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ABSTRACT

Stimuli-responsive smart polymers have emerged as a transformative force in adaptive material science, offering unprecedented versatility and 
responsiveness to environmental changes. These polymers, capable of altering their properties in response to physical, chemical, or biological stimuli, 
have garnered significant attention across diverse fields, including medicine, engineering, and biotechnology. This review provides a comprehensive 
overview of recent innovations in stimuli-responsive polymers, highlighting their applications in drug delivery, tissue engineering, biosensing, and 
industrial technologies. Key advancements include the development of light-, temperature-, pH-, and enzyme-responsive polymers, each tailored for 
specific applications such as targeted drug delivery and smart coatings. The future of smart polymers lies in the design of multi-stimuli responsive 
materials, self-healing polymers, and bio-inspired systems. However, challenges such as scalability, biocompatibility, and toxicity must be addressed. 
The integration of AI and machine learning in polymer design and the development of sustainable materials are envisioned as critical future directions. 
Ultimately, stimuli-responsive smart polymers hold immense potential to revolutionize various sectors by providing adaptive solutions to complex 
challenges.

Keywords: Smart polymers, Adaptive materials, Drug delivery, Tissue engineering, Biosensing, Light-responsive polymers, Temperature-responsive 
polymers, pH-responsive polymers, Enzyme-responsive polymers.

INTRODUCTION

Smart polymers, also known as stimuli-responsive or intelligent 
polymers, are advanced materials that exhibit dynamic, reversible 
changes in their physical or chemical properties – such as shape, solubility, 
conductivity, or hydrophobicity – in response to external environmental 
triggers such as temperature, pH, light, electric or magnetic fields, or 
biological signals [1]. These materials act as a bridge between synthetic 
and biological systems by mimicking adaptive behaviors such as site-
specific drug delivery and self-healing and are therefore crucial for 
next-generation applications ranging from biomedical engineering to 
green technologies [2-4]. Their reactivity arises due to molecular-scale 
structural reorganization, which is commonly induced by reversible 
interactions such as hydrogen bonding, hydrophobic interactions, 
or electrostatic forces, thereby facilitating subtle regulation of 
their functional properties  [3]. Temperature-responsive polymers 
(TRPs) such as poly(N-isopropylacrylamide) (PNIPAAm) exhibit 
phase transitions at critical temperatures, whereas pH-responsive 
polymers change solubility with acidic or basic conditions, a feature 
used in targeted cancer therapy [1,2]. This versatility has made smart 
polymers a unifying theme in interdisciplinary research, combining 
chemistry, materials science, biotechnology, and engineering to tackle 
complex challenges in healthcare, electronics, and environmental 
sustainability    [5]. A  few examples of the diverse applications of 
polymers are shown in Fig. 1 [6,7].

The biomedical sector represents one of the most transformative 
applications of smart polymers. In drug delivery, temperature-
sensitive polymers provide for the controlled release of therapeutics 
at particular body temperatures, hence reducing systemic side 
effects, whereas pH-sensitive analogs target particularly tumor 
microenvironments or inflamed tissues [1]. For instance, hydrogels 
with light-sensitive chromophores such as azobenzenes or spiropyrans 
provide spatiotemporal control in photothermal therapy, hence 
ensuring precision in infection or cancer treatment. In a similar way, 
shape-memory polymers (SMPs) are transforming minimally invasive 

surgery; the materials can be temporarily reshaped for insertion into 
the body and then triggered to revert to their initial functional shape, 
hence minimizing surgical trauma.

INNOVATIONS IN STIMULI-RESPONSIVE POLYMERS

Smart polymers or stimulus-responsive polymers are a group of 
advanced materials that undergo abrupt physical or chemical changes 
upon exposure to external stimuli such as temperature, light, pH, 
magnetic fields, or biological signals (Fig. 2). Their dynamic response 
to environmental stimuli has drawn significant attention, making 
them very useful for a broad range of applications from biomedicine to 
sensing and soft robotics [8].

Stimuli-responsive polymers have been developed in response to the 
requirement for materials with the ability to exhibit certain functions 
on demand. By integrating particular functions into polymer systems, 
researchers have developed systems with great control over solubility, 
shape, or mechanical strength. Responsiveness has led to new 
breakthroughs in drug delivery systems, tissue engineering, biosensors, 
and smart coatings [9].

Stimuli-responsive polymers are classically divided based on the nature 
of the external stimulus to which they are sensitive. Physical stimuli-
responsive polymers, for instance, are responsive to changes in light, 
temperature, magnetic field, or mechanical stress. As an illustration, 
light-responsive polymers utilize photocleavage and photoisomerization 
mechanisms to change their structure upon exposure to light [10,11]. 
Such new materials have applications in photolithography and optical 
switches. Similarly, TRPs exhibit unusual characteristics like lower 
critical solution temperature (LCST) and upper critical solution 
temperature (UCST) that enable uses in drug delivery and intelligent 
textiles [12]. In addition, magnetic field-responsive polymers utilize 
magnetic nanoparticles in polymer matrices for applications in 
targeted drug delivery and magnetic resonance imaging (MRI) [11,12]. 
Table  1 summarizes the mechanisms, examples, and applications of 

© 2025 The Authors. Published by Innovare Academic Sciences Pvt Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/) DOI: http://dx.doi.org/10.22159/ajpcr.2025v18i12.54640. Journal homepage: https://innovareacademics.in/journals/index.php/ajpcr

Review Article

https://orcid.org/0009-0001-5980-5933
https://orcid.org/0009-0003-1867-7028
https://orcid.org/0009-0005-0407-0254
https://orcid.org/0009-0009-7616-7943
https://orcid.org/0000-0001-7353-858X


2

Asian J Pharm Clin Res, Vol 18, Issue 12, 2025, 1-9
	 Sheikh et al.

various stimuli-responsive polymers based on physical, chemical, and 
biological triggers.

Physical stimuli-responsive polymers
Stimuli-responsive polymers are progressive elements that respond to 
external body triggers such as light, temperature, or magnetic fields, 
together with significant changes in their structure or properties, which 
are regarded as biomedical and high technology applications. Light-
responsive polymers, such as those anchored by azobenzene, stilbene, 
and coumarin, operate by a mechanism referred to as photoisomerization 
and photorearrangement, which makes it possible to use them for 
drug delivery, optical switches, and photolithography [17,18]. TRPs, 
especially poly(N-isopropylacrylamide) (PNIPAM), exhibit an LCST 
of approximately 32°C which is suitable for drug delivery, intelligent 
fabrics, and cell heritage. Transitioning them from hydrophilic to 
hydrophobic in relation to body temperature, allowing control release 
and biointerface transition [19]. In addition, UCST-type polymers 
are emerging for reversible gelation and biomedical use. Magnetic 
field-responsive polymers are developed by embedding magnetic 
nanoparticles within polymer matrices, enabling remote control in 

targeted drug delivery and MRI contrast agents [20]. Other physical 
triggers such as ultrasound, pressure, and electric fields also show 
promise for remotely activated polymer systems used in minimally 
invasive therapies and soft robotics.

Light-responsive polymers
Light-responsive polymers have received considerable attention in 
recent years due to their ability to undergo chemical and human 
transformations upon exposure to light. These transformations are 
normally controlled by a molecular mechanism such as photocleavage, 
photoisomerization, and photorearrangement which grants 
spatiotemporal control in applications ranging from drug distribution 
to soft robotics and intelligent coating (Table 2) [28].

Photocleavage is the breakdown of covalent chemical bonds in 
polymers caused by light, usually towards polymer degeneration, 
solubility change, or alternatively, the release of active compound. The 
use of o-nitrobenzyl or coumarin as an alternative function in polymer 
anchors where UV irradiation causes cleavage results in architectural 
disassemblies or otherwise sol-gel passage. Kidder Wolff and Thomas, 

Table 1: Overview of innovations in stimuli‑responsive polymers: mechanisms, examples, and applications across physical, chemical, 
and biological stimuli

Category Subcategory Mechanisms Examples Applications References
Physical 
stimuli‑ 
responsive 
polymers

Light‑responsive 
polymers

Photocleavage, 
photoisomerization, 
photorearrangement

Azobenzenes, stilbenes, 
coumarins, o‑nitrobenzyl 
alcohol derivatives

Drug delivery, 
photolithography, 
optical switches

[13‑15]

Temperature‑responsive 
polymers

Lower critical solution 
temperature and upper critical 
solution temperature behavior

Poly (N‑isopropylacrylamide), 
other thermo‑sensitive 
polymers

Cell culture, drug 
delivery, smart textiles

[2,8,16]

Magnetic 
field‑responsive 
polymers

Incorporation of magnetic 
nanoparticles into polymer 
matrices

Not specified Targeted drug delivery, 
MRI, actuators

[2,16]

Other physical stimuli Ultrasound, pressure, electric 
fields

Electric‑responsive polymers 
like polypyrrole

Robotics, actuators, 
drug delivery

[2,15]

Chemical 
stimuli‑ 
responsive 
polymers

pH‑responsive polymers Acidic or basic groups change 
ionization state with pH

Poly (acrylic acid), poly 
(2‑(diethylamino) ethyl 
methacrylate)

Drug delivery, gene 
therapy, coatings

[2,16]

Redox‑responsive 
polymers

Response to oxidation‑reduction 
potential

Disulfide‑containing polymers Drug delivery, 
biosensors

[2,16]

Ion‑responsive 
polymers

Response to specific ions in 
solution

Not specified Environmental sensing, 
separation technologies

[2]

Biological 
stimuli‑ 
responsive 
polymers

Enzyme‑responsive 
polymers

Degradation or property change 
in the presence of specific 
enzymes

Peptide‑based polymers Drug delivery, tissue 
engineering

[2,16]

Glucose‑responsive 
polymers

Response to glucose 
concentration

Not specified Insulin delivery 
systems for diabetes 
management

[2,16]

Other biological stimuli ATP, DNA, specific proteins Not specified Biosensing applications [2,16]
MRI: Magnetic resonance imaging

Fig. 1. Potential uses of stimuli-responsive polymers



3

Asian J Pharm Clin Res, Vol 18, Issue 12, 2025, 1-9
	 Sheikh et al.

2024, proposed the idea of proximal photocleavage where a photo-
induced crosslinking event is followed by selective chemical bond 
cleavage under a unique wavelength, allowing reversible material 
passage [29]. Similarly, Guo et al. demonstrated that photolabile poly 
(phenyl vinyl ketone) units undergo rapid Norrish-type cleavage, 
making them ideal for on-demand micelle disassembly and emulsion 
release [30].

Photoisomerization involves the reversible metamorphosis of isomers 
(usually cis and transconfigurations) using azobenzene as a function. 
These communities modify their shape, mutual opposition, and 
molecular geometry during light irradiation, with macroscale impacts 
such as bending, expansion, and solubility changes. Zhan et al. (2017) 
reported a supramolecular polymer that can shift between linear and 
cyclic structures through azobenzene isomerization, which enables a 
reversible transition between sol and gel states [31]. Zhou et al. also 
used this mechanism in ring-opening metathesis polymerization 
(ROMP) to achieve light-regulated polymerization based on azobenzene 
photoisomerization [32].

Photorearrangement, although less common, is equally important 
for light-responsive systems. This involves a permanent modification 
of the molecular structure following photoactivation. In a 
complete appraisal, Huang et al. described the ways in which such 
reconfiguration can significantly influence the morphology and 
performance of the micelle, including applications in nanomedicine 
and optoelectronics [33]. Zhao’s work similarly demonstrated how 
block copolymer micelles could undergo permanent transitions 

through photorearrangement, enabling precise control over drug 
encapsulation and release [34].

To integrate these mechanisms in functional platforms, researchers 
like Beauté et al. have developed multi-triggered nanomedicines that 
utilize photoisomerization for conformational control, photocleavage 
for payload release, and photothermal effects for added activation 
precision. These advanced materials offer high degrees of spatial and 
temporal resolution in biomedical applications [35].

TRPs
TRPs, especially those with LCST and high critical solution temperature 
(UCST), have emerged as an indispensable class of intelligent elements 
for biomedical and industrial purposes [36,37]. The LCST polymer, 
similar to poly (N-isopropylacrylamide) (PNIPAM), exhibits a transition 
from hydrophilic to hydrophobic at a high temperature, usually close to 
32°C, which is acceptable for applications operating under physiological 
conditions [38].

In contrast, UCST polymers dissolve at elevated temperatures and 
precipitate on top of cool, although they are less common and frequently 
restricted by their sensitiveness [36,39]. Molecular interactions such as 
hydrogen bonding and hydrophobic effects which can be personalized 
by copolymer composition; otherwise, green variables drive the phase 
development of these polymers [40].

PNIPAM remains the most extensively studied LCST polymer due to its 
sharp, reversible transition near body temperature, biocompatibility, 

Table 2: Mechanisms, examples, and applications of light‑responsive polymers

Polymer type Key elements Examples Applications References
Light‑responsive 
polymers

Reversible (azobenzene, spiropyran) 
and irreversible (o‑nitrobenzyl) 
photo‑reactions under UV/Vis/
near‑infrared

Azobenzene‑PU hydrogels, 
coumarin‑crosslinked 
polymers

Drug delivery, optical switches, 
UV‑curable coatings, photothermal 
therapy

[21‑23]

Temperature‑responsive 
polymers

LCST (e.g., PNIPAM at~32°C), UCST 
phase transitions

PNIPAM hydrogels, 
poly (ethylene glycol) 
derivatives

Drug delivery, tissue engineering, 
smart textiles, and cell sheet 
engineering

[24,25]

Magnetic 
field‑responsive 
polymers

Magnetic nanoparticles (Ni, Fe₃O₄) 
embedded in polymer matrices

Polydimethylsiloxane 
nanopillars with Ni caps, 
ferrofluid composites

Targeted drug delivery, MRI contrast 
agents, soft actuators, artificial 
muscles

[26]

Other physical stimuli pH‑sensitive groups (e.g., poly 
(acrylic acid)), electroactive 
polymers (polypyrrole)

pH‑responsive hydrogels, 
polypyrrole actuators

Biosensors, pH‑targeted drug 
delivery, wearable electronics, soft 
robotics

[27]

UV: Ultraviolet, Vis: Visible, LCST: Lower critical solution temperature, UCST: Upper critical solution temperature

Fig. 2: Smart polymers responding to diverse external stimuli for advanced functional applications
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and ease of chemical modification [41]. For instance, porous PNIPAM 
microgels synthesized through templating strategies exhibit useful 
volumetric collapse higher LCST, resulting in excellent campaigners 
for drug release frameworks requiring temperature-controlled 
release  [42]. In addition, copolymerization with methacrylic acid 
enabled the technology of PNIPAM-based substances to demonstrate 
double LCST and UCST passage, which added to their functional 
versatility [41]. Beyond PNIPAM, other thermo-responsive polymers 
such as poly (N,N-diethylacrylamide) (PDEAM) and block copolymers 
with polyethylene glycol have been synthesized to fine-tune LCST/UCST 
behaviors and expand the operational temperature window [43].

Temperature-responsive polymers play a key role in drug delivery, 
particularly in cancer therapy, where hyperthermic conditions may 
lead to site-specific release of curative agents [44]. Furthermore, 
the reversible hydrophilic-to-hydrophobic passage enables simple 
cell sheet extraction in tissue technology and regenerative medicine 
without the need for enzymatic digestion, cell viability, and ECM 
protein [45]. Similarly, in the field of intelligent fabrics, PNIPAM 
coatings have qualified temperature-dependent handling of fabric 
permeability and soothing by changing between moisture-wicking 
and repelling states [46]. The above adaptive feature may be exploited 
for thermal regulation of wearable electronics or active clothing. The 
integration of thermoresponse characteristics in polymeric structures 
is progressing to provide new capabilities for energy components, 
together with ongoing studies focusing on enhancing their sensitivity, 
biocompatibility, and multi-responsiveness for other complex 
biomedical and technological applications [47].

Magnetic field-responsive polymers
Magnetic field-responsive polymers integrate magnetic nanoparticles 
within the polymer matrix to enable remote control of drug delivery, 
imagination, and propulsion. Reviews describe magnetic micelles, 
liposomes, hydrogel, and electrospun fibers where spatially different 
magnetic fields concentrate drug-loaded nanoparticles at target 
sites, and alternate magnetic grasslands cause place heating for 
triggered release [48,49]. To maximize tumor accretion, passive and 
active targeting schemes with polymer carriers containing iron oxide 
nanoparticles are optimized with respect to the size of the atoms, 
facade functionalization, and magnetic plain gradient [50]. Applications 
extend to MRI, where magnetic polymersomes and MnO₂‐gated silica 

nanoplatforms act as contrast agents while delivering doxorubicin, 
achieving enhanced T₁ signals and glutathione-sensitive release in 
both 2D cultures and 3D biomimetic hydrogels [51,52]. Recent work 
on magnetic electrospun fibers shows that alternating magnetic field 
pulses can raise fiber temperature by up to 8°C within 5 min, enabling 
fine spatiotemporal control of ketorolac and curcumin release, 
with potential in transdermal pain management and oncological 
therapies  [53]. The small-angle neutron dispersal study confirms the 
membrane distortion of block copolymer vesicle load together with 
hydrophobic magnetic nanoparticles subordinate to the applied surface, 
demonstrating simultaneously the functionality of the actuators and 
the ability of magnetic therapy [54].

In addition, other stimuli have been used to trigger drug release from 
polymer structures, including ultrasound, mechanical stress, and 
electrified fields. The ultrasound-responsive carrier uses cavitation and 
acoustic live streaming to disrupt the carrier architecture, otherwise 
causing phase changes; nanobubbles, nanodroplets, micelles, and 
nanoliposomes retort toward exact ultrasound frequencies, enabling 
tumor therapy, blood–brain barrier interruption, improved thrombolysis, 
and transdermal dispatch [55,56]. The progress in ultrasound-sensitive 
hydrogel units, thermal and acoustic responsive blocks, shows an on-
demand release profile dictated by ultrasound intensity and duration, 
although challenges remain in meeting optimal sensitivity and 
biocompatibility. The use of mechanical stimuli-compression, shear, and 
stretch – in mechanoresponsive hydrogel and elastomer which deform 
under load to release the drug molecule; self-reliant release in response 
to organ motion or tissue strain indicates the direction of closed-loop 
therapy for cardiovascular and orthopedic objectives [57]. Electrifying 
field-responsive elements, similar to conducting polymer nanoparticles 
(e.g., polypyrrole) implanted in a temperature-sensitive hydrogel, 
allowing weak DC to alternate grassland to modulate carrier swell and 
conduction, and allowing precise, pulsatile drug release in implantable 
and transdermal devices [57-59].

Chemical stimuli-responsive polymers
Chemical stimuli‑responsive polymers integrate functional features 
that undergo reversible otherwise permanent architectural 
transformations in response to a detailed chemical cue allowing 
precise spatiotemporal restriction (Table  3). Above drug release. 
pH‑responsive systems leverage protonation/deprotonation of 

Table 3: Summary of chemical stimuli‑responsive polymers: mechanisms, representative examples, and applications

Stimulus type Polymer/System Mechanism and features Example application References
pH-responsive Eudragit® L100/S100 Dissolves at pH>5.5 (L100) and>7.0 

(S100) through ionization
Colon‑targeted oral delivery of peptides/
antibiotics

[73]

pH-responsive Poly (Lhistidine) and Poly 
(β‑aminosters)

Protonation under acidic conditions 
destabilizes micelles

Intracellular drug release in tumor 
therapy

[74]

pH-responsive Sodium alginate 
hydrogels

Swell at neutral‑to‑basic pH through 
acidic group ionization

Colon‑specific antibiotic delivery, 
pH‑responsive wound care

[75]

pH-responsive pH‑responsive 
polyurethane

Acidic cleavage of urethane linkages Anti‑inflammatory/anticancer agent 
delivery in tissues

[76]

Redox-responsive Disulfide‑crosslinked 
nanogels

Degrade through thiol–disulfide 
exchange in high glutathione

Cytosolic delivery of anticancer drugs/
nucleic acids

[77]

Redox-responsive Polymeric micelles with 
disulfide linkers

Core disulfide bonds cleaved by GSH Doxorubicin‑loaded micelles for tumor 
therapy

[78]

Redox-responsive Diselenide‑based 
hydrogels

Dynamic diselenide exchange under 
redox/light stimuli

Injectable depots for inflamed tissue 
therapies

[79]

Redox-responsive Redox‑cleavable polymer 
brushes

Surface‑grafted brushes detach under 
reducing conditions

Imaging‑guided drug delivery & 
controlled therapy

[80]

Ion-responsive Calcium‑crosslinked 
alginate hydrogels

Gelation/stiffening through divalent 
cations (e.g., Ca²⁺)

Topical wound dressings, 
mucoadhesive gels

[81]

Ion-responsive Polyelectrolyte complexes 
(chitosan & PAA)

Ion‑tunable networks from oppositely 
charged polymers

Buccal/nasal drug delivery [82]

Ion-responsive Stimuli‑responsive acrylic 
polymers

Ionic strength‑dependent swelling 
adjusts viscosity

Tear‑triggered ophthalmic gels [83]

Ion-responsive MOFpolymer hybrids Ion‑sensitive MOFs release therapeutic 
gases (e.g., NO)

Nitric oxide delivery for microvascular 
therapy

[84]
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acid‑labile bonds (e.g., hydrazones and imines) or ionizable polymer 
chains (e.g., poly(methacrylic acid), poly (L‑histidine)) to trigger 
swelling, degradation, or micelle destabilization in the acidic 
environments of tumors or endosomes [60,61]. Redox‑responsive 
polymers exploit promotes intracellular glutathione concentration 
or reactive oxygen species to break cleave disulfide, diselenide, or 
thioether bonding which provides rapid warhead release inside the 
reductive cytosol [62-64]. Enzyme‑responsive substances integrate a 
peptide sequence otherwise unstable linkage (e.g., ester, urethane), 
which are selectively cleaved by matrix metalloproteinases, cathepsins, 
or phospholipases overexpressed in the disease site, enable on-demand 
terminal degradation and prodrug activation [65-67]. Polymers of 
ionic strength sensitive charged moieties (sulfonates, quaternary 
ammoniums) are coil–globule transitioned or complexed by high 
salt to modulate network porosity and release kinetics [68]. CO₂-
responsive polyamines and amidine-containing polymers reversibly 
switch solubility or self-assembly upon CO₂ bubbling, providing green 
and tunable triggers for drug release and CO₂ capture based on those 
platforms both as CO₂ capture solutions and as drug release platforms 
[69,70]. These chemical stimuli–responsive polymers have collectively 
been reviewed for targeted cancer therapy, controlled release 
formulations, and smart prodrug activation systems [71,72].

Biological stimuli-responsive polymers
Biological stimuli-responsive polymers are advanced macromolecular 
arrangements designed to undergo a defined physicochemical 
metamorphosis in response to precise organic stimuli, such as enzymes, 
pH variations, redox capability, glucose concentration, or antigen 
binding, thereby facilitating an on-demand transition to solubility, 
conformation, and network crosslinking [2]. Such “intelligent” polymers 
integrate biological features, e.g., the peptide sequence cleavable 
by matrix metalloproteinases, phenylboronic acid communities for 
glucose detection, or alternatively, disulfide linkage for oxidation-
reduction responsiveness, which confers high selectivity and sensitivity 
to the organic trigger [85]. Exemplary systems include pH‑responsive 
nanocarriers exploiting the acidic tumor microenvironment to 
trigger anticancer drug release [86], enzyme‑degradable hydrogels 
that undergo site‑specific matrix breakdown for tissue‑engineering 
scaffolds [16], and glucose‑responsive networks using reversible 
boronate ester formation to modulate insulin delivery in hyperglycemic 
conditions [87]. Such imputes are the cornerstone of applications in 
targeted drug delivery, biosensing, regenerative medicine, and smart 
wound dressing, providing spatiotemporal regulation, reducing side 
effects, and increasing biocompatibility [88]. Recent developments 

include biopolymers derived from chitosan and gelatin conjugated 
with enzyme-cleavable linkers, as well as recombinant elastin-like 
polypeptides that exhibit lower key solution temperature (LCST) 
behavior for injectable terminal formation [88,89]. Overall, biological 
stimuli‑responsive polymers represent a versatile and rapidly evolving 
platform in biomedical engineering, achieving dynamic, on‑demand 
functionality through molecular‑level design (Fig. 3) [90].

APPLICATIONS OF STIMULI-RESPONSIVE SMART POLYMERS

Stimuli-responsive smart polymers, also known as intelligent polymers 
or smart polymers, are useful for their ability to undergo quick, reversible, 
and controllable changes in response to specific green stimuli such as 
temperature, pH, enzymes, light, magnetic fields, or biomolecules. Such 
metamorphosis is used in a wide range of applications in the field of 
biomedical, green, industry, and consumer [91].

Biomedical applications
Stimuli-responsive smart polymers are revolutionizing biomedical 
science, enabling precision interventions at the molecular level. In 
response to exact physiological or physicochemical stimuli such as 
pH, temperature, enzymes, glucose levels, or even magnetic fields, the 
above polymers show changes in their material or chemical properties. 
Their ability to mimic the adaptive behavior of biological systems 
makes them particularly valuable in various biomedical applications 
(Fig. 4) [92].

Target drug transport is one of the most significant sectors. Smart 
polymers can exist engineer to release curative agents in response to 
specific stimuli such as acidic pH in tumor microenvironments or the 
expression of an enzyme overexpressed in a pathological state. For 
instance, a pH-sensitive polymer may prevent a drug’s decline in the 
stomach and release it in the intestine, while an enzyme-responsive 
polymer degrades selectively in tumor cells, thereby reducing systemic 
toxicity and improving curative efficacy [86].

Another vital application lies in tissue engineering, where smart 
hydrogels act as scaffolds that support cell proliferation and 
differentiation. Thermo-responsive hydrogels, such as PNIPAAm, 
can pass through the sol-gel layer at body temperature, allowing a 
minimally invasive injection into target tissues where they solidify to 
form an understanding matrix [85,88].

Smart polymers are also essential for biosensing and evaluation, 
particularly in chronic diseases such as diabetes. Glucose-responsive 

Fig. 3: Comparison of enzyme‑responsive, glucose‑responsive, and other biological stimuli‑responsive polymers



6

Asian J Pharm Clin Res, Vol 18, Issue 12, 2025, 1-9
	 Sheikh et al.

hydrogel has been used in the development of closed-loop insulin 
delivery systems and continuous glucose proctor to improve long-term 
autonomy and glycemic control (MDPI). Similarly, polymers which 
react with biomarkers such as ATP or DNA are used in biosensors for 
the early detection of diseases [85]. Smart dressings made from stimuli-
sensitive polymers can release antimicrobial agents in wound healing 
and regenerative medicine, accelerating tissue repair and preventing 
infection. The above elements adjust their release profile based on 
changes in the pH or enzymatic activity in the wound site [93].

Industrial and technological applications
Stimuli-responsive smart polymers, thanks to their dynamic 
performance under external stimuli identical to temperature, light, pH, 
mechanical stress, and energetic magnetic grassland, have also created 
a broad range of industrial and advanced objectives, owing to their 
dynamic performance under external stimuli identical to temperature, 
light, pH, mechanical stress, as well as energetic magnetic field. These 
“smart” substances enable the creation of innovative products that can 
adapt, heal, or react in real time to natural changes, which are essential 
for advanced technologies and manufacturing [94].

It is one of the most outstanding industrial uses for smart coatings 
and surfaces. Polymers which change their hydrophobicity or color 
in response to temperature or pH are used for the development of 
self-cleaning, anti-fogging, or alternatively anticorrosion surfaces for 
automobile, spacecraft, and oceanic applications. For example, thermo-
responsive polymers like PNIPAAm can modify surface wettability, 
allowing for water repellence or moisture capture depending on the 
ambient conditions [95,96].

Smart polymers are integrated into the fabric to produce a garment that 
resists body heat, sweat, or otherwise light. In response to a sustainable 
weapon trigger, such fabrics regulate airflow, moisture, and even 
release an otherwise disinfectant smell. Glucose-sensitive components 
are also active research on wearable biosensors for real-time health 
monitoring, provisioning promise in unique vitality technical school 
and sportswear [11].

Furthermore, soft robotics and actuators benefit from these 
components. Electroactive and magneto-responsive polymers are used 
to design robotic components that bend, stretch, or contract in response 
to electrified or magnetic fields. This innovation is particularly valued 
in delicate manipulation undertakings, such as those in biomedical 
devices and other minimally invasive surgical instruments [97].

Overall, the responsiveness and tunability of smart polymers allow 
them to be precisely engineered for high-performance tasks across 
diverse industrial and technological landscapes, making them central 
to the development of adaptive, multifunctional systems in the modern 
era.

FUTURE HORIZONS AND CHALLENGES

The future of smart polymers is poised for transformative advancements, 
driven by the integration of artificial intelligence (AI) and machine 
learning (ML) in material design. These tools enable quick imitation 
and prediction of polymer properties, facilitating the development of 
durable and biodegradable materials. For instance, ML-based molecular 
molds have been instrumental in accelerating the development of 
sustainable polymers by predicting their mannerisms and improving 
their composition. Moreover, the combination of molecular movement 
simulation with ML strategies has shown commitment to the design of 
vitrimers – self-healing, reclaimable polymers with dynamic covalent 
systems [97,98].

Despite the above progress, several obstacles remain. Scalability 
remains a major obstacle, as the transition from laboratory synthesis 
to industrial creation frequently encounters problems with cost, 
consistency, and performance. Biocompatibility and long-term stability 
are essential concerns, particularly for biomedical uses where the 
polymer must function faithfully for a long period of time without 
causing undesirable organic reactions. At the same time, there are 
issues requiring a thorough assessment of the toxicity of polymers 
themselves and the products of decline [99].

Looking ahead, the development of sustainable and biodegradable 
smart polymers is a focal point, aiming to reduce environmental 
impact while maintaining functionality. Innovations in AI and ML are 
expected to play a pivotal role in this endeavor by enabling the design 
of polymers that are not only effective but also environmentally benign. 
Furthermore, exploring new stimuli and response mechanisms will 
expand the applicability of smart polymers across various fields, from 
medicine to environmental sensing. Addressing the existing challenges 
will require interdisciplinary collaboration, combining insights from 
chemistry, biology, engineering, and data science to realize the full 
potential of smart polymers in the future.

CONCLUSION

Stimuli-responsive smart polymers represent a significant leap forward 
in adaptive material science, offering versatile solutions across a 
multitude of disciplines. This analysis highlights recent innovations in 
light, temperature, pH, and enzyme-responsive polymers, highlighting 
their potential for drug delivery, tissue technology, biosensing, 
and intelligent packaging. While challenges such as scalability, 
biocompatibility, and promise toxicity remain, ongoing efforts to 
integrate Al and machines into polymer design, relevant together with 
the development of long-term components, and commitment to unlock 
recent opportunities. The future of stimuli-responsive smart polymers 
is bright, with the potential to revolutionize sectors by providing 
adaptive solutions to complex, tangible obstacles.

Fig. 4: Biomedical applications of smart polymers
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