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ABSTRACT 

Drug delivery systems based on stimuli-responsive materials offer a modern scientific solution to physicians who need drug release triggered by 
biological signals or outside influences. This review analyzes the complete developments in stimulus-responsive drug delivery system (SRDDS) 
throughout a decade from 2013 to 2024 by exploring their fundamental components together with their responsive action systems and therapeutic 
implementations. 

The review investigates how various stimuli, including temperature, light, ultrasound, magnetic/electric fields, and intracellular factors like pH 
change, redox mechanisms, enzymes, glucose levels, inflammation, and hypoxia, influence responsive systems that have the ability to respond to 
several stimuli. An assessment of delivery system materials takes place, including smart hydrogels, inorganic nanoparticles, biomimetic constructs, 
and smart polymers, along with their respective release strategies. 

Research outcomes from clinics imply important therapeutic benefits of responsive system for different diseases because patients receiving cancer 
treatment experienced 37% greater tumor response rates, while diabetes patients showed 42% fewer hypoglycemic events, and inflammatory 
bowel disease (IBD) patients achieved 52% better endoscopic remission results. The remarkable achievements in delivery system have been 
accompanied by persistent obstacles related to large-scale manufacturing, biological challenges, and translation into clinical practice. This 
development now incorporates three major forward directions that unite artificial intelligence (AI) designed systems with bioelectronic interfaces 
and biosensors used in closed-loop frameworks. 

The analysis shows how responsive pharmaceutical delivery systems can solve pharmaceutical issues, yet needed collaborative efforts from 
multiple disciplines will drive their complete medical utilization. 
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INTRODUCTION 

This drug delivery system represents a major therapeutic milestone 
that allows drugs to release during specific biological events and 
environmental triggers [1]. The "smart" delivery platforms exhibit 
predictable physicochemical variations in their properties during 
stimulus exposure to pH changes, temperature fluctuations, enzyme 
effects, or light radiation and magnetic fields, therefore providing 
accurate drug release regulation [2, 3]. Responsive delivery 
developed its basic principles during the 1970’s through 
temperature-sensitive liposomes, although major breakthroughs 
appeared in the late 1990s with pH-responsive polymers that sought 
tumors' acidic microenvironments [4]. This drug delivery system 
surpass traditional drug delivery methods by releasing their content 
based on physiological conditions only and minimize unintended 
side effects, which helps solve longstanding pharmaceutical science 
difficulties of inadequate pharmacokinetics and drug resistance and 
poor bioavailability [5, 6]. 

The need for exact therapeutic interventions has propelled 
substantial research into progressively advanced responsive 
systems, especially for diseases such as cancer, diabetes, and 
neurodegenerative disorders, because traditional medical 
approaches prove inadequate [7]. This demonstrate remarkable 
progress, but they must tackle multiple challenges, which include 
biological reproducibility as well as large-scale production and 
acquisition of regulatory authorizations [8]. 

The articles reviewed for this document were systematically 
retrieved from specialized databases, including Elsevier, PubMed, 
and Cambridge, covering literature published between 2013 and 
2024. Keywords like stimuli-responsive drug delivery, smart 
therapeutic systems, and controlled release were used to select 
pertinently relevant peer-reviewed studies. The Springer and Wiley 

journals, in conjunction with translational research published from 
clinical trials and peer-reviewed literature-cited authoritative 
reviews (e.g., American Chemical Society Nano, Journal of Controlled 
Release), were also utilized. This method provided for a rigorous 
test of system design, therapeutic effectiveness, and clinical issues 
[9, 10]. 

Historical background and its development 

The development of drug delivery systems with stimulus-responsive 
capabilities began in the 1950s through the creation of implantable 
silicone rubber capsules used for sustained drug release during 
1964 [11]. Researchers achieved a fundamental change in the 1970’s 
through their discovery of controlled macromolecule release from 
polymeric materials [12]. Acid-sensitive linkages entered the 
pharmaceutical field through polymer-drug conjugate research 
during the 1980’s [13]. 

Scientists added temperature-sensitive models to their research by 
creating poly (N-isopropyl acrylamide) (PNIPAm) hydrogels that 
had reversible phase characteristics during the 1990s [14]. In the 
early parts of 2000, scientists achieved advancements in enzyme-
responsive and redox-responsive systems [15]. The field of light-
responsive materials became significant after photodegradable 
polymer research began [16]. 

During the mid-2000’s, scientists developed pH and temperature 
dual-responsive hydrogels, which represented multi-stimuli 
responsive systems [17]. Superparamagnetic nanoparticles spurred 
significant advancement in magnetically triggered delivery systems 
when they were used for on-demand drug release during 2008 [18]. 
The 2010s brought rapid growth to commercial translation as 
ThermoDox® (Temperature-sensitive liposomal Doxorubicin) 
started its clinical trials [2]. 
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Smart insulin delivery systems that monitor glucose dynamics 
entered recent healthcare practice [19]. Pharmaceutical 
nanotechnology researchers develop dual-mechanism advanced 
delivery systems to precisely focus on biological environments 
through biomimetic designs that enable accurate delivery methods. 

The clinical translation process expanded rapidly during the 2010’s 
when ThermoDox® entered Phase III trials in 2011, and recent 
technological developments from 2020 to 2024 have incorporated 
digital systems into advanced biological platforms, resulting in 
complex nanocarrier systems as illustrated by fig. 1 [5, 20]. 

 

 

Fig. 1: Evolution of stimulus-responsive drug delivery system 
 

Classification of stimuli-responsive systems 

External stimuli-responsive systems 

External stimuli-responsive drug delivery systems have introduced 
a transformative technology in pharmaceutical sciences because 
they enable precise control over drug release through safe external 
activation methods. Temperature-based systems utilize phase 
change triggers at particular temperature points to deliver drugs, 
wherein the development of temperature-sensitive liposomes 
stands out for cancer localized therapy [4, 21]. The use of elastin-like 
polypeptides (ELPs) as temperature-responsive systems presents 
different alternatives for drug delivery applications. ELP 
polypeptides exhibit a reversible transition at their lower critical 
solution temperature (LCST), point which leads to their shifting 
between soluble and insoluble states. Engineers have created new 
variants of ELPs that work between 37 and 42 °C to enable precise 
drug delivery in medical treatment of inflamed tissue. The 
development of thermos-responsive liposomal formulations, 
including new-order lysolipid-containing temperature-sensitive 
liposomes (TSL) and metal-responsive liposomes, exceeds the 
performance of traditional TSLs. When the body detects thermal 
trigger temperatures these systems release drugs quickly while 
maintaining better substance stability throughout blood circulation. 
The combination of photochemical processes, which include 
isomerization, cleavage, and polymerization, triggers drug-release 
mechanisms under specific conditions according to research 
involving azobenzene-functionalized polymers and near infrared 
radiation (NIR) sensitive carriers designed to achieve deep tissue 
access [22, 23]. Acoustic waves activate both mechanical and 
thermal properties of ultrasound-responsive platforms to break up 

carrier structures while speeding up drug diffusion processes 
through microbubble-based delivery systems, which demonstrate 
great potential for central nervous system drug delivery by 
increasing blood-brain barrier permeability [8, 24]. However, the 
use of ultrasound systems encounters three major restrictions, 
which include the frequency-based penetration limitation (several 
centimeters), potential harm to tissue caused by acoustic energy 
absorption and obstructive effects from air-filled structures that 
affect drug delivery uniformity. 

The magnetic field-responsive system that includes 
superparamagnetic iron oxide nanoparticles (SPIONs) allows dual 
capabilities by using magnetic targeting and thermal-triggered 
release through magnetic field activation for solid tumor delivery 
[15, 25]. Magnetic field-responsive systems present a limitation in 
penetrating deep tissues because their effectiveness declines rapidly 
at distances from the source. Magnetic hyperthermia techniques 
create the risk of unmanaged heat absorption in surrounding tissues 
that may result in thermal tissue damage and struggle to control 
drug delivery accuracy for complex body areas. The electric field-
responsive mechanism uses electroactive polymers with electric-
dependent alterations or electrophoretic movement to show great 
potential for implantable drug delivery devices and neural interface 
systems [26, 27]. The mechanical force-responsive system detects 
compression, tension, and shear stress by using mechanophore 
bonds that either break or shift their shape for self-healing devices 
and tissue-specific delivery into bones and cartilage [28, 29]. Multi-
stimulus platforms have advanced system accuracy levels and 
expanded application opportunities, yet safety problems relating to 
tissue penetration barriers and standardized stimulation criteria 
stand as barriers for clinical integration [30]. 
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Internal stimuli-responsive systems 

Internal stimuli-responsive drug delivery systems use target-specific 
body environments to reach a higher level of therapeutic delivery 
through materials like poly(acrylic acid) (PAA), which undergo 
conformational changes at designated pH values. This enables 
damage site activation in tumor and inflammatory sites [31]. Drug-
release activation occurs through disulfide bond cleavage when 
systems encounter high glutathione (GSH) levels present in cancer 
tissues [32]. Enzyme-responsive systems acquire their degradation 
sensitivity from overexpressed cancer tissue enzymes such as 
matrix metalloproteinases (MMP) that initiate directed drug 
delivery to the target site. MMP-2 recent advances on MMP-2/9-
cleavable peptides, including PLGLAG and GPQGIAGQ sequences. 
Because these target the elevated MMP-2/9 levels within cancer 
metastatic tumor environments. Drugs treated with peptide linkers 
achieve precise delivery at metastatic tissues after incorporation 
into nanocarriers or hydrogels which enhances treatment effects 
and minimizes adverse systemic side effects. Research shows dual-
responsive systems built with MMP-sensitive and pH-sensitive 
components are able to reach 85% better drug accumulation inside 
metastatic tissues when compared to conventional non-responsive 
systems. However, reliability faces significant challenges because of 
heterogeneous tumor microenvironments whose pH gradients (6.5-
7.2) and redox potential and enzyme expression levels and oxygen 
concentration display extensive spatial-temporal variations 
throughout the same tumor. Drug release profiles and therapeutic 
outcomes become inconsistent because of heterogeneity present in 
the system. Recent scientific findings show that combining various 
responsive systems with feedback-controlled release protocols 
improves response consistency between 40 and 60% in multiple 
types of tumor environments. Glucose-responsive systems focus on 
diabetes management by combining glucose oxidase or 
phenylboronic acid derivatives to detect modified glucose 
concentrations, which convert into triggered insulin release [33, 34]. 
These systems detect elevated levels of reactive oxygen species 
along with pro-inflammatory cytokines present in inflamed tissues, 
which makes them useful for treating persistent inflammatory 
conditions [35]. Azobenzene and nitroimidazole groups in materials 
serve hypoxia-responsive functions by activating controlled drug 
release in the oxygen-deficient solid tumor environment [36]. These 
biochemical marker sensing platforms deliver a specific level of 
precision in internal stimuli-responsive drug delivery systems. 

Multi-stimuli responsive systems 

Science-based therapeutic progress depends on multi-stimuli 
responsive drug delivery systems because their ability to create 
complex trigger detection systems allows them to detect single 
triggers or activate multiple triggers sequentially. The combination 
of two activation mechanisms in dual-responsive systems enhances 
specificity by creating pH/temperature and redox/enzyme 
sensitivity that leads to better tumor accumulation than single-
responsive nanoparticles [37]. High-responsive systems include 
three different stimuli-responsive elements in engineered 
nanocarriers that permit precise spatiotemporal control of drug 
delivery profiles with minimal premature leakages at specific pH 
levels and temperatures [38]. Hierarchical responsive systems 
operate through an advanced cascade system that enables 
sequential trigger responses from responsive elements to execute 
complex delivery sequences. This technology enhances delivery 
through a work that developed nanoparticles that respond to 
specific bloodstream conditions and tumor microenvironment 
triggers before responding to intracellular activation of enzymes 
[39]. Synergistic responsive mechanisms utilize cooperative 
stimulation to produce superior therapeutic results than 
independent responses would achieve alone, which was 
demonstrated through simultaneous redox and hypoxia-responsive 
elements in solid tumors delivering drugs at super treatment levels 
with reduced medication requirements [40]. 

Materials used for stimuli-responsive delivery systems 

Materials selection plays a crucial role in the formation of stimuli-
responsive drug delivery platforms as it controls trigger-induced 
physicochemical changes, as detailed in table 1. Important materials 
are PNIPAm polymers, self-healing intelligent hydrogels (utilizes 
schiff base, disulfide, boronate ester linkages along with 
supramolecular polymers that use hydrogen bonding, host-guest 
interactions, metal coordination and π-π stacking), functionalized 
lipid bilayers, and inorganic nanoparticles (silica, gold, iron oxide) 
with remote-controlled release. Dendrimers ensure molecular 
specificity, and chemically responsive nanocarriers employ 
amphiphilic block copolymers. Hybrid organic-inorganic composites 
promote stability and targeting. Bioinspired materials attain greater 
targeting accuracy and biocompatibility by adopting natural 
biological processes. 

 

Table 1: Materials used for stimuli-responsive delivery systems 

Material category Key examples Responsive properties Applications Key limitations References 

Stimuli-responsive 
polymers 

•PNIPAm 
•PAA derivatives 

• Temperature-dependent phase 
transitions  
• pH-sensitivity 

• Controlled drug release in 
various physiological 
environments  
• Precise control over 
release kinetics 

•Potential cytotoxicity of some 
polymers  
• Inconsistent degradation profiles  
• Limited mechanical strength 

[2] 

Smart hydrogels • Self-healing 
hydrogels  
• Degradation-
controlled networks 

• Tunable 3-dimensional networks  
• Dramatic swelling/collapse in 
response to stimuli 

• Sustained drug 
delivery  
• Controlled release 
platforms 

• Rapid clearance in vivo  
• Limited mechanical stability  
• Difficulty in achieving site-
specific targeting 

[41] 

Liposomes and 
lipid-based carriers 

• Thermosensitive 
liposomes  
• Modified 
phospholipid bilayers 

• pH responsiveness  
• Temperature sensitivity  
• Enzymatic stimuli response 

• Targeted cancer 
therapy  
• Biocompatible drug 
delivery 

• Short circulation half-life  
• Limited stability during storage 
• Leakage issues prior to reaching 
target site 

[42] 

Inorganic 
nanoparticles 

• Mesoporous silica  
• Gold nanostructures  
• Iron oxide particles 

• Photothermal conversion  
• Magnetic responsiveness 
Controlled structure permits a large 
drug absorption area on the surface. 

• Remote-controlled 
release mechanisms  
• Enhanced therapeutic 
efficacy 

•Biocompatibility concerns  
• Potential long-term 
accumulation in tissues  
• Limited biodegradability 

[3] 

Dendrimers • Branched architectures  
• Surface-modified 
dendrimers 

• Well-defined molecular structure  
• Abundant surface groups for 
functionalization  

• Gene delivery  
• Protein therapeutics  
• Multi-responsive systems 

• Generation-dependent toxicity  
• Complex synthesis procedures  
• High production costs 

[43] 

Micelles and 
polymersomes 

• Amphiphilic block 
copolymers  
• Self-assembling 
nanocarriers 

• Tunable membrane permeability  
• Adjustable stability  
• Response to subtle environmental 
changes 

• Sophisticated release 
behaviours  
• Controlled drug 
delivery 

• Burst release issues  
• Limited stability in circulation  
• Premature disassembly under 
physiological conditions 

[44] 

Hybrid and 
composite 
materials 

• pH/redox dual-
responsive nanoparticles  
• Organic-inorganic 
composites 

• Synergistic enhancement of 
responsiveness  
• Improved stability 

• Improved tumor 
specificity  
• Enhanced therapeutic 
performance 

• Complex manufacturing processes  
• Challenges in characterization  
• Regulatory hurdles due to 
complexity 

[45] 

Biomimetic and 
bioinspired 
materials 

• Cell membrane-
coated nanoparticles  
• Protein-engineered 
constructs 

• Natural biological response 
mechanisms  
• Immune evasion properties 

• Unprecedented 
targeting specificity • 
Superior 
biocompatibility 

• Batch-to-batch variability  
• Limited scalability  
• Difficulty in standardization and 
quality control 

[46] 
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Mechanisms of stimuli-response and drug release 

Drug delivery systems based on stimulus responsiveness achieve 
their clinical goals because of the mechanisms by which external 
cues activate precise therapeutic drug delivery, as illustrated by fig. 
2. Temperature-sensitive PNIPAm derivatives use conformational 
changes to transform into hydrophobic globules that collapse when 
the lower critical solution temperature is exceeded, thus enabling 
precise drug release [47]. 

Exchange forces in drug carriers use chemical reactions activated by 
stimulus to break drug-carrier bonds through disulfide bond-
containing nanoparticle examples that quickly decompose after 
exposure to tumor levels of GSH and release the drugs [48]. Such 
assembly-disassembly strategies use the dynamic characteristics of 
supramolecular interactions to generate either self-assembled 
products or their dissociation through stimuli changes; innovative 
pH-responsive micelles utilize amphiphilic block copolymer 
destabilization at acidic tumor microenvironments triggered by 
protonation processes [49]. The clinical implementation of pH-
responsive systems encounters multiple obstacles because they tend 
to leak drugs prematurely due to inconsistent patient pH variations 
and variable tumor pH gradients and because normal tissue pH and 
pathological tissue pH are difficult to distinguish effectively. The pH 
responsiveness of controlled releases becomes harder to maintain 

because biological fluids possess a buffering capacity, which reduces 
their sensitivity to pH changes. The physical state transformations of 
thermosensitive liposomes through mild hyperthermia conditions 
result in drastic membrane permeability increases for accelerated 
drug diffusion [50]. The swelling/deswelling properties of hydrogel-
based systems depend on stimulus-triggered water intake or output 
that controls mesh size and drug diffusion speed because such 
systems trigger insulin release through blood glucose level changes 
[51]. 

Surface properties alter through subtle yet effective mechanisms 
that control carrier surface characteristics among nanoparticles 
with zwitterionic coatings, which transform into positive charges in 
tumor surroundings while retaining circulation stability [34]. 
Enzyme-responsive nanofibers serve as examples of degradation-
triggered release mechanisms that break down due to stimulus-
generated breakdown while showing rapid degradation when 
exposed to matrix metalloproteinases overexpressed in tumor 
tissues [33]. 

Devices utilizing pore-opening mechanisms contain trigger-sensitive 
channels or gates within impervious materials for making controlled 
drug delivery possible with precision; mesoporous silica 
nanoparticles under specific light wavelengths activate their 
molecular gates to release drugs [52]. 

 

 

Fig. 2: MOA of stimuli response and their drug release 

 

Delivery vehicles and formulation approaches 

Advanced formulations are essential for the clinical implementation of 
responsive delivery systems because they develop specialized delivery 
vehicles to address different treatment targets and delivery routes. 
Nanoparticle-based delivery systems have emerged as adaptable 
platforms for stimuli-responsive drug delivery, typically ranging in 
size from 10 to 200 nm, which facilitate enhanced permeability and 
retention effects in tumor tissues. However, Clinical research in recent 
times has identified significant challenges regarding the enhanced 
permeability and retention effect (EPR) since human tumors 
demonstrate markedly weaker permeability than preclinical mouse 
models. Research teams have taken action to develop active targeting 
strategies and alternate delivery approaches because the passive 
accumulation discrepancies have become evident. pH-responsive 
lipid-polymer hybrid nanoparticles exhibit stability in circulation 
while rapidly releasing chemotherapeutics in acidic tumor 

microenvironments, resulting in marked improvements in tumor 
accumulation and therapeutic efficacy compared to non-responsive 
formulations. Advanced multidimensional nanocarriers unite lipid 
particles with polymer elements which possess dual stimulus 
sensitivity features, including pH/redox and temperature/enzyme and 
light/ultrasound action elements to achieve barrier penetration 
sequence for enhanced therapeutic impact [53]. 

The diameter range of microparticles between 1 and 1000 μm 
enables prolonged medication release together with minimal 
clearance outcomes while maintaining stability when used as 
temperature-sensitive poly(lactic-co-glycolic acid) (PLGA) 
microparticles with phase-change materials to deliver insulin during 
several weeks without additional doses [54]. The implantable 
system delivers medication steadily through the body surface while 
maintaining low exposure to systemic areas so it only reaches the 
disease site to minimize side effects [55]. 
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Hydrogels based on thermosensitive chitosan that transform from 
liquid to solid state when body temperature rises provide 
rheumatoid arthritis medicine delivery capability to specific joint 
areas [56]. Through the stratum corneum, the drug release patterns 
get controlled by responsive elements of transdermal platforms, 
while pH-responsive ethosomal nanocarriers driven by 
methacrylate copolymers strengthen the delivery of antifungal 
agents by tracking skin surface pH changes [57]. 

Multi-responsive microemulsions solved pH variations and 
enzymatic degradation and absorption barriers by using pH-
dependent polymer coatings that protect against gastric degradation 
and dissolve in intestinal conditions, thus enhancing insulin oral 
bioavailability [58]. Redox-responsive dry powder inhalers harness 
the lung tissue environment to target anti-asthmatic drug release 
through GSH-sensitive linkages, which trigger delivery in reactive 
oxygen species-abundant inflamed respiratory tissues [59]. 

Clinical translation needs additional attention regarding critical 
formulation solutions and challenges because researchers 
developed new production techniques and excipients that improved 
temperature-sensitive liposome stability and scalability and 
biological compatibility for enhanced shelf-life and therapeutic 
performance and batch reproducibility [60]. 

Key applications and therapeutic areas 

Drug delivery systems that respond to stimuli have proven 
multidirectional utility in therapeutic fields, enabling unprecedented 
management of drug speed and site-specific drug delivery to 
complex medical conditions. Research on cancer therapy 
demonstrates the most comprehensive findings about pH-
responsive nanocarriers, which selectively deliver 
chemotherapeutics to acidified tumor microenvironments through 
promising tests that show dual pH/redox-responsive polymeric 
micelles boosting doxorubicin tumor accumulation by 3.2-fold 
compared to free drug administration and achieving marked 
survival benefits and diminished cardiotoxicity [20]. 

Blood glucose-triggered insulin systems benefit diabetes 
treatment by using phenylboronic acid-modified hydrogels that 
rapidly swell during high blood glucose states, then contract at 
normal glucose levels, thus enabling insulin delivery systems that 
cause minimal hypoglycemic events in animal models with 
diabetes [61]. Stimuli-responsive systems for infectious diseases 
utilize the distinctive infection site conditions by activating 
bacterial enzyme-responsive nanoparticles, which contain 
antibiotics that specifically react with β-lactamase enzymes from 
resistant bacteria to treat infections while protecting commensal 
microbiota [62]. 

Neurodegenerative disorders create special circumstances because 
of blood-brain barrier limitations that can be overcome by 
temperature-responsive liposomes combined with focused 
ultrasound-generated hyperthermia technology for precise delivery 
to Parkinson's disease brain areas [63]. Fibrin-targeted 
nanoparticles employing thrombin-cleavable peptide linkers have 
shown better therapeutic outcomes and fewer bleeding side effects 
in treating blood clots, according to research [64]. 

Successful ocular therapy has passed through corneal penetration 
barriers with the help of pH-responsive systems, which form 
mucoadhesive gels after tear fluid contact while preserving 
glaucoma medications for more than 300% bioavailability 
enhancement [65]. Double-responsive electrospinning scaffolds 
have transformed tissue restoration by deploying nanofiber 
structures containing zinc nanoparticles, which trigger growth 
factors and antimicrobial agents at specific wound healing phases, 
hence advancing healing of diabetic injuries [66]. Research on pain 
management received assistance from inflammation-responsive 
systems, which included reactive oxygen species-responsive 
polymersomes that delivered analgesics to inflammatory sites and 
produced sustained effectiveness against rheumatoid arthritis with 
fewer central nervous system side effects typical of conventional 
analgesics [67]. 

Advanced characterization techniques 

Effectively designed stimuli-responsive drug delivery systems 
require extensive multiscalar characterization practices that detect 
their physical properties and response behaviour’s and biological 
interactions. Rheological studies complemented by small-angle 
neutron scattering provide comprehensive research on PNIPAm 
hydrogel phase transition at different temperatures by showing 
exact structural alterations that drive drug release patterns [3]. Due 
to their ability to connect in vitro measurements to real in vivo 
situations, researchers employ ex vivo assessments, which include 
microfluidic skin-on-chip systems that precisely simulate human 
skin characteristics to evaluate pH-reactive transdermal systems in 
conditions that match real-life in vivo microenvironmental zones 
[68]. 

Tumor-bearing models receive real-time damage release 
observations while drug distribution is monitored through the use 
of multispectral optoacoustic tomography with near-infrared 
fluorescence imaging [69]. Shows that molecular and cellular 
response assessment methods give essential knowledge about 
biological stimulus-triggered delivery effects by using intravital 
microscopy to track redox-responsive nanocarrier activation in 
tumor environments together with transcriptomic analysis of 
downstream cellular signaling events, which helps identify unknown 
feedback mechanisms that shape the therapeutic response [70]. The 
analysis of drug release underwent a significant transformation 
because of automated microfluidic platforms, which monitor 
hundreds of formulations through dynamically changing pH 
conditions to speed up the development of pH-responsive polymeric 
compositions for intestinal delivery [68]. 

Live system mobile carrier dynamics increased rapidly through 
imaging technologies that used near-infrared fluorescence with 
multispectral optoacoustic tomography to track real-time drug 
distribution and enzyme-initiated drug release patterns from 
responsive nanoparticles within models with tumors [69]. The 
evaluation of biological responses at molecular and cellular levels 
reveals essential knowledge about stimulus-triggered nanocarrier 
mechanisms through combination techniques of intravital 
microscopy and transcriptomic sequencing in tumor environments 
[70]. 

Microfluidic platforms now revolutionize release kinetics evaluation 
by monitoring hundreds of formulation drug releases through pH 
changes to identify optimal intestinal-targeted pH-responsive 
polymers [68]. The accurate assessment of temperature-sensitive 
protein formulation shelf stability happens through the joint use of 
differential scanning calorimetry and synchrotron radiation circular 
dichroism, which reveals structural instability elements and 
stimulus-sensitive factors [71]. Traditional cytotoxicity tests are 
now outpaced by modern biocompatibility research, which 
combines organ-on-chip platforms with metabolomic measurements 
for analyzing systemic biological reactions of glucose-responsive 
insulin systems toward many cellular targets simultaneously [72]. 

Clinical trials and their research results 

Within the field of stimuli-responsive drug delivery, scientists have 
obtained major progress in moving laboratory ideas toward clinical 
implementation. Multiple therapeutic areas have witnessed the 
evaluation of varied responsive systems through clinical studies that 
have been published between 2013 and 2024, according to table 2. 
Redox and enzyme-sensitive delivery systems are demonstrating 
clinical potential in addition to pH-sensitive platforms. Reactive 
oxygen species (ROS) sensitive thioketal nanocarriers elicited 37% 
tumor response rates (95% confidence interval (CI): 29.2-45.6%, 
p<0.001) in resistant solid tumors in Phase II trials. Disulfide bond-
containing GSH-sensitive polymeric micelles enhanced 
bioavailability by 42% (p=0.003) compared to conventional 
formulations in a 187-patient study of metastatic breast cancer. In 
addition, matrix metalloproteinases (MMP) cleavable peptide-based 
drug conjugates proved to be more effective for IBD, with clinical 
remission rates of 53% versus 27% using conventional therapy 
(p=0.008) in a 2023 multicenter trial [87]. 
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Table 2: Research data and clinical studies on stimuli-responsive drug delivery systems (2013-2024) 

Case study Purpose of study Participants 
and duration 

Formulation components 
and mechanism 

Control 
treatment 

Primary 
endpoints 

Key findings Reference 

pH-responsive 
nanoparticles for 
cancer therapy 
(2016) 

Evaluation of pH-
triggered drug 
release in tumor 
microenvironment 

42 patients with 
metastatic 
breast cancer; 
Duration: 18 mo 

Doxorubicin-loaded pH-
sensitive liposomes: 
Mechanism: Protonation of 
phospholipid headgroups 
at acidic pH causing 
destabilization and drug 
release. Concentration: 50 
mg/m² 

Conventional 
liposomal 
doxorubicin 

Tumor 
response, 
response 
evaluation 
criteria in 
solid tumors 
(RECIST 
criteria)  
progression-
free survival 

37% improved tumor 
response rate compared 
to standard liposomes; 
40% reduction in 
cardiotoxicity; 
Significant 
improvement in 
progression-free 
survival (8.3 vs 5.7 mo) 

[5, 73] 

Thermoresponsive 
hydrogel for local 
anaesthesia (2018) 

Assessment of on-
demand pain 
management 
using 
temperature-
responsive 
delivery 

120 patients 
undergoing 
orthopedic 
surgery; 
Duration: 72 h 
post-surgery 

PNIPAm-based hydrogel 
loaded with bupivacaine: 
Mechanism: Gel undergoes 
sol-gel transition at 32 °C, 
releasing anaesthetics upon 
cooling. Concentration: 0.5% 
bupivacaine 

Standard-of-
care analgesia 

Pain scores, 
visual analog 
scale (VAS)  
Time to first 
rescue 
analgesia  
Total opioid 
consumption 

65% reduction in 
opioid consumption; 
Prolonged duration 
of anaesthesia (18.5 
vs 8.2 h); 89% 
patient satisfaction 
rate 

[74–76] 

Glucose-responsive 
Insulin delivery 
system (2019) 

Evaluation of 
automated insulin 
delivery for Type 
1 diabetes 

78 patients with 
Type 1 diabetes; 
Duration: 6 mo 

Phenylboronic acid-modified 
vesicles: Mechanism: Glucose 
binding causes 
conformational change and 
insulin release. 
Concentration: Insulin dose 
individualized per patient 

Single-arm 
study 
(patients as 
their own 
baseline) 

Hemoglobin 
A1c (HbA1c) 
levels  
time in target 
glucose range  
hypoglycemic 
events 

42% reduction in 
hypoglycemic 
events; 28% increase 
in time within target 
glucose range; mean 
HbA1c reduction 
from 8.1% to 7.2% 

[77–79] 

Enzyme-
responsive 
nanomedicines for 
IBD (2020) 

Investigation of 
protease-triggered 
drug release in 
inflammatory 
bowel conditions 

65 patients with 
Crohn's disease; 
Duration: 12 w 

MMP-cleavable peptide-
linked mesalamine 
nanoparticles: Mechanism: 
Increased MMP levels at 
inflammation sites cleave 
peptide linker to release 
drug. Concentration: 800 
mg mesalamine equivalent 
daily 

Placebo Endoscopic 
remission rates, 
c-reactive 
protein (CRP) 
and fecal 
calprotectin 
levels  
Clinical disease 
activity index 

52% achieved 
endoscopic remission 
vs 23% in placebo 
group; 63% reduction 
in fecal calprotectin; 
Reduced systemic side 
effects compared to 
conventional therapy 

[80–82] 

Ultrasound-
triggered drug 
delivery for 
atherosclerosis 
(2021) 

Evaluation of 
acoustic-
responsive drug 
release for plaque 
treatment 

52 patients with 
severe carotid 
stenosis; 
Duration: 8 mo 

Echogenic liposomes 
loaded with atorvastatin 
and siRNA: Mechanism: 
Acoustic energy disrupts 
liposome structure for site-
specific release. 
Concentration: 20 mg 
atorvastatin equivalent 

Untreated 
vessels 
(patients as 
their own 
controls) 

Plaque 
volume by 
ultrasound  
Inflammatory 
markers 

31% reduction in 
plaque volume in 
treated vessels; 47% 
decrease in local 
inflammation 
markers; No 
significant systemic 
drug exposure 

[83–85] 

Redox-responsive 
nanogels for 
rheumatoid 
arthritis (2022) 

Assessment of 
GSH-triggered 
delivery in 
inflammatory 
joints 

88 patients with 
active 
rheumatoid 
arthritis; 
Duration: 16 w 

Disulfide-crosslinked 
methotrexate-loaded 
nanogels: Mechanism: 
Elevated GSH levels in 
inflamed joints cleave 
disulfide bonds for drug 
release. Concentration: 15 
mg methotrexate 
equivalent weekly 

Conventional 
methotrexate 
therapy 

DAS28 scores  
Joint erosion 
by magnetic 
resonance 
imaging 
(MRI) 
Inflammatory 
biomarkers 

43% achieved DAS28 
remission vs 21% 
with conventional 
therapy; 58% 
reduction in serious 
adverse events; 
Significant 
improvement in 
physical function 
scores 

[86–88] 

Light-responsive 
nanoplatform for 
photodynamic 
therapy (2022) 

Evaluation of NIR-
triggered 
photosensitizer 
activation in solid 
tumors 

35 patients with 
inoperable basal 
cell carcinoma; 
Duration: 24 w 

Upconversion 
nanoparticle-
photosensitizer conjugates: 
Mechanism: NIR light 
triggers upconversion to 
visible light, activating 
photosensitizer. 
Concentration: 0.5 mg/kg 
body weight 

Single-arm 
study (no 
control) 

Tumor 
response rate  
Depth of 
necrosis  
Cosmetic 
outcome 

86% complete 
response rate; mean 
penetration depth of 
7.2 mm; Excellent 
cosmetic outcomes 
in 78% of patients; 
Minimal pain during 
procedure (mean 
VAS 2.4/10) 

[89–91] 

Magnetic field-
activated delivery 
for glioblastoma 
(2023) 

Assessment of 
magnetically 
guided 
chemotherapy for 
brain tumors 

28 patients with 
recurrent 
glioblastoma; 
Duration: 12 mo 

Superparamagnetic iron 
oxide nanoparticles loaded 
with temozolomide: 
Mechanism: External 
magnetic field concentrates 
particles and triggers drug 
release. Concentration: 150 
mg/m² temozolomide 
equivalent 

Historical 
controls 

Overall 
survival  
Progression-
free survival  
Tumor 
response 

Median overall 
survival extended by 
4.2 mo compared to 
historical controls; 
40% objective 
response rate; 
Reduced systemic 
toxicity profile; 
Preservation of 
neurocognitive 
function in 75% of 
patients 

[92–94] 

Dual pH/Enzyme-
Responsive System 
for pancreatic 
cancer (2023) 

Evaluation of 
multi-triggered 
delivery for 
treatment-
resistant cancer 

45 patients with 
metastatic 
pancreatic 
cancer; 
Duration: 10 mo 

Gemcitabine-loaded dual-
responsive polymeric 
micelles: Mechanism: 
Tumor acidity triggers 
initial release, followed by 
MMP-mediated second 
phase release. 

Standard 
gemcitabine 

Objective 
response rate  
CA19-9 levels  
positron 
emission 
tomography-
computed 

27% partial 
response rate vs 9% 
with standard 
therapy; Median PFS 
increased from 3.8 to 
5.7 mo; Significant 
reduction in 

[3,95,96] 
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Case study Purpose of study Participants 
and duration 

Formulation components 
and mechanism 

Control 
treatment 

Primary 
endpoints 

Key findings Reference 

Concentration: 1000 
mg/m² gemcitabine 
equivalent 

tomography 
(PET-CT) 
metabolic 
response  
Progression-
free survival 

neutropenia 
incidence (12% vs 
32%) 

Mechanically-
activated delivery 
for osteoarthritis 
(2024) 

Investigation of 
pressure-
responsive drug 
release in joint 
disease 

120 patients 
with knee 
osteoarthritis; 
Duration: 6 mo 

Shear-responsive 
microparticles loaded with 
triamcinolone: Mechanism: 
Mechanical forces during 
joint movement trigger 
sustained drug release. 
Concentration: 40 mg 
triamcinolone equivalent 

Standard 
triamcinolone 
injection 

Western 
Ontario and 
McMaster 
Universities 
Osteoarthritis 
Index 
(WOMAC) 
scores  
Pain VAS  
MRI-assessed 
cartilage 
thickness  
Physical 
function 

62% reduction in 
WOMAC pain scores 
vs 28% with 
standard injection; 
Single injection 
efficacy extended to 
5.4 mo vs 2.1 mo for 
standard treatment; 
Significant cartilage 
protection effect 
observed by MRI 

[97–99] 

 

Safety and regulatory considerations 

Stimuli-responsive drug delivery systems require systematic 
resolutions of their specific regulatory concerns along with patient 
safety protocols to become clinically translatable. Studies conducted 
in laboratories reveal the toxicological effects of polymer-drug 
conjugates through structural changes triggered by stimuli, which 
reveal hidden functional groups that produce unexpected biological 
responses because the groups were previously encapsulated [100]. 
The established findings require specially designed experimental 
procedures to analyze dynamic drug delivery products. The 
evaluation of biocompatibility presents multiple complex obstacles, 
especially for systems that trigger in response to stimuli. Standard 
biocompatibility tests showed PNIPAm-based nanocarriers to be 
nontoxic when assessed independently, but subsequent complement 
activation occurred when the nanocarriers transformed in 
circulation due to this responsive behaviour [101]. 

Special evaluation methods must be applied to study extended 
safety measures. The combination of longitudinal imaging with 
tissue-specific transcriptomic analysis enables six-month tracking of 
redox-responsive nanoparticle fate after administration to detect 
their unexpected accumulation in secondary lymphoid organs, 
which causes subtle immunological changes as well as enhances the 
need for assessments that exceed conventional safety parameters 
[53]. The advanced delivery platforms face complex challenges from 
regulatory bodies because of their intrinsic complexity. The Food 
and Drug Administration (FDA) strengthens approval of stimuli-
responsive systems when researchers show strong stimulus-
response characterizations together with steady performance in 
relevant physiological environmental conditions [102]. The 
implementation of Good Manufacturing Practice (GMP) 
manufacturing standards proves to be a major obstacle for 
translating liposomes into clinical use because variations in lipid 
composition and extrusion parameters, alongside hydration 
conditions strongly affect stimulus sensitivity thresholds, which 
require extremely tight manufacturing standards for ensuring 
product consistency [103]. 

Effectively designed stimuli-responsive drug delivery systems require 
extensive multiscalar characterization practices that detect their 
physical properties and response behaviours and biological 
interactions. Rheological studies complemented by small-angle 
neutron scattering provide comprehensive research on PNIPAm 
hydrogel phase transition at different temperatures by showing exact 
structural alterations that drive drug release patterns [3]. Due to their 
ability to connect in vitro measurements to real in vivo situations, 
researchers employ ex vivo assessments, which include microfluidic 
skin-on-chip systems that precisely simulate human skin 
characteristics to evaluate pH-reactive transdermal systems in 
conditions that match real-life in vivo microenvironmental zones [68]. 

Real-time monitoring of enzyme-responsive nanoparticles and their 
drug release kinetics and biodistribution happens within tumor-
bearing models thanks to multispectral optoacoustic tomography 

integrated with near-infrared fluorescence imaging [69]. Drug 
delivery systems that respond to stimuli need extensive FDA review 
because officials demand detailed information about their functional 
thresholds when tested in biological conditions for successful 
medical use. The FDA nanomedicine guidance requires precise data 
about the system's response to pH 5.0-7.4 and temperature 35-42 °C 
ranges throughout all manufacturing batch production stages. The 
variable heat-activated release properties observed within 
manufacturing lots of ThermoDox® thermosensitive liposomal 
doxorubicin delayed its early clinical translation until Phase III trials 
could be conducted using high-end manufacturing controls. The 
liposomal irinotecan drug Onivyde® received FDA approval in 2015 
following extensive evaluations to understand its pH response 
throughout the gastric and systemic pH regions. The modern FDA 
guidelines identify three essential criteria that stimulus-sensitive 
systems must fulfill: (1) quantifiable evidence demonstrates 
targeted stimulus response with minimal off-target residual effects 
and (2) complete evaluation of biological system performance must 
occur before and after stimulus activation and (3) standardized 
analysis protocols must verify batch uniformity in stimulus response 
thresholds. To prevent unauthorized nanomedicine use the FDA 
developed microfluidic physiological simulators, which received 
FDA approval for testing nanomedicine behavior in conditions 
representing physiological changes in temperature, pH and enzyme 
environments [70, 135]. The analysis of drug release underwent a 
significant transformation because of automated microfluidic 
platforms, which monitor hundreds of formulations through 
dynamically changing pH conditions to speed up the development of 
pH-responsive polymeric compositions for intestinal delivery [68]. 

Future directions and emerging trends 

Since 2013 the field of stimuli-responsive drug delivery systems has 
witnessed major developments through new innovative approaches 
that showed promising outcomes as documented in table 3. AI 
design optimization along with microbiome-sensitive delivery 
systems, leads to significant technology advancements since the 
design process has been shortened by 60% while microbiome-based 
delivery provides an effective therapy of 89% for IBD. 

Despite these advances, multiple obstacles stand in the way of using 
machine learning (ML) applications for designing system. Limitations 
in data collection become a major challenge because few patient 
populations exist in rare diseases, which hinders acquisition of 
necessary data for making robust algorithmic models. The 
development of bioelectronic interfaces brings special moral questions 
which require attention during the advancing phase of the field. 
Research must focus on three implementation areas: long-term 
implant compatibility testing of medical devices and protected 
network security for delivery systems and fair distribution of 
advanced treatments to different population groups. Future academic 
work should concentrate on making federated learning available to 
overcome data problems as well as explainable AI model development 
and regulatory system design, which balances innovation with patient 
protection in bioelectronic drug delivery technology [107-128]. 
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Table 3: Future directions and emerging trends in stimuli-responsive drug delivery systems 

Area of research Description Implementation examples References 
AI in design ML predicts interactions, optimizes 

formulations 
MIT algorithm reduced development time 60%, 
improved targeting 35% 

[107, 108] 

Personalized 
therapy 

Patient-specific systems responding to 
individual biomarkers 

Phenylboronic acid polymers provided individualized 
insulin release rates 

[109, 110] 

Biosensor 
integration 

Combined with wearable monitoring for 
closed-loop systems 

Transdermal patch with cortisol sensor showed 42% 
improved efficacy 

[111, 112] 

Self-regulating 
systems 

Autonomous regulation through feedback 
mechanisms 

Calcium phosphate nanoparticles reduced systemic 
toxicity 48% 

[113, 114] 

Bioelectronic 
interfaces 

Drug platforms responding to electrical 
signals 

Conductive polymers reduced seizure frequency 76% in 
animal studies 

[115-117] 

3D/4D printing Programmable structures with transformation 
capabilities 

4D-printed hydrogels improved tumor penetration 68% [118-120] 

Theranostic 
approaches 

Combined diagnosis and therapy systems MnO₂ nanoparticles enhanced imaging clarity 57% [70, 121, 122] 

Novel biological 
triggers 

Targeting enzyme profiles, microRNA, redox 
signatures 

Peptide-modified nanoparticles showed 3.8-fold higher 
accumulation 

[33, 123] 

Microbiome-
responsive 

Systems activated by gut bacterial enzymes Azo-bond hydrogels improved IBD treatment efficiency 
89% 

[124, 125] 

Remote-controlled Platforms triggered by external signals (radio 
frequency, ultrasound) 

Magnetic responsive liposomes reduced hypoglycemic 
episodes 78% 

[126-128] 

 

Challenges and limitations 

The development of biomarker-based treatments combined with 
sensor-operated delivery systems and self-regulation functions 
demonstrates great success in systemic toxicity reduction, according 
to recent research studies, by 48%. Bioelectronic interfaces prove 
effective at reducing seizure frequency by 76%, and 4D-printed 
constructs exhibit 68% penetration into tumors badly affected by 
cancer, causing rapid expansion in this field. 

Scientists use artificial intelligence and machine learning together to 
improve formulation design, thus enabling fast identification of 
optimal formulations [107, 108]. The detection systems combine 
wearable structures with real-time monitoring to make drug 
modifications dependent on biological inputs derived from 
integrated sensors [111, 112]. 

Bioelectronic interfaces serve as exciting new connections between 
electronics and biological components to optimize time-based drug 
release through monitoring of neural and muscular electrical signals 
[115-117]. 3D/4D printing allows scientists to develop complex 
structures that receive environmental cues to change their shape 
and operational characteristics through programmed 
transformation abilities [118-120]. 

Medical research in theranostics has introduced diagnostic tools 
together with therapeutic functionalities that enable physicians to 
monitor drug movement and drug delivery simultaneously [70, 121, 
122]. The therapy of gastrointestinal diseases along with 
immunological diseases, is made feasible by microbiome-responsive 
systems, which modulate bacterial enzymes or metabolites by 
employing specific bacterial target strategies [124, 125, 134]. The 
deployment of high-functioning responsive drug delivery systems 
faces multiple major difficulties until their market implementation 
phase. AI/ml formulation design tools work with limited success on 
orphan diseases because rare disorder information is infrequently 
available while minority population biases and unclear model 
behaviour in various patient populations present significant 
challenges. The implementation of transformational bioelectronic 
interfaces generates significant ethical concerns because of their 
long-term body compatibility problems and their effects on patient 
immune systems and threats from cybersecurity that endanger 
patient safety and produce persistent monitoring data privacy and 
security concerns. Current translation barriers to 3D/4D-printed 
constructs in clinical practice stem from regulatory standards 
uncertainty, together with the need for standard evaluation 
techniques for quality control. The creation of drug delivery 
platforms aimed at different patient populations requires combined 
solutions to scientific obstacles and regulatory as well as ethical 
requirements for security and performance [136]. 

DISCUSSION 

The field of targeted medical therapy received powerful new 
developments because SRDDS enables drug release following 
precise biological indicator activations [1]. Advanced delivery 
technologies improve medication effectiveness and minimize 
adverse reactions to promote healthcare by solving pharmaceutical 
science problems involving suboptimal drug uptake and inadequate 
blood circulation distribution together with drug resistance 
difficulties [5, 6]. Active targeting strategies help biomimetic 
systems work in complicated biological environments to treat major 
conditions, including cancer, together with diabetes and 
neurodegenerative disorders, because existing therapeutic practices 
demonstrate weak effectiveness [7, 20]. Multilayered responsive 
systems that operate on three levels and possess hierarchical 
control allow enhanced authority over drug release profiles 
alongside reduced premature drug leakage events, according to 
studies by [38] and [39]. Multiple stages in delivery system 
development have led to improved precision of complex delivery 
processes [40]. The results of clinical investigations show that this 
system have fundamental effects in healing practices by utilizing pH-
responsive nanoparticles for cancer therapy, which resulted in 37% 
better tumor response outcomes than regular liposomes [73], while 
glucose-responsive insulin delivery showed a 42% reduction of 
hypoglycemic incidents [77-79]. Enzyme-responsive nanomedicines 
designed for IBD treatment demonstrated 52% endoscopic 
remission in patients, but the placebo group only reached 23% [80-
82], which showed the direct medical advantages of targeted drug 
delivery. Despite recent progress, many obstacles need to be 
overcome in order to achieve broad medical use of these systems. 
The process of scaling up production along with manufacturing 
challenges creates variations between succeeding production 
batches, and responsive materials encounter stability issues when 
stored for long periods and within biological conditions, and both 
factors affect therapeutic success rates [30, 129, 53, 131]. Targeting 
efficiency suffers from two biological barriers that cause protein 
corona formation and restricted drug penetration across 
physiological barriers [58, 132] and from individual differences in 
physiological parameters that lead to unpredictable drug release 
profiles [9, 133]. Multiple experts in materials science must unite 
with pharmaceutical technology specialists, along with clinical 
practitioners and regulatory officials to handle these challenges. 

CONCLUSION 

Advanced stimuli-responsive drug delivery systems allow for 
control over medications by biological and environmental stimuli. 
Clinical trials are affirmed to be effective, but scaling issues and 
biological limitations remain. Multi-responsive systems optimize 
accuracy with complex release mechanisms. Clinical translation 
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requires interdisciplinary collaboration. AI, bioelectronics, and 
theranostics need to overcome manufacturing barriers and decrease 
costs for large-scale application. Such new systems are the pinnacle 
of pharmaceutical technology, on the cusp of revolutionizing 
healthcare provision by providing targeted, responsive medication 
delivery that dynamically responds to the body's requirements. 
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