric nanoparticles Cavitation-induced release [3,12] 

CHEMICAL 

pH Hydrazone-linked polymers, Schiff-

base carriers 

Bond cleavage/carrier 

disruption 

[6,13] 

Redox Disulphide-linked nanoparticles Reduction- triggered bond 

cleavage 

[6,14] 

Glucose Glucose oxidase- modified polymers Enzyme-mediated release [3,15] 

BIOLOGICAL: 

Enzyme Enzyme-sensitive dendrimers, 

hydrogels 

Enzyme-triggered bond cleavage [5,16] 

Receptor- targeted Ligand-functionalized 

nanoparticles 

Receptor-mediated endocytosis [6,17] 

Multi-stimuli Dual pH+ temperature- sensitive 

carriers 

Multiple triggers for controlled 

release 

[10,18] 

Materials and Mechanisms of Stimuli-Responsive Drug Delivery Systems 

The creation of stimuli-responsive drug delivery systems is fundamentally based on sophisticated materials that can react to certain triggers, enabling 

regulated and targeted drug release. These materials encompass polymers, liposomes, dendrimers, nanoparticles, and hydrogels, each presenting distinct 

benefits in response to physical, chemical, or biological stimuli [19,20]. 
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1. Materials Utilized 

Polymers: Natural (such as chitosan, alginate, and hyaluronic acid) and synthetic (including poly(N-isopropylacrylamide) and poly(lactic-co-glycolic 

acid)) polymers are commonly employed. These polymers are capable of swelling, degrading, or altering their conformation in response to stimuli, 

facilitating controlled drug release [19,21]. 

Liposomes: Vesicles composed of phospholipids that can encapsulate both hydrophilic and hydrophobic drugs. They can be modified with stimuli-

responsive components to release drugs within targeted tissues [20,22]. 

Nanoparticles: Comprising metallic (gold, silver), polymeric, and magnetic variations, nanoparticles offer a high surface area and adjustable 

responsiveness to external stimuli such as light or magnetic fields [21,23]. 

Dendrimers: Complexly branched macromolecules with an intricate architecture, permitting multiple functional groups for targeting and responsiveness 

to stimuli [19,24]. 

Hydrogels: Three-dimensional networks that can absorb water and release drugs under specific pH, temperature, or enzymatic conditions [20,25]. 

2. Mechanisms of Stimuli-Responsive Drug Release 

Stimuli-responsive systems dispense drugs via various mechanisms influenced by the type of stimulus and material: 

Swelling/Shrinking: Polymers and hydrogels are capable of absorbing water and swelling, leading to drug diffusion. This behavior is often triggered by 

changes in temperature or pH [19,21]. 

Degradation: Materials undergo degradation through hydrolysis or enzymatic breakdown, controlling the release of encapsulated drugs systematically 

[20,22]. 

Bond Cleavage: Chemical linkers such as disulfide, hydrazone, or Schiff bases disintegrate in response to redox or pH variations, initiating drug release 

[21,23]. 

Conformational Change: Polymers or proteins experience structural alterations when exposed to stimuli, facilitating the release of drugs from the carrier 

[19,24]. 

External Trigger Disruption: Physical disruption from light, magnetic fields, or ultrasound can lead to the release of cargo from carriers like liposomes 

or nanoparticles [20,25]. 

3. Examples from Recent Studies 

pH-responsive polymeric nanoparticles have been developed for tumor therapy, showing improved accumulation in acidic microenvironments [19]. 

Thermo-responsive hydrogels have been designed for the controlled release of insulin, enhancing glucose regulation in diabetic models [20]. 

Magnetic nanoparticles modified with anticancer drugs can release their payload upon exposure to an external magnetic field [21]. 

Dendrimer systems capable of enzyme cleavage allow for site-specific drug release in inflammatory tissues [19,24]. 

Applications and Recent Developments in Stimuli-Responsive Drug Delivery Systems 

Stimuli-responsive drug delivery systems (SRDDS) have demonstrated significant promise across a range of biomedical applications due to their 

accuracy, controllable release mechanisms, and targeted delivery capabilities. These applications include cancer treatments, diabetes control, 

inflammation management, neurological disorders, and antimicrobial therapies [26–28]. 

1. Cancer Treatments   

Tumor-targeted delivery: SRDDS can take advantage of the acidic pH, elevated glutathione concentrations, and specific enzymes present in the tumor 

microenvironment to selectively release chemotherapeutic agents [26].   

Photothermal and photodynamic treatments: Nanocarriers that respond to near-infrared light or magnetic fields facilitate localized heating or the 

generation of reactive oxygen species for improved tumor destruction [27].   

Combination therapies: Multi-stimuli-responsive carriers enable concurrent delivery of chemotherapeutics and gene therapy agents, enhancing treatment 

effectiveness while reducing systemic toxicity [28].   

2. Diabetes Control   

Glucose-responsive insulin administration: Systems utilizing glucose oxidase or phenylboronic acid-modified polymers can release insulin in response 

to changing blood glucose levels [26,29].   

Implantable hydrogels and microneedle patches improve patient adherence and help maintain consistent glycemic control without the need for frequent 

injections [27].   
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3. Inflammatory and Neurological Conditions   

Enzyme-responsive nanoparticles specifically target inflamed tissues in conditions such as rheumatoid arthritis, delivering anti-inflammatory medications 

precisely where they are needed [28].   

Brain-targeted delivery: SRDDS designed to cross the blood-brain barrier through ligand-mediated or stimulus-triggered approaches are being 

investigated for the treatment of neurodegenerative disorders [29,30].   

4. Antimicrobial Treatments   

pH- and enzyme-sensitive carriers release antibiotics at the site of infection, minimizing systemic exposure while enhancing treatment efficacy [30].   

Light-activated or redox-sensitive nanoparticles can dismantle bacterial biofilms and eliminate resistant strains [31].   

5. Recent Developments   

Multi-responsive nanocarriers: Integration of pH, temperature, and redox sensitivity to achieve precise drug delivery [26,32].   

3D-printed hydrogels and scaffolds: Tailored drug delivery systems featuring controlled spatial and temporal release [27,33].   

Stimuli-responsive microneedles: Minimally invasive devices for the transdermal administration of proteins, vaccines, and small molecules [28,34]. 

APPLICATION AREA STIMULUS TYPE MATERIAL/CARRIER KEY OUTCOME REFERENCE 

Cancer therapy  pH, temperature, 

Light 

Polymeric nanoparticles, 

liposomes 

Targeted chemo 

release, tumour ablation 

[26-28] 

Diabetes Glucose Glucose-responsive hydrogels, 

microneedle patches 

Controlled insulin 

release, stable glycemic 

control 

[26,29] 

Inflammation Enzyme Enzyme- sensitive nanoparticles Site-specific anti-

inflammatory drug 

delivery 

[28,30] 

Neurological disorders Receptor-mediated Ligand-targeted nanoparticles BBB crossing, 

localized drug delivery 

[29,30] 

Antimicrobial therapy Light, Ph, enzyme  Light-activated nanoparticles, 

enzyme-responsive carriers  

Biofilm disruption, 

enhanced bacterial 

killing 

[30,31] 

 

Multi- responsive 

platforms 

pH, temperature+  redox Smart nanocarriers Precison therapy with 

reduced systemic 

toxicity 

[32] 

Personalized 3D- printed 

systems 

pH, temperature Hygrogel scaffolds Spatial and temporal 

control of drug release 

[33] 

Mimimally invasive 

delivery 

Mechanical/ hydrogel 

response 

Stimuli- responsive 

microneedles 

Pain-free controlled 

transdermal delivery 

[34] 

Future Outlook of Stimuli-Responsive Drug Delivery Systems 

Stimuli-responsive drug delivery systems (SRDDS) have achieved significant advancements, yet there are numerous prospects remaining to improve 

their accuracy, safety, and ability to be utilized clinically. 

1. Multi-Stimuli Intelligent Systems 

Future innovations are aimed at creating multi-responsive nanocarriers that can react to pH, temperature, redox, and enzymatic signals simultaneously 

[21,32]. 

The integration of multiple triggers enhances targeted drug release while minimizing overall systemic side effects. 

2. Customized and 3D-Printed Platforms 

3D-printed hydrogels and scaffolds can be tailored specifically for individual patients, permitting fine control over when and where drugs are released 

[33]. 
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These systems can also incorporate biosensors to provide real-time monitoring of drug release, facilitating precise therapies. 

3. Minimally Invasive Delivery Mechanisms 

Stimuli-responsive microneedles are evolving as a non-painful method for delivering drugs through the skin [34]. 

Ongoing research is concentrating on merging microneedles with intelligent hydrogel formulations for prolonged and controlled drug release. 

4. Translation into Clinical Practice and Safety 

Although there have been significant advancements, many SRDDS remain in preclinical or initial clinical phases. 

Future research must assess long-term compatibility with biological systems, degradation processes, clearance mechanisms, and the viability of large-

scale production [19,20]. 

CONCLUSION: 

Stimuli-responsive drug delivery systems signify a groundbreaking development in healthcare, enabling targeted, regulated, and adaptive treatment 

strategies. 

Various physical, chemical, and biological signals facilitate the precise release of drugs at specific locations [3–6,9–18]. 

Enhanced materials like polymers, nanoparticles, dendrimers, liposomes, and hydrogels create flexible frameworks for both drug encapsulation and 

release [19–25]. 

Recent applications in treating cancer, managing diabetes, addressing inflammation, tackling neurological issues, and developing antimicrobial therapies 

showcase the extensive potential of these systems [26–34]. 

Future initiatives will encompass multi-stimuli carriers, individualized 3D-printed platforms, minimally invasive delivery systems, and comprehensive 

assessments for clinical implementation [21,32–34]. 
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