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Abstract

Stimuli-responsive nanoparticles (SRNs) provide an innovative method in pharmaceuticals, facilitating accurate, 
on-demand drug release systems customized for particular therapeutic requirements. These sophisticated materials 
react to internal (pH, enzymes, and redox potential) or exterior (temperature, light, and magnetic fields) stimuli, 
enabling regulated drug release while reducing adverse effects. Recent developments in the design and engineering 
of SRNs have improved their sensitivity, biocompatibility, and drug-loading efficiency, rendering them optimal 
candidates for customized therapy. Notwithstanding their potential, issues related to stability, possible cytotoxicity, 
and scalability impede their clinical application. Contemporary research emphasizes surmounting these obstacles 
using multistimuli-responsive systems and the use of developing technologies such as artificial intelligence. This 
review elucidates the processes, material developments, and pharmacological applications of SRNs, addresses 
significant limits, and examines prospective avenues for their advancement. By tackling these issues, SRNs 
possess the capacity to revolutionize contemporary drug delivery methods, providing unparalleled precision and 
efficiency in therapeutic treatments.
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INTRODUCTION

Conventional drug delivery systems, 
such as oral tablets, injectables, 
and transdermal patches, often face 

significant challenges in achieving optimal 
therapeutic outcomes.[1] These systems rely 
on passive drug release mechanisms, leading 
to issues such as poor bioavailability, off-
target effects, and inconsistent therapeutic 
levels.[2] Many pharmaceuticals deteriorate 
in the gastrointestinal tract or experience 
significant first-pass metabolism, diminishing 
their effectiveness. Moreover, systemic drug 
distribution may induce adverse effects by 
impacting healthy tissues in addition to sick 
regions. The absence of site-specific targeting 
and regulated release profiles impedes their 
efficacy, especially in chronic diseases and 
disorders necessitating localized treatment.[3]

Stimuli-responsive nanoparticles (SRNs) 
have emerged as a transformative solution 

to address the limitations of conventional drug delivery.[4] 
These advanced systems are designed to release drugs in 
response to specific stimuli, such as pH, temperature, light, 
or enzymes, ensuring site-specific and controlled delivery.[5] 
By responding to pathological changes or externally applied 
triggers, SRNs provide precise temporal and spatial drug 
release, minimizing systemic exposure and reducing side 
effects. Moreover, their nanoscale size allows for better 
cellular uptake and accumulation at target sites, enhancing 
therapeutic efficacy. This adaptability positions SRNs as a 
promising tool in precision medicine.[6]
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On-demand drug release systems refer to delivery platforms 
that release therapeutic agents in a controlled manner only 
when triggered by specific stimuli. These systems allow for 
tailored dosing schedules, accommodating patient-specific 
needs and disease dynamics.[7] In pharmaceutics, on-demand 
systems are particularly valuable for conditions requiring 
pulsatile or sustained drug delivery, such as cancer, diabetes, 
or inflammatory disorders.[8] By offering controlled release at 
the right time and place, these systems enhance drug efficacy 
while minimizing toxicity and dosing frequency. Their 
relevance lies in bridging the gap between conventional 
systems and the need for precise therapeutic intervention.[9,10]

This review seeks to elucidate the design, development, 
and uses of stimuli-responsive nanoparticles in on-demand 
medication delivery systems. This will investigate the 
processes of stimuli-responsiveness, material improvements, 
and engineering solutions to enhance drug delivery. The 
evaluation will analyze pharmaceutical applications, 
constraints, and viable solutions to address issues. This 
work aims to underscore the transformational potential 
of SRNs in contemporary pharmaceutics by summarizing 
recent accomplishments and exploring future prospects, so 
providing a valuable resource for researchers, physicians, 
and industry stakeholders.

MECHANISMS OF 
STIMULI-RESPONSIVENESS

Intrinsic stimuli

Drug delivery systems responsive to internal cues are 
engineered to leverage the distinctive physiological 
conditions present in sick tissues or cells. These systems 
depend on particular biochemical and biophysical alterations 
that transpire in the body throughout illness progression, 
facilitating targeted and regulated medication release.[11]

pH gradients in pathological tissues

A notable physiological characteristic utilized by stimuli-
responsive nanomaterials is the pH disparity between healthy 
and sick tissues. Tumors typically exhibit a higher acidic 
microenvironment (pH 6.5–6.8) relative to normal tissues, 
partly attributable to increased glycolysis in rapidly growing 
cancer cells. Likewise, inflammatory tissues and specific 
intracellular compartments, like lysosomes and endosomes, 
display acidic environments. Nanomaterials engineered 
to react to these pH gradients discharge their therapeutic 
payload in acidic conditions. Substances like pH-sensitive 
hydrogels, polymers, or nanoparticles featuring acid-labile 
linkers (e.g., hydrazone or imine bonds) can decompose 
or modify their structure in reaction to low pH, facilitating 
drug release precisely at the target location while reducing 
systemic exposure and adverse effects.[12]

Enzyme activity pertinent to pathological 
conditions

Specific illness states, including cancer, inflammation, and 
bacterial infections, are characterized by the overexpression of 
certain enzymes. Enzymes such as matrix metalloproteinases 
(MMPs) and cathepsins destroy extracellular matrix 
components and proteins, rendering them suitable targets for 
enzyme-responsive drug delivery systems. Nanomaterials 
can be engineered with enzyme-sensitive linkers or 
substrates to facilitate medication release through enzymatic 
cleavage at the disease location. In cancer, where MMPs are 
overexpressed, pharmacological agents are released upon the 
cleavage of peptide-based linkers by MMPs. This technique 
facilitates precise medication release, reducing unintended 
harm to healthy tissues.[13,14]

Redox potential variations in cellular environments

Redox-responsive drug delivery methods exploit the 
disparities in redox potential between healthy and sick cells. 
In healthy tissues, the extracellular environment sustains a 
low quantity of glutathione (GSH), whereas internal levels 
of GSH are much elevated, frequently by a factor of 1000. 
Cancer cells, specifically, demonstrate heightened GSH levels 
attributable to augmented metabolic activity. Nanomaterials 
with redox-sensitive linkers, like disulfide bonds, can be 
cleaved in high GSH concentrations, thereby releasing their 
therapeutic payload specifically within target cells. This 
technique guarantees accurate intracellular drug delivery, 
enhancing the therapeutic efficacy while minimizing adverse 
side effects.[15]

External stimuli

Drug delivery systems responsive to external stimuli are 
designed to release their therapeutic agents in reaction to 
controllable physical or environmental variables. These 
devices provide geographic and temporal regulation of 
medication delivery, facilitating improved targeting, and less 
side effects. The three primary external stimuli employed 
in controlled drug release are temperature variations, light 
exposure, and magnetic or electric fields.[16]

Temperature changes

Temperature-sensitive drug delivery devices utilize 
temperature fluctuations that arise in specific situations, such 
as fever, inflammation, or external heating. These systems 
frequently employ thermos-responsive polymers, such as 
poly(N-isopropylacrylamide) (PNIPAM), which experience 
a phase shift at a designated temperature.[17] At reduced 
temperatures, these polymers exhibit solubility in water; 
conversely, at elevated temperatures, they become insoluble 
and experience a gel-to-sol transition, resulting in drug 
release. These systems can be triggered by slight temperature 
variations in affected tissues, exemplified in cancer treatment 
when hyperthermia is utilized to selectively release drugs 
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at the tumor location. The capacity to regulate drug release 
by temperature fluctuations offers an efficient, non-invasive 
approach for targeted delivery.[18]

Light irradiation

Light-sensitive drug delivery systems utilize light as an 
external stimulus to regulate medication release. These 
systems generally integrate light-responsive moieties such as 
azobenzene or spiropyran, which experience conformational 
alterations when subjected to particular wavelengths of light 
(ultraviolet or visible light).[19] This structural alteration 
may either liberate the medication from the nanomaterial or 
induce the material’s degradation. Light irradiation provides 
the benefit of non-invasive and accurate regulation of drug 
distribution at designated locations, particularly when 
utilized with external light sources capable of penetrating 
deep tissue. These devices are exceptionally beneficial in 
targeted therapies, such as ophthalmology or superficial 
cancers, where light can be concentrated on the treatment 
site.[20]

Magnetic or electric fields

Magnetic and electric fields are utilized in controlled drug 
delivery systems to initiate drug release by leveraging 
the characteristics of magnetic or electrically responsive 
materials. Magnetic nanoparticles can be infused with 
therapeutic substances and guided to the target location 
with an external magnetic field. Upon localization at the 
target site, the magnetic field can facilitate drug release by 
modifying the nanoparticle’s characteristics or by inducing 
thermal effects (magnetic hyperthermia). Electric fields are 
utilized in electroporation devices, wherein the introduction 
of an electric field transiently permeabilizes cell membranes, 
facilitating enhanced medication entry into cells.[21] Magnetic 
and electric field-responsive technologies offer precise 
localization in drug delivery, minimizing systemic toxicity 
and improving therapeutic efficacy.[22,23]

MATERIALS FOR STIMULI-RESPONSIVE 
NANOMATERIALS

Stimuli-responsive nanoparticles (SRNs) consist of diverse 
materials engineered to respond to particular physiological 
or environmental stimuli, facilitating regulated medication 
release. The primary constituents of SRNs comprise 
polymers, lipids, metallic nanoparticles, and hybrid materials, 
each presenting distinct benefits derived from their chemical 
composition and functionalization.

Polymers and their functionalization

Polymers are among the most extensively utilized materials 
in SRNs owing to their versatility, biocompatibility, 
and simplicity of functionalization. Polymers such as 

poly(lactic acid), poly(ethylene glycol), PNIPAM, and 
poly(caprolactone) can be customized for pH, temperature, 
or enzyme-responsive release. The functionalization of these 
polymers with certain chemical groups (e.g., carboxyl, amine, 
or thiol groups) or targeted ligands facilitates improved drug 
encapsulation, stability, and release kinetics.[24] For instance, 
pH-sensitive polymers may deteriorate or experience 
structural alterations in acidic conditions, such as those 
present in tumors or inflamed tissues, thereby releasing 
the encapsulated medicine. Polymers may be conjugated 
with bioactive compounds or antibodies for the purpose of 
targeted drug delivery.[25]

Lipids and lipid-based carriers

Lipids, encompassing phospholipids and cholesterol 
derivatives, are essential constituents in the development of lipid-
based carriers, including liposomes, solid lipid nanoparticles, 
and nanostructured lipid carriers.[26] Lipid-based materials 
provide superior biocompatibility, biodegradability, and the 
capacity to encapsulate both hydrophilic and hydrophobic 
pharmaceuticals.[27] Liposomes can be engineered to react to 
particular stimuli, such as pH, temperature, or ionic strength, 
facilitating regulated medication release. Furthermore, lipids 
can be modified by targeting ligands, thereby improving the 
specificity of medication delivery to pathological locations. 
Lipid-based carriers are particularly effective for transporting 
therapeutic medicines to delicate tissues, such as the brain 
or liver, by surmounting biological obstacles like the blood–
brain barrier.[28]

Metallic nanoparticles and their properties

Metallic nanoparticles, such as gold, silver, iron oxide, 
and platinum-based variants, are extensively utilized in 
SRNs owing to their distinctive optical, magnetic, and 
catalytic characteristics. Gold nanoparticles (AuNPs) are 
exceptionally adaptable and can be functionalized with many 
ligands for targeting and response to stimuli.[29] Iron oxide 
nanoparticles are frequently utilized in magnetic-responsive 
drug delivery systems, wherein an external magnetic field 
facilitates the guidance and regulation of the drug’s release.[30] 
Metallic nanoparticles can undergo alterations in size, shape, 
or surface charge in response to stimuli, facilitating precise 
drug release. Their extensive surface area offers an optimal 
foundation for drug loading, and their characteristics can be 
adjusted for certain applications, like cancer treatment or 
imaging.[31]

Hybrid materials combining multiple components

Hybrid materials integrate multiple distinct components, 
including polymers, lipids, and inorganic nanoparticles, 
to produce SRNs with improved functionality.[32] These 
materials leverage the unique capabilities of each component 
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to enhance medication delivery efficiency, targeting 
precision, and response to stimuli. Hybrid materials 
composed of polymeric micelles and AuNPs can provide 
synergistic advantages, including enhanced drug loading 
capacity, stability, and targeted delivery.[33] Hybrid systems 
facilitate multi-stimuli responsiveness, enabling concurrent 
reactions to pH, temperature, and magnetic fields. Hybrid 
SRNs enhance control over release profiles and improve 
treatment outcomes by merging diverse materials, rendering 
them suitable for complicated disorders such as cancer or 
chronic inflammation.[34]

DESIGN AND ENGINEERING OF STIMULI-
RESPONSIVE SYSTEMS

The design and engineering of stimuli-responsive drug 
delivery systems necessitate meticulous structural and 
functional modification to enhance responsiveness, accuracy, 
and release profiles. Various tactics can be utilized to improve 
the efficacy of these systems and guarantee they fulfill 
particular therapeutic requirements [Figure 1].[35]

Structural and functional customization for stimuli 
responsiveness

The architectural design of stimuli-responsive systems is 
essential for their efficacy. Customization commences with 
the selection of materials that exhibit the requisite reactivity 
to a particular stimulus, such as pH, temperature, light, or 
enzymes.[36] Polymers or hydrogels can be crosslinked to 
create networks that either expand or disintegrate in response 
to particular environmental conditions. The functionalization 
of the material surface with responsive groups (e.g., carboxyl, 
amine, and thiol) facilitates more precise interactions with 
stimuli. Moreover, the inclusion of targeting ligands such 
as antibodies, peptides, or aptamers facilitates site-specific 
drug release, guaranteeing that medications are administered 
alone at the intended site. Structural alterations, including the 
fabrication of nanoparticles with core-shell topologies, can 
boost stability and facilitate multi-stimuli response.[5]

Strategies for enhancing precision and minimizing 
premature drug release

To improve accuracy and minimize premature medication 
release, the system design must guarantee that stimuli 
activate drug release alone under appropriate conditions. One 
method involves employing “protective” mechanisms, such 
as the fabrication of “drug-loaded” particles including drug-
containing reservoirs that are encased in responsive coatings 
(e.g., pH-sensitive polymers). These coatings inhibit the 
premature release of the medication in non-target regions and 
facilitate release alone when encountering the appropriate 
stimulus. Moreover, modifying the size of the polymer or 
nanoparticle helps control drug release rates and inhibit 

leakage into the systemic circulation. Creating systems that 
necessitate several triggers for release significantly reduces 
inadvertent drug discharge, guaranteeing that medications 
are released solely when the exact combination of elements 
is present.[37]

Approaches for achieving tunable and sustained 
release profiles

Achieving tunable and sustained drug release profiles is 
essential for effective long-term treatment.[38] This can be 
accomplished by engineering materials with controlled 
degradation rates or by embedding drugs within carriers that 
release their payload over extended periods. For example, 
crosslinking polymers at varying densities or incorporating 
biodegradable materials can allow for controlled breakdown 
over time.[39] Moreover, blending different materials with 
distinct release characteristics (e.g., combining slow-
degrading and fast-degrading components) can create systems 
that exhibit prolonged and predictable drug release profiles. 
Encapsulation techniques such as nanoencapsulation, 
layer-by-layer assembly, or micelle formation can also be 
employed to modulate the release rate, allowing for sustained 
release over days or weeks, depending on the disease 
requirements.[40] The integration of feedback mechanisms, 
where drug release is regulated by environmental conditions 
(e.g., temperature or pH), can further enhance the tunability 
of the release profile, offering both short-term and long-term 
therapeutic solutions.[41]

LIMITATIONS AND CHALLENGES

While stimuli-responsive nanomaterials (SRNs) hold significant 
promise for revolutionizing drug delivery, several challenges 
and limitations remain in their development, storage, and 
clinical application. These obstacles must be addressed to fully 
harness the potential of SRNs for therapeutic use.[42,43]

Stability issues during storage and transport

One of the main challenges with SRNs is ensuring their 
stability during storage and transport. These materials are 
often sensitive to changes in temperature, pH, and humidity, 
which can affect their structure, integrity, and drug release 
behavior.[44] For example, pH-sensitive nanomaterials may 
degrade or lose their responsiveness if exposed to extreme 
conditions, leading to compromised therapeutic performance. 
In addition, SRNs containing hydrophobic drugs or biologics 
may undergo aggregation or phase separation during storage, 
affecting drug loading and release kinetics. To mitigate 
this, researchers are exploring stabilizing formulations and 
packaging strategies, such as lyophilization, encapsulation 
in protective coatings, and optimizing storage conditions to 
maintain SRN efficacy and stability during long-term storage 
and transport.[45]
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Potential toxicity and immunogenicity concerns

The use of nanomaterials in drug delivery raises concerns 
about potential toxicity and immunogenicity. Despite their 
small size and the ability to target specific tissues, SRNs can 
trigger immune responses or accumulate in non-target organs, 
leading to adverse effects.[46] The materials themselves, 
such as polymers or metallic nanoparticles, may induce 
inflammatory responses, oxidative stress, or cytotoxicity. 
Moreover, the breakdown products of SRNs may also pose 
risks if not carefully designed for safe degradation. Ensuring 
the biocompatibility of SRNs requires rigorous preclinical 
testing to evaluate their toxicity profiles and to minimize risks 
of unintended immune activation or long-term accumulation 
in the body.[42]

Manufacturing hurdles, such as reproducibility 
and scalability

The manufacturing of SRNs faces significant challenges, 
particularly in achieving reproducibility and scalability.[47] 
While small-scale laboratory synthesis may allow for precise 
control over size, composition, and drug loading, translating 
these processes to industrial-scale production remains a 
complex task.[48] Variability in the synthesis process, such 
as inconsistent particle size or surface functionalization, 
can lead to batch-to-batch differences that affect the quality 
and effectiveness of SRNs. Furthermore, scaling up the 
production of SRNs while maintaining quality and uniformity 
requires the development of efficient, cost-effective, and 
robust manufacturing processes. Solutions such as automated 
production systems and continuous flow synthesis are being 

explored to overcome these hurdles and meet the demand for 
large-scale production of SRNs.[49]

Challenges in clinical translation and regulatory 
approval

One of the most significant challenges for SRNs is their 
clinical translation and regulatory approval. The use 
of nanomaterials in humans is highly regulated, with 
strict guidelines governing their safety, efficacy, and 
manufacturing.[49] Clinical trials involving SRNs must 
demonstrate not only that these materials are safe and 
effective but also that they can be consistently produced 
at scale. In addition, the potential for long-term side 
effects, such as accumulation in organs or unexpected 
immunological responses, must be thoroughly assessed.[50] 
Regulatory bodies, such as the food and drud administration 
and European medicines agency, require extensive data on 
the pharmacokinetics, toxicity, and biocompatibility of SRNs 
before approval for clinical use.[51] Meeting these regulatory 
requirements while demonstrating the advantages of SRNs 
over traditional drug delivery systems presents a significant 
challenge for researchers and pharmaceutical companies.[52]

FUTURE PERSPECTIVES

Stimuli-responsive nanomaterials (SRNs) represent a rapidly 
evolving field with immense potential for revolutionizing 
drug delivery.[51] As research advances, several emerging 
trends and opportunities are shaping the future of SRNs in 
pharmaceutical applications.

Figure 1: Pharmaceutical applications of stimuli-responsive nanomaterials
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Emerging trends in multi-stimuli-responsive systems

One of the most exciting emerging trends in SRNs is the 
development of multi-stimuli-responsive systems. These 
systems are designed to respond to multiple environmental 
factors simultaneously, such as pH, temperature, light, and 
specific enzymes or redox conditions.[53,54] By combining 
different stimuli, multi-responsive systems can offer greater 
precision and control over drug release, adapting to complex 
disease microenvironments.[55] For example, cancer tissues 
often present a combination of acidic pH, oxidative stress, 
and overactive enzymes, making multi-stimuli-responsive 
SRNs particularly advantageous for targeted therapy.[56] 
These systems can also be tailored for more efficient drug 
release in challenging conditions such as biofilms or hypoxic 
regions, which are common in chronic infections.[57,58] By 
harnessing multiple triggers, these SRNs could improve 
therapeutic outcomes while minimizing side effects.[59]

Integration of SRNs with advanced technologies, 
such as artificial intelligence (AI), for real-time 
monitoring and control

The integration of SRNs with advanced technologies such as 
AI and machine learning holds great promise for optimizing 
drug delivery.[60,61] AI could facilitate real-time monitoring 
of SRN behavior, tracking drug release in vivo and adjusting 
parameters such as drug dose or timing based on individual 
patient responses.[62] Machine learning algorithms could help 
design more efficient SRNs by predicting how these materials 
will interact with specific disease conditions or stimuli.[63] This 
integration could also enable personalized treatment plans by 
analyzing patient data to determine the most effective drug 
release strategy.[64,65] Furthermore, AI-powered sensors could 
monitor SRN activity and provide feedback to dynamically 
control drug release, offering unprecedented precision and 
adaptability in therapeutic applications.

Prospects for SRNs in advanced drug delivery 
systems

The future of SRNs lies in their ability to play a pivotal role 
in next-generation drug delivery systems.[44] Innovations such 
as self-healing nanomaterials, nanorobots, and gene-delivery 
platforms could be incorporated with SRNs for even more 
advanced therapeutic strategies.[66] For instance, self-healing 
materials could repair themselves in response to mechanical 
stress, improving the stability and longevity of the drug 
delivery system. Nanorobots or “smart” nanoparticles could 
be designed to interact with cellular targets in response to 
external cues, offering ultra-targeted drug delivery.[67,68] In 
addition, SRNs can be applied in combination therapies, 
where multiple drugs are delivered simultaneously or 
sequentially, allowing for synergistic effects and better 

therapeutic outcomes.[69,70] The ability of SRNs to deliver 
both traditional pharmaceuticals and biologics (such as 
proteins, RNA, or CRISPR-based therapies) further expands 
their utility in next-generation treatments.[71]

Pathways for enhancing clinical translation and 
commercialization

To fully realize the clinical potential of SRNs, several 
pathways must be explored to enhance clinical translation 
and commercialization.[72] First, addressing the stability, 
scalability, and reproducibility challenges associated with 
SRNs is crucial for ensuring consistent performance in clinical 
settings.[73] Collaborations between academic researchers 
and industry partners can help streamline the manufacturing 
process and reduce production costs.[74] In addition, extensive 
preclinical studies, coupled with the development of 
standardized protocols for testing SRNs, will be critical in 
gaining regulatory approval.[75,76] Regulatory agencies may 
also benefit from adopting flexible guidelines specific to 
nanomedicine, as traditional approval pathways may not 
be well suited to the unique properties of SRNs.[77] Finally, 
addressing concerns related to toxicity and immunogenicity 
will be vital for safe clinical use. Clinical trials will need to 
demonstrate that SRNs offer a clear therapeutic benefit over 
conventional treatments, which will drive their acceptance 
and widespread use in the market.

CONCLUSION

Stimuli-responsive nanoparticles (SRNs) signify a 
revolutionary development in drug delivery, presenting 
considerable potential for on-demand drug release systems. 
By reacting to particular environmental stimuli, like pH, 
temperature, light, or enzyme activity, SRNs provide targeted 
and localized drug release, addressing numerous constraints 
inherent in traditional drug delivery systems. Their capacity 
to provide medications exclusively at the target location, 
along with improved bioavailability and diminished systemic 
toxicity, renders them exceptionally promising for the therapy 
of intricate diseases such as cancer, persistent infections, and 
neurodegenerative disorders. SRNs are set to revolutionize 
contemporary pharmaceuticals by enhancing medication 
targeting, reducing adverse effects, and facilitating 
personalized therapy. Their use of sophisticated technology, 
including AI, amplifies their capabilities by enabling real-
time monitoring and regulation of medication release, thereby 
maximizing therapeutic results. The future of SRNs depends 
on their capacity to tackle new healthcare difficulties, such 
as multi-stimuli responsiveness and the administration of 
complicated biologics. Despite ongoing obstacles concerning 
stability, toxicity, and clinical translation, persistent research 
and development, coupled with collaborative initiatives 



Kumar, et al.: Progress in stimuli-responsive nanomaterials for targeted drug delivery

Asian Journal of Pharmaceutics • Jan-Mar 2025 • 19 (1) | 83

among academia, industry, and regulatory entities, will 
facilitate their commercialization and clinical integration. 
The prognosis for SRNs is favourable, presenting novel 
opportunities for more efficient, individualized therapies.
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