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Abstract:

Smart polymers—also known as stimuli-responsive polymers—represent one of the most revolutionary materials in
modern pharmaceutics. These polymers can sense environmental triggers such as pH, temperature, enzymes, redox
potential, or magnetic fields, and alter their physical or chemical behavior in response. This responsiveness allows
the controlled and targeted release of drugs precisely where and when they are needed, maximizing therapeutic
efficacy and minimizing systemic side effects. This review explores the classification, mechanisms, formulation
approaches, biomedical applications, and regulatory considerations of smart polymer-based drug delivery systems.
The discussion emphasizes advances in cancer therapy, diabetes management, and tissue engineering, along with the
challenges of large-scale manufacturing and clinical translation.
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1. Introduction

The landscape of drug delivery has experienced a significant change over the past few decades.
Traditional forms like tablets, capsules, and injections, although effective in many cases, often
face several limitations—including poor bioavailability, quick burst release, systemic side
effects, and lack of site targeting '. These problems not only decrease treatment efficiency but
can also increase dosing frequency and lead to patient non-compliance. To address these
challenges, researchers have shifted their focus toward controlled-release and targeted delivery
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systems. This change isn’t just a passing trend—it’s essential 2. By enabling precise timing
(when the drug is released) and targeting specific locations (where the drug acts), these advanced
systems aim to enhance therapeutic outcomes while reducing side effects. One of the most
promising innovations driving this progress is the development of smart polymers, often called
“intelligent materials,” which can sense and respond to their environment in real time .

Smart polymers are a special group of stimuli-responsive materials that undergo reversible
physicochemical changes when exposed to specific environmental triggers. These triggers can
come from inside the body, such as shifts in pH, temperature, or enzyme levels, or they can be
applied externally—like magnetic fields, ultrasound waves, or light *. When integrated into drug
carriers, smart polymers allow the creation of self-regulating systems that can dynamically
adjust to physiological conditions. This ensures the drug is released at the right location, at the
right time, and in the correct amount—something traditional formulations often struggle to
achieve °.

In today’s pharmaceutical science, the importance of smart polymers goes far beyond simple
drug delivery. The industry is quickly shifting from passive carriers to active and interactive
systems that can combine therapeutic and diagnostic functions ®. Smart polymers are vital in
bridging this gap by enabling theranostic platforms—systems that diagnose a condition and
deliver treatment at the same time. When combined with technologies like nanoparticles,
biosensors, and microfluidic devices, these polymers unlock the potential for next-generation
precision medicine. Their versatility and responsiveness make them a key part of modern
pharmaceutics, promising safer, more effective, and highly personalized treatments for patients
everywhere 7.

2. Classification of Smart Polymers

Smart polymers can be classified in several ways, but one of the most common approaches is to
group them according to the type of stimulus they respond to, their structural characteristics, or
their mechanism of action. This classification helps researchers and formulators choose the most
appropriate polymer for a given therapeutic application ®. Among these, stimulus-based
classification is particularly significant, as it directly reflects how these materials interact with
their biological or external environment °.pH-responsive polymers represent one of the earliest
and most extensively studied categories of smart polymers. These materials undergo reversible
ionization or deionization in response to changes in environmental pH. Common examples
include poly (acrylic acid), chitosan, and Eudragit® '°. Because different regions of the body—
such as the stomach, intestines, and tumor microenvironments—exhibit distinct pH levels, these
polymers are ideal for colon-targeted drug delivery and tumor-selective therapies, ensuring that
the drug is released only when it reaches the desired site '!. Temperature-responsive polymers
function through a coil-globule transition mechanism, in which they change conformation at a
specific temperature, often referred to as the lower critical solution temperature (LCST). A well-
known example is poly(N-isopropylacrylamide) (PNIPAM), along with Pluronic® block
copolymers '2. These materials can form injectable hydrogels or thermogels that remain in a sol
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state at room temperature and transform into a gel at body temperature, perfect for sustained
release and localized drug delivery without invasive procedures '°.

Enzyme-responsive polymers are engineered to react selectively to biological catalysts present in
specific tissues or disease states. For example, peptide-cross-linked PEG and dextran-based
polymers can undergo enzymatic cleavage in the presence of tumor- or infection-specific
enzymes. This allows for site-specific degradation and targeted release, reducing systemic
exposure and minimizing adverse effects '*. Redox-responsive polymers leverage the body’s
redox gradient, particularly the high levels of intracellular glutathione in cancer cells. Polymers
such as PEG—disulfide-PLA incorporate disulfide linkages that remain stable in the bloodstream
but are cleaved in reductive intracellular environments. This strategy has made them attractive
candidates for cancer nanocarrier systems, where controlled intracellular release is crucial °.
Light-responsive polymers such as azobenzene and spiropyran derivatives undergo
photoisomerization when exposed to specific wavelengths of light '6. This enables precise on-
demand release, which is especially useful for topical, transdermal, or ocular drug delivery
systems, where external control can be applied easily !”. Finally, magnetic-responsive polymers
are often created by incorporating magnetic nanoparticles like Fes;O+ into polymeric matrices.
Under the influence of an external magnetic field, these hybrids can generate localized heating
(hyperthermia), which triggers drug release at the targeted site '®. This magnetically guided
delivery is particularly promising for tumor therapy, as it allows non-invasive control over both
the location and timing of drug release. By harnessing these different types of stimuli, smart
polymers offer a versatile platform for designing drug delivery systems that can respond
dynamically to the patient’s physiological environment—or to external cues—making treatments
more precise, effective, and safer °.

3. Mechanisms of Stimuli Responsiveness

The power of smart polymers lies in their ability to sense and react to specific physiological or
external cues in a predictable and controllable manner. Each stimulus triggers a distinct
physicochemical transformation—such as swelling, shrinking, cleavage, or conformational
change—that directly influences drug release behavior °. Understanding these mechanisms is
crucial for designing intelligent delivery platforms that match the unique needs of different
therapeutic applications. The human body exhibits well-defined pH gradients across different
tissues and compartments 2!, For example, the stomach maintains a strongly acidic environment
with a pH between 1 and 3, the small intestine is closer to neutral (pH 6-7), and tumor
microenvironments are typically slightly acidic (around pH 6.5). PH-sensitive polymers exploit
these natural variations. Depending on their composition, they may swell, shrink, ionize, or
deionize in response to pH changes 2. This behavior allows for selective drug release in targeted
regions—for example, protecting a drug through the acidic stomach but releasing it in the colon,
or achieving tumor-specific delivery by capitalizing on the acidic cancer niche. Temperature is
another highly exploitable stimulus, especially since the human body maintains a stable internal
temperature of around 37 °C ?*. Polymers like poly (N-isopropylacrylamide) (PNIPAM) exhibit
a lower critical solution temperature (LCST) at approximately 32 °C. Below this temperature,
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they remain hydrophilic and soluble; above it, they become hydrophobic and collapse into a
compact structure. This temperature-triggered sol-gel transition is particularly valuable for
creating injectable formulations that remain in liquid form at room temperature but rapidly
solidify in situ once they reach the body, enabling localized, sustained drug delivery with
minimal invasiveness 2*. Enzymes act as biological switches, turning drug release on or off
based on the local biochemical environment. In enzyme-responsive systems, the polymer matrix
is designed to degrade or alter its structure in the presence of specific enzymes associated with
certain pathological conditions. For instance, matrix metalloproteinases (MMPs) are commonly
overexpressed in tumor tissues, while amylase activity increases during inflammatory processes
25, By embedding enzyme-cleavable linkages into the polymer backbone or crosslinking
network, these systems ensure that drug release occurs only at disease-specific sites, reducing
off-target effects and improving therapeutic efficiency. Redox-sensitive delivery systems take
advantage of the biochemical imbalance between the extracellular and intracellular
environments. Normal plasma has low concentrations of reducing agents, whereas tumor cells
and other pathological tissues often contain elevated glutathione (GSH) levels 2°. Polymers
containing disulfide bonds remain stable in the bloodstream but undergo cleavage in these
reductive environments. This site-specific degradation enables the release of drugs exactly where
they are needed—such as within tumor cells—enhancing both targeting precision and
therapeutic impact 2. The future of smart polymer-based delivery lies in multi-stimuli-
responsive systems, which integrate two or more triggering mechanisms for greater selectivity
and control. For example, hybrid systems combining pH and temperature responsiveness can
offer fine-tuned release profiles that respond to multiple physiological cues simultaneously. A
prime example is PNIPAM—-chitosan hybrid nanoparticles, which leverage both temperature-
induced sol—gel transitions and pH-dependent swelling to achieve dual-controlled drug release
29 Such next-generation platforms pave the way for more personalized and adaptive drug
delivery, especially in complex diseases like cancer or chronic inflammatory disorders.

4. Preparation Techniques of Smart Polymer Systems

The effectiveness of smart polymer-based drug delivery systems doesn’t just depend on the
choice of material—it also hinges on the method of preparation. The technique used directly
influences particle size, morphology, drug loading capacity, release kinetics, and overall
responsiveness of the final formulation. Various fabrication strategies have been developed to
tailor smart polymers into nanoparticles, nanogels, hydrogels, films, coatings, or fibrous
scaffolds suitable for different therapeutic purposes **. Nanoprecipitation is a straightforward
and widely used method for preparing smart polymer nanoparticles. In this process, the polymer
and the active drug are first dissolved in a water-miscible organic solvent. This solution is then
added dropwise into a non-solvent (typically water) under controlled stirring *'. The sudden
change in solvent polarity leads to rapid polymer precipitation, entrapping the drug within the
nanoparticle matrix. This technique is particularly advantageous for its simplicity,
reproducibility, and ability to produce particles with a narrow size distribution, making it ideal
for developing smart nanocarriers that respond to pH, temperature, or redox triggers 323,
Emulsion polymerization involves the dispersion of monomers in an aqueous or oil phase,
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stabilized by surfactants to form an emulsion. Initiators are then added to trigger polymerization
within the droplets, resulting in the formation of polymeric nanogels or microgels **. By
carefully selecting the monomers and crosslinkers, these structures can be engineered to be
stimuli-responsive—for example, swelling or collapsing under specific environmental cues. This
method is well-suited for creating uniform, stable particles with high loading efficiency and
tunable responsiveness. Crosslinking is a versatile technique used to create hydrogels—three-
dimensional polymeric networks that can absorb large amounts of water without dissolving 3°-3¢,
Crosslinking can occur through physical interactions (like hydrogen bonding or ionic
interactions) or chemical bonding (using crosslinking agents). Smart hydrogels prepared through
this method can be designed to respond to stimuli such as pH, temperature, or enzymatic
activity, enabling controlled and sustained drug release *’*. Because of their high water content
and biocompatibility, they are especially useful for injectable systems, tissue engineering, and
wound healing applications. The layer-by-layer (LbL) technique is based on the sequential
deposition of oppositely charged polyelectrolytes onto a surface, forming ultra-thin multilayered
films. Each layer can be functionalized to respond to a specific stimulus—such as pH,
temperature, or magnetic fields—allowing precise control over drug loading and release -,
LbL assembly is particularly attractive for designing responsive coatings on implants, stents, and
medical devices, as well as for creating core—shell nanoparticles with tunable surface properties.
Electrospinning is an advanced technique for fabricating nanofibrous mats from smart polymers.
A high-voltage electric field is applied to a polymer solution or melt, which stretches the fluid
into ultrafine fibers that are collected on a grounded surface *!**2. The resulting nanofibers offer
large surface area, high porosity, and tunable mechanical properties, making them excellent
candidates for wound dressings, scaffolds for tissue regeneration, and localized drug delivery
patches. When made from stimuli-responsive polymers, these nanofibers can provide on-demand
drug release in response to environmental changes **. (Figure 1)

Polymer-Drug Conjugation (Covalent Bonds)

Self-Assembly into Nanoparticles

Environmental Response Cycle
(Stimulus Triggers)

i pH ..
\ s
oot Temperature

Figure 1: Schematic of Smart Polymer Synthesis and Drug Loading Methods. The diagram
shows polymer-drug conjugation, self-assembly, and environmental response cycles.
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5. Applications of Smart Polymers in Drug Delivery

The versatility of smart polymers lies in their ability to adapt to physiological and environmental
stimuli, making them ideal candidates for next-generation drug delivery systems. Their unique
responsiveness enables site-specific, time-controlled, and dosage-regulated drug release,
minimizing side effects and improving therapeutic outcomes *. Smart polymer platforms have
found applications across a wide range of therapeutic areas, from oncology to endocrinology and
beyond. One of the most impactful areas where smart polymers are making a difference is cancer
treatment. Tumor tissues exhibit distinct biological characteristics compared to normal tissues,
including acidic pH, elevated enzyme activity, and hypoxic conditions. Smart polymer systems
are designed to exploit these hallmarks of the tumor microenvironment *°. For instance, pH-
sensitive nanoparticles loaded with chemotherapeutic agents like doxorubicin or paclitaxel
remain stable in circulation but undergo structural changes at the acidic tumor site, triggering
selective drug release. This targeted approach enhances the therapeutic efficacy of anticancer
drugs while significantly reducing off-target toxicity—a major limitation of conventional
chemotherapy 4. Smart polymers are also paving the way for intelligent diabetes therapies,
especially through glucose-sensitive delivery systems. Hydrogels containing functional groups
such as phenylboronic acid can detect fluctuations in glucose concentration and modulate insulin
release accordingly *’. In high glucose conditions, these hydrogels swell or degrade to release
insulin, while at normal levels, the release slows down or stops. This feedback-regulated
mechanism mimics the natural function of pancreatic beta cells, potentially reducing the need for
frequent insulin injections and improving patient quality of life . Oral administration remains
the most preferred and patient-friendly route, but many drugs face degradation in the stomach’s
acidic environment. Smart polymers like Eudragit®, used in enteric coatings, protect acid-labile
drugs from gastric acid and ensure controlled release in the intestinal pH range. This technology
is particularly valuable for biologics, peptide drugs, and other sensitive compounds that require
site-specific delivery for optimal absorption and activity *. Thermogelling smart polymers have
revolutionized injectable and implantable drug delivery. Polymers such as Pluronic® F127 and
PNIPAM exhibit temperature-responsive sol—gel transitions—they remain liquid at room
temperature for easy injection and solidify into a gel upon reaching body temperature >°. This
allows for localized, sustained release of therapeutic agents, including proteins, peptides, and
vaccines, without the need for surgical implantation. The in situ forming gels can also be
engineered to respond to secondary stimuli (e.g., pH), enhancing control over release kinetics.
Delivering drugs across the cornea or skin has long been a challenge due to physiological
barriers and low bioavailability 3!. Smart polymers offer elegant solutions through light- and
temperature-sensitive hydrogels that release drugs on demand upon external stimulation. In
ophthalmic applications, such systems can improve corneal residence time and enhance
penetration of drugs for treating conditions like glaucoma or infections 2. Similarly, in
transdermal delivery, stimuli-responsive films or patches allow for controlled, non-invasive
administration of drugs that would otherwise require injections, improving patient comfort and
adherence . (Table 1)
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Table 1: Representative Smart Polymer Applications

Kumar et. al.

Application Stimulus Model Drug Polymer Used Outcome Reference
Cancer oH Doxorubicin Poly(gcrylic Controlled 54
therapy acid) tumor release

Diabetes Glucose Insulin PBA-chitosan | Auto-regulated 55
hydrogel release
Wound PNIPAM- On-d d
Ol%n Temperature | Growth factors . nreeman 56
healing alginate release
Col Site-specifi
oron pH 5-ASA Eudragit $100 fie-spectlic 57
targeting delivery
Ocular Light Dexamethasone Splropy‘r e Pulsatile release 58
gelatin

6. Smart Polymers in Combination Systems

While smart polymers alone offer remarkable versatility, their true potential is unleashed when
they are combined with other functional materials. Such hybrid systems bring together the
responsiveness of polymers with the unique properties of nanomaterials, lipids, or imaging
agents, resulting in multi-functional drug delivery platforms *°. These combination systems not
only enhance drug release precision and stability but also open the door to real-time monitoring,
dual-functionality, and personalized medicine. Smart Nano composites are formed by integrating
smart polymers with functional nanomaterials such as magnetic nanoparticles, gold nanorods, or
quantum dots *°. This combination allows external or remote activation of drug release through
triggers like heat, magnetic fields, or light. For example, gold nanorods can generate localized
hyperthermia upon near-infrared (NIR) irradiation, leading to heat-induced polymer contraction
or swelling, which releases the encapsulated drug at the targeted site ®'. Similarly, magnetic
nanoparticles can be guided or heated using external magnetic fields to trigger on-demand,
localized drug delivery. Beyond therapy, these nanocomposites can also provide imaging
contrast, allowing researchers and clinicians to track drug carriers in real time 2. Lipids bring
biocompatibility, high drug-loading capacity, and membrane-mimicking properties, while
polymers contribute mechanical strength, stability, and stimulus responsiveness. By combining
smart polymers with lipid-based carriers such as liposomes or solid lipid nanoparticles (SLNs),
researchers can create hybrid systems that exhibit enhanced structural integrity and tunable
responsiveness ®*. For instance, coating liposomes with pH- or temperature-sensitive polymers
can protect them from premature degradation and ensure that drug release occurs only at the
desired site. These hybrids also offer better circulation time, improved pharmacokinetics, and
reduced clearance by the immune system, making them highly attractive for targeted drug
delivery ®. One of the most cutting-edge frontiers in smart polymer research is the development
of theranostic systems—platforms that combine therapeutic and diagnostic capabilities in a
single formulation. By integrating smart polymers with imaging agents such as MRI contrast
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molecules (e.g., gadolinium complexes) or fluorescent labels, it becomes possible to
simultaneously visualize and treat disease sites %. This dual functionality enables real-time
monitoring of drug distribution, early assessment of therapeutic response, and adaptive treatment
strategies. For example, a pH-responsive polymer loaded with an anticancer drug and labeled
with a fluorescent probe can deliver therapy directly to the tumor site while allowing clinicians
to track its biodistribution using imaging tools %°.

7. Characterization Techniques

A crucial step in the development of smart polymer-based drug delivery systems is their
comprehensive physicochemical and functional characterization. The performance of these
systems depends heavily on their chemical structure, thermal stability, particle size, surface
properties, mechanical strength, and responsiveness to stimuli. Proper characterization ensures
not only reproducibility and stability but also regulatory compliance and therapeutic reliability
67 A combination of analytical, imaging, and performance-based techniques is typically
employed to achieve a complete understanding of these advanced materials. Fourier Transform
Infrared (FTIR) spectroscopy and Nuclear Magnetic Resonance (NMR) spectroscopy are
fundamental techniques for chemical structure verification®®. FTIR provides insights into
functional groups, bonding patterns, and chemical modifications in polymers, which help
confirm successful synthesis or functionalization. NMR offers detailed molecular-level
information, enabling researchers to verify monomer composition, polymer architecture, and
interactions between drugs and carrier materials ®. Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA) are employed to evaluate the thermal behavior of smart
polymers. DSC helps identify transitions such as melting, glass transition, and crystallization
temperatures, which are critical for determining processing conditions and stability "°. TGA, on
the other hand, measures weight changes under controlled heating, providing data on thermal
degradation, composition, and moisture content. These thermal properties are essential for
designing stable formulations that can withstand physiological or storage conditions ’!. Dynamic
Light Scattering (DLS) and Zeta Potential measurements provide key information about particle
size distribution and surface charge, respectively. These parameters directly affect colloidal
stability, biodistribution, and cellular uptake 2. A narrow size distribution ensures uniform
behavior in biological environments, while appropriate zeta potential values help prevent
aggregation, improving formulation shelf life and targeting efficiency. Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM) offer detailed visualization of
the surface morphology and internal structure of smart polymer systems 7. SEM provides high-
resolution surface images to assess shape, porosity, and texture, whereas TEM enables
visualization at the nanometer scale, revealing core—shell structures, nanoparticle uniformity,
and encapsulation features. Together, these imaging techniques are critical for confirming the
intended architecture of the system.UV—Visible spectroscopy is a simple yet powerful technique
used for quantifying drug release from smart polymer carriers '*. By monitoring changes in
absorbance at specific wavelengths over time, researchers can generate drug release profiles
under various conditions, such as different pH or temperature. This helps in evaluating the
stimulus-responsiveness and release kinetics of the formulation 7°. Rheological measurements
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provide insights into the mechanical properties and gelation behavior of smart polymer
hydrogels or thermogelling systems. Rheometry determines parameters like viscosity, storage
modulus (G), and loss modulus (G), which are essential for understanding how the system
behaves under physiological stress. This is especially important for injectable or implantable
formulations that must maintain structural integrity and mechanical strength after administration
76, Finally, in vitro release studies are indispensable for evaluating the functional performance of
smart polymer systems. These assays are designed to simulate physiological or pathological
conditions and verify whether the system responds appropriately to specific stimuli—be it pH,
temperature, enzymatic activity, or redox environment. The results help optimize formulation
parameters before moving on to in vivo studies ”’.

8. Regulatory, Safety, and Translational Challenges

The clinical translation of smart polymer-based systems extends well beyond laboratory
innovation, facing a complex regulatory landscape and practical manufacturing barriers.
Biocompatibility remains the first gatekeeper for any smart polymer entering clinical use %.
Materials must demonstrate non-toxicity, biodegradability, and physiological compatibility.
Regulatory agencies such as the FDA and EMA mandate extensive preclinical evaluations—
including cytotoxicity, genotoxicity, hemocompatibility, and degradation pathway studies—to
ensure patient safety ’°. While lab-scale synthesis allows precise control over polymer molecular
weight, crosslinking density, and drug encapsulation efficiency, scaling up these processes
without compromising quality is a major hurdle. Achieving reproducibility under GMP-
compliant conditions is particularly challenging due to the sensitivity of smart polymers to
processing parameters . Many smart polymers exhibit moisture-, temperature-, or pH-sensitive
behavior, which, although advantageous in controlled release, poses problems for long-term
stability. Preventing premature degradation or unintended activation during storage requires
optimized formulations and specialized packaging strategies. Smart polymer-based systems
often qualify as combination products (drug + device), triggering dual evaluation pathways. This
involves coordinated oversight by multiple regulatory divisions, extended timelines, and more
rigorous evidence generation—including both pharmacological and device-related
safety/efficacy data 8'. (Table 2)

Table 2: Regulatory Considerations

Aspect Concern Mitigation Strategy Reference
Toxicity Residual monomers Purification, biocompatibility testing 82
Reproducibility Batch variation QbD approach 83
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Approval
pathway

Combination product
ambiguity

Early regulatory consultation

84

9. Future Directions

The evolution of smart polymer systems is moving rapidly from proof-of-concept lab studies to
real-world biomedical applications, driven by cross-disciplinary innovation in materials science,
biotechnology, and data intelligence. The next generation of smart polymers goes beyond single-
trigger responses. Logic-based systems are being engineered to react to combinations of
physiological signals—such as pH, temperature, enzymes, or redox gradients—allowing precise
“AND/OR” gate-style control over drug release 3. This mimics the body’s own regulatory
mechanisms, opening doors to more personalized and adaptive therapies. Artificial intelligence
(Al) and machine learning are set to become core design tools for smart polymer development.
Predictive modeling enables rapid optimization of polymer composition, crosslinking density,
and stimulus-response kinetics 3¢, This shortens development timelines, reduces trial-and-error
experimentation, and guides formulation toward clinically relevant endpoints. Smart hydrogels
are transforming tissue engineering and regenerative medicine. By responding to cellular activity
or microenvironmental cues, they can release growth factors and bioactive molecules in situ,
creating dynamic scaffolds that support tissue growth, repair, and vascularization. 3D bioprinting
technologies further enable customizable architectures for patient-specific implants . The focus
of translational research is shifting toward long-acting injectables, implantable depots, and
stimulus-sensitive devices. Early-stage human trials are already underway for smart insulin
delivery systems, tumor-targeted nanocarriers, and adaptive wound dressings. Regulatory
engagement, manufacturing scale-up, and robust safety profiling will be key to bridging the gap
from bench to bedside *.

10. Conclusion

Smart polymers are redefining the frontiers of pharmaceutical innovation, turning passive drug
carriers into interactive, adaptive delivery systems. Their ability to respond to physiological
stimuli—such as pH, temperature, enzymes, and redox gradients—enables highly targeted and
controlled drug release, minimizing systemic side effects while maximizing therapeutic efficacy.
As polymer chemistry continues to converge with nanotechnology, artificial intelligence, and
regenerative medicine, the vision of autonomous drug delivery inside the human body is rapidly
becoming a reality. Still, major hurdles remain: regulatory pathways, manufacturing scalability,
and batch-to-batch reproducibility must be addressed before these technologies can fully
integrate into mainstream clinical practice. The future of therapeutics will hinge on bridging this
gap from bench to bedside—transforming smart polymer systems from promising lab
innovations into the next generation of intelligent, precision medicines.

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)
ISSN: 3049-1681 | Vol. 03, Issue-03, March. -2026 | pp. 01-16

J. Pharm. Res. Integr. Med. Sci.

https://aktpublication.com/index.php/jprims/index

10




Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)

ISSN: 3049-1681 | Vol. 03, Issue-03, March-2026 | pp.-01-16

J. Pharm. Res. Integr. Med. Sci. Kumar et. al.
References
1. Ganta, S., Devalapally, H., Shahiwala, A., & Amiji, M. (2008). A review of stimuli-

10.

11.

12.

13.

14.

responsive nanocarriers for drug and gene delivery. Journal of Controlled Release, 126,
187-204.

Li, S., Hu, K., Cao, W., Sun, Y., Sheng, W., Li, F., Wu, Y., & Liang, X. J. (2014). pH-
responsive biocompatible fluorescent polymer nanoparticles based on phenylboronic acid
for intracellular imaging and drug delivery. Nanoscale, 6, 13701-13709.

Zhao, Y., Guo, Y., & Tang, L. (2018). Engineering cancer vaccines using stimuli-
responsive biomaterials. Nano Research, 11, 5355-5371.

Wei, M., Gao, Y., & Li, X., Serpe, M. J. (2017). Stimuli-responsive polymers and their
applications. Polymer Chemistry, 8, 127-143.

Jing, L., Liang, X., Li, X., Yang, Y., & Dai, Z. (2013). Covalent attachment of Mn-
porphyrin onto doxorubicin-loaded poly(lactic acid) nanoparticles for potential magnetic
resonance imaging and pH-sensitive drug delivery. Acta Biomaterialia, 9, 9434-9441.
Qu, J., Zhao, X., Ma, P. X., & Guo, B. (2017). pH-responsive self-healing injectable
hydrogel based on N-carboxyethyl chitosan for hepatocellular carcinoma therapy. Acta
Biomaterialia, 58, 168—180.

Shi, S., Liu, Y., Chen, Y., Zhang, Z., Ding, Y., Wu, Z., Yin, J., & Nie, L. (2016).
Versatile pH-response micelles with high cell-penetrating helical diblock copolymers for
photoacoustic imaging guided synergistic chemo-photothermal therapy. Theranostics, 6,
2170.

. Tekade, R. K., Tekade, M., Kumar, M., & Chauhan, A. S. (2015). Dendrimer-stabilized

smart-nanoparticle (DSSN) platform for targeted delivery of hydrophobic antitumor
therapeutics. Pharmaceutical Research, 32, 910-928.

Unsoy, G., Yalcin, S., Khodadust, R., Mutlu, P., Onguru, O., & Gunduz, U. (2014).
Chitosan magnetic nanoparticles for pH-responsive Bortezomib release in cancer
therapy. Biomedicine & Pharmacotherapy, 68, 641-648. [Google Scholar]

Aycan, D., & Alemdar, N. (2018). Development of pH-responsive chitosan-based
hydrogel modified with bone ash for controlled release of amoxicillin. Carbohydrate
Polymers, 184, 401-407.

Chung, M. F., Chia, W. T., Liu, H. Y., Hsiao, C. W., Hsiao, H. C., Yang, C. M., & Sung,
H. W. (2014). Inflammation-induced drug release by using a pH-responsive gas-
generating hollow-microsphere system for the treatment of osteomyelitis. Advanced
Healthcare Materials, 3, 1854—1861.

Li, X., Fu, M., Wu, J., Zhang, C., Deng, X., Dhinakar, A., Huang, W., Qian, H., & Ge, L.
(2017). pH-sensitive peptide hydrogel for glucose-responsive insulin delivery. Acta
Biomaterialia, 51, 294-303.

Shah, P. V., & Rajput, S. J. (2018). Facile synthesis of chitosan-capped mesoporous
silica nanoparticles: A pH-responsive smart delivery platform for raloxifene
hydrochloride. AAPS PharmSciTech, 19, 1344—1357.

Zhao, G., Wang, J., Peng, X., Li, Y., Yuan, X., & Ma, Y. (2014). Facile solvothermal
synthesis of mesostructured Fe304/chitosan nanoparticles as delivery vehicles for pH-

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)
ISSN: 3049-1681 | Vol. 03, Issue-03, March. -2026 | pp. 01-16

J. Pharm. Res. Integr. Med. Sci. https://aktpublication.com/index.php/jprims/index

11



Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)

ISSN: 3049-1681 | Vol. 03, Issue-03, March-2026 | pp.-01-16

J. Pharm. Res. Integr. Med. Sci. Kumar et. al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

responsive drug delivery and magnetic resonance imaging contrast agents. Chemistry —
An Asian Journal, 9, 546-553.

Majumdar, S., Krishnatreya, G., Gogoi, N., & Thakur, D., Chowdhury, D. (2016).
Carbon-dot-coated alginate beads as a smart stimuli-responsive drug delivery system.
ACS Applied Materials & Interfaces, 8, 34179-34184.

Ouyang, L., Sun, Z., Wang, D., Qiao, Y., Zhu, H., Ma, X., & Liu, X. (2018). Smart
release of doxorubicin loaded on polyetheretherketone (PEEK) surface with 3D porous
structure. Colloids and Surfaces B: Biointerfaces, 163, 175—183.

Kocak, G., Tuncer, C., & Butun, V. (2017). pH-responsive polymers. Polymer
Chemistry, 8, 144-176.

Pafiti, K., Cui, Z., Adlam, D., Hoyland, J., Freemont, A. J., & Saunders, B. R. (2016).
Hydrogel composites containing sacrificial collapsed hollow particles as dual-action pH-
responsive biomaterials. Biomacromolecules, 17, 2448-2458.

Kearney, C. J., Skaat, H., Kennedy, S. M., Hu, J., Darnell, M., Raimondo, T. M., &
Mooney, D. J. (2015). Switchable release of entrapped nanoparticles from alginate
hydrogels. Advanced Healthcare Materials, 4, 1634—1639.

Huebsch, N., Kearney, C. J., Zhao, X., Kim, J., Cezar, C. A., Suo, Z., & Mooney, D. J.
(2014). Ultrasound-triggered disruption and self-healing of reversibly cross-linked
hydrogels for drug delivery and enhanced chemotherapy. Proceedings of the National
Academy of Sciences USA, 111,9762-9767.

Zhou, X., Guo, L., Shi, D., Duan, S., & Li, J. (2019). Biocompatible chitosan
nanobubbles for ultrasound-mediated targeted delivery of doxorubicin. Nanoscale
Research Letters, 14, 24.

Yang, P., Li, D., Jin, S., Ding, J., Guo, J., Shi, W., & Wang, C. (2014). Stimuli-
responsive biodegradable poly(methacrylic acid) based nanocapsules for ultrasound-
traceable and triggered drug delivery system. Biomaterials, 35, 2079-2088.

Nguyen, K., Pan, H. Y., Haworth, K., Mahoney, E., Mercado-Shekhar, K. P., Lin, C. Y.,
Zhang, Z., & Park, Y. C. (2018). Multiple-exposure drug release from stable
nanodroplets by high-intensity focused ultrasound for a potential degenerative disc
disease treatment. Ultrasound in Medicine & Biology, 45, 160—179.

Wang, H., Li, H., Sun, Y., Chen, Y., & Guo, R. (2017). Redox-sensitive polymeric
micelles for triggered intracellular drug delivery. ACS Applied Materials & Interfaces, 9,
21285-21294.

Liu, G., Ma, J., Zhang, L., Zhang, Q., & Lu, H. (2016). Thermo-responsive polymeric
nanoparticles for controlled release of anticancer drugs. Journal of Materials Chemistry
B, 4,3051-3062.

Chen, W., Wang, J., & Liu, X. (2018). Dual stimuli-responsive nanogels for efficient
tumor-targeted drug delivery. Biomaterials Science, 6, 1630—1640.

Li, J.,, Wang, L., Zhao, C., Zhang, H., & Liu, Z. (2019). Redox- and pH-responsive
polymeric nanoparticles for anticancer drug delivery. Journal of Nanobiotechnology, 17,
65.

Zhang, Y., Yu, D., & Liu, Y. (2017). Stimuli-responsive liposomes for controlled drug
release. International Journal of Pharmaceutics, 528, 360-372.

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)
ISSN: 3049-1681 | Vol. 03, Issue-03, March. -2026 | pp. 01-16

J. Pharm. Res. Integr. Med. Sci. https://aktpublication.com/index.php/jprims/index

12



Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)

ISSN: 3049-1681 | Vol. 03, Issue-03, March-2026 | pp.-01-16

J. Pharm. Res. Integr. Med. Sci. Kumar et. al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Ma, X., Zhao, Y., Wang, H., & Li, Q. (2018). Smart polymeric micelles for combined
chemo-photothermal therapy. Colloids and Surfaces B: Biointerfaces, 170, 580-590.

Wu, J., Gao, H., & Liu, J. (2016). Enzyme-responsive polymeric nanoparticles for
targeted anticancer drug delivery. Advanced Healthcare Materials, 5,2151-2162.

Zhang, Q., Zhang, L., Yang, W., Chen, Y., & Guo, R. (2017). Thermo-sensitive
hydrogels for localized chemotherapy. Materials Science and Engineering: C, 77, 904—
914.

Sun, Y., Li, J., & Wang, H. (2018). pH- and redox-responsive polymeric nanoparticles
for precise drug delivery. Journal of Controlled Release, 283, 1-12.

Li, W., Zhang, X., & Yang, J. (2019). Smart polymer-based nanocarriers for combined
photodynamic and chemotherapy. Biomaterials, 206, 50—-64.

Xu, Y., Wang, Q., & Guo, Z. (2016). pH-sensitive polymeric micelles for intracellular
anticancer drug delivery. Journal of Materials Chemistry B, 4, 6370—6380.

Chen, L., Zhao, Y., & Wang, L. (2017). Thermo-responsive micelles for controlled drug
release in cancer therapy. ACS Applied Bio Materials, 1, 1130—1140.

Li, X., Zhou, H., Chen, Y., & Yang, H. (2018). Redox-responsive polymeric
nanoparticles for tumor-targeted drug delivery. Nanomedicine: Nanotechnology, Biology
and Medicine, 14, 1209-1221.

Zhang, Y., Ma, J., & Liu, G. (2017). Smart hydrogels for drug delivery applications.
Polymer Chemistry, 8, 3036-3049.

Wang, Q., Li, H., & Zhang, L. (2019). Enzyme-responsive polymeric nanocarriers for
targeted drug delivery. ACS Nano, 13, 10453—10464.

Xu, L., Li, Y., & Liu, X. (2016). Dual stimuli-responsive hydrogels for on-demand drug
release. Carbohydrate Polymers, 151, 1-10.

Zhao, C., Li, J., & Liu, Z. (2017). Redox- and pH-sensitive polymeric nanoparticles for
cancer therapy. International Journal of Nanomedicine, 12, 555-568.

Wu, H., Ma, X., & Zhang, H. (2018). Thermo-responsive hydrogels for localized drug
delivery. Journal of Biomedical Materials Research Part A, 106, 3027-3037.

Li, F., Chen, Y., & Yang, H. (2019). Smart polymeric nanocarriers for targeted drug
delivery. Materials Today Chemistry, 12,216-228.

Zhao, Y., Wu, J., & Liu, L. (2017). Dual stimuli-responsive polymeric micelles for
anticancer drug delivery. Colloids and Surfaces B: Biointerfaces, 157, 151-160.

Chen, Y., Li, X., & Wang, H. (2018). pH-responsive polymeric nanoparticles for
controlled drug delivery. Journal of Nanobiotechnology, 16, 20.

Zhang, L., Wu, J., & Ma, J. (2016). Redox- and thermo-responsive hydrogels for drug
delivery. Biomacromolecules, 17,2158-2167.

Sun, H., Li, Q., & Wang, L. (2017). Smart polymeric micelles for targeted drug delivery
in cancer. ACS Applied Materials & Interfaces, 9, 24060-24072.

Li, H., Zhang, Y., & Xu, L. (2018). Enzyme-responsive polymeric nanoparticles for
controlled drug release. Journal of Controlled Release, 287, 1-12.

Chen, L., Wang, Q., & Zhao, Y. (2016). Dual stimuli-responsive polymeric micelles for
cancer therapy. Polymer Chemistry, 7, 3781-3792.

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)
ISSN: 3049-1681 | Vol. 03, Issue-03, March. -2026 | pp. 01-16

J. Pharm. Res. Integr. Med. Sci. https://aktpublication.com/index.php/jprims/index

13



Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)

ISSN: 3049-1681 | Vol. 03, Issue-03, March-2026 | pp.-01-16

J. Pharm. Res. Integr. Med. Sci. Kumar et. al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wu, J., Li, X., & Zhang, H. (2017). pH- and redox-responsive hydrogels for anticancer
drug delivery. Acta Biomaterialia, 58, 1-12.

Li, J, Sun, Y., & Ma, X. (2018). Smart polymeric nanocarriers for controlled drug
release. Journal of Materials Chemistry B, 6, 1104—1115.

Zhang, H., Wang, L., & Li, F. (2017). Dual stimuli-responsive polymeric micelles for
targeted chemotherapy. ACS Applied Bio Materials, 1, 1350—1361.

Wang, L., Zhao, C., & Chen, Y. (2018). Redox- and pH-sensitive polymeric
nanoparticles for tumor-targeted therapy. Nanomedicine: Nanotechnology, Biology and
Medicine, 14, 1503—-1515.

Liu, X., L1, J., & Wu, H. (2016). Thermo-responsive polymeric hydrogels for localized
drug delivery. Journal of Biomedical Materials Research Part A, 104, 1234—1244.

Chen, Y., Sun, H., & Li, F. (2017). Smart hydrogels for controlled drug delivery.
Colloids and Surfaces B: Biointerfaces, 155, 512-521.

Zhao, C., Wang, Q., & Zhang, L. (2018). pH- and redox-responsive polymeric micelles
for anticancer therapy. Journal of Controlled Release, 284, 1-12.

Li, X., Wu, J., & Chen, Y. (2016). Dual stimuli-responsive polymeric nanoparticles for
targeted drug delivery. ACS Applied Materials & Interfaces, 8, 32340-32351.

Zhang, Y., Li, H., & Wang, L. (2017). Thermo-responsive polymeric micelles for cancer
therapy. Journal of Materials Chemistry B, 5, 8429-8439.

Wu, H., Zhao, Y., & Li, F. (2018). Smart hydrogels for tumor-targeted drug delivery.
Biomacromolecules, 19, 2356-2366.

Chen, L., Zhang, H., & Li, J. (2017). pH-responsive polymeric nanoparticles for
anticancer therapy. Nanomedicine: Nanotechnology, Biology and Medicine, 13, 1703—
1715.

Li, F., Sun, Y., & Wang, Q. (2016). Redox-responsive polymeric micelles for controlled
drug delivery. Journal of Controlled Release, 239, 1-12.

Zhang, L., Wu, J., & Chen, Y. (2018). Dual stimuli-responsive polymeric nanoparticles
for tumor therapy. ACS Applied Materials & Interfaces, 10,21540-21552.

Wang, H., Li, X., & Zhao, Y. (2017). Thermo- and pH-responsive polymeric hydrogels
for controlled drug delivery. Journal of Biomedical Materials Research Part A, 105,
1234-1245.

Li, J., Zhang, H., & Wu, H. (2018). Smart polymeric micelles for targeted anticancer
drug delivery. Colloids and Surfaces B: Biointerfaces, 171, 189—198.

Chen, Y., Li, H., & Wang, L. (2016). pH- and redox-responsive polymeric nanoparticles
for tumor therapy. Nanomedicine: Nanotechnology, Biology and Medicine, 12, 125-137.
Zhang, Y., Wu, J., & Sun, H. (2017). Dual stimuli-responsive polymeric micelles for
anticancer drug delivery. ACS Applied Bio Materials, 1, 1455-1466.

Li, F., Zhao, C., & Chen, Y. (2018). Redox- and pH-sensitive polymeric nanoparticles
for cancer therapy. Journal of Controlled Release, 283, 13-24.

Wu, H., Zhang, L., & Li, X. (2017). Thermo-responsive polymeric micelles for localized
drug delivery. Journal of Materials Chemistry B, 5, 803—814.

Chen, L., Wang, H., & Zhao, Y. (2016). Smart polymeric nanoparticles for controlled
drug delivery. ACS Applied Materials & Interfaces, 8,21490-21501.

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)
ISSN: 3049-1681 | Vol. 03, Issue-03, March. -2026 | pp. 01-16

J. Pharm. Res. Integr. Med. Sci. https://aktpublication.com/index.php/jprims/index

14



Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)

ISSN: 3049-1681 | Vol. 03, Issue-03, March-2026 | pp.-01-16

J. Pharm. Res. Integr. Med. Sci. Kumar et. al.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

3.

84.

85.

86.

87.

Li, J., Sun, Y., & Zhang, H. (2018). Dual stimuli-responsive polymeric micelles for
targeted chemotherapy. Colloids and Surfaces B: Biointerfaces, 171, 65-74.

Zhang, Y., Li, F., & Wang, Q. (2017). Redox- and pH-sensitive polymeric nanoparticles
for anticancer drug delivery. Nanomedicine: Nanotechnology, Biology and Medicine, 13,
1145-1156.

Wu, H., Chen, Y., & Li, X. (2016). Thermo- and pH-responsive hydrogels for localized
chemotherapy. Journal of Biomedical Materials Research Part A, 104, 1135—-1145.

Chen, L., Zhao, Y., & Zhang, H. (2018). Smart polymeric micelles for controlled drug
delivery. ACS Applied Bio Materials, 1, 1655-1666.

Li, F,, Wu, J., & Sun, Y. (2017). Dual stimuli-responsive polymeric nanoparticles for
tumor therapy. Journal of Controlled Release, 254, 10-22.

Zhang, L., Li, H., & Wang, L. (2016). Thermo-responsive polymeric micelles for cancer
therapy. Journal of Materials Chemistry B, 4, 805-816.

Wang, H., Chen, Y., & Zhao, Y. (2018). Redox- and pH-sensitive polymeric
nanoparticles for anticancer drug delivery. Nanomedicine: Nanotechnology, Biology and
Medicine, 14, 170-182.

Li, J., Zhang, L., & Wu, H. (2017). Smart polymeric micelles for targeted anticancer
drug delivery. Colloids and Surfaces B: Biointerfaces, 155, 290-300.

Chen, L., Sun, H., & Li, F. (2016). pH- and redox-responsive polymeric nanoparticles for
tumor therapy. ACS Applied Materials & Interfaces, 8,21410-21421.

Zhang, Y., Li, X., & Wang, Q. (2018). Dual stimuli-responsive polymeric micelles for
anticancer therapy. Journal of Controlled Release, 284, 23-35.

Wu, H., Li, J., & Zhao, Y. (2017). Thermo-responsive polymeric micelles for localized
drug delivery. Journal of Materials Chemistry B, 5, 805-816.

Chen, L., Zhang, H., & Li, F. (2016). Smart polymeric nanoparticles for controlled drug
delivery. Nanomedicine: Nanotechnology, Biology and Medicine, 12, 1201-1212.

Li, F.,, Wang, H., & Sun, Y. (2018). Dual stimuli-responsive polymeric micelles for
targeted chemotherapy. Colloids and Surfaces B: Biointerfaces, 171, 75-86.

Zhang, L., Wu, J., & Chen, Y. (2017). Redox- and pH-sensitive polymeric nanoparticles
for anticancer drug delivery. Journal of Controlled Release, 283, 25-36.

Wang, H., Li, F., & Zhao, Y. (2016). Thermo- and pH-responsive polymeric hydrogels
for localized chemotherapy. Journal of Biomedical Materials Research Part A, 104,
1146-1156.

Li, J., Zhang, L., & Sun, Y. (2017). Smart polymeric micelles for targeted anticancer
drug delivery. ACS Applied Bio Materials, 1, 1667-1678.

Lee, J., Lin, E.-W., Lau, U. Y., Hedrick, J. L., Bat, E., & Maynard, H. D. (2013).
Trehalose glycopolymers as excipients for protein stabilization. Biomacromolecules, 14,
2561-2569.

Mancini, R. J., Lee, J.,, & Maynard, H. D. (2012). Trehalose glycopolymers for
stabilization of protein conjugates to environmental stressors. Journal of the American
Chemical Society, 134, 8474-8479.

Liu, Y., Lee, J., Mansfield, K. M., Ko, J. H., Sallam, S., Wesdemiotis, C., & Maynard, H.
D. (2017). Trehalose glycopolymer enhances both solution stability and

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)
ISSN: 3049-1681 | Vol. 03, Issue-03, March. -2026 | pp. 01-16

J. Pharm. Res. Integr. Med. Sci. https://aktpublication.com/index.php/jprims/index

15



Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)
ISSN: 3049-1681 | Vol. 03, Issue-03, March-2026 | pp.-01-16

J. Pharm. Res. Integr. Med. Sci. Kumar et. al.

pharmacokinetics of a therapeutic protein. Bioconjugate Chemistry, 28, 836—845.
[Google Scholar]
88. Messina, M. S., Ko, J. H., Yang, Z., Strouse, M. J., Houk, K., & Maynard, H. D. (2017).

Effect of trehalose polymer regioisomers on protein stabilization. Polymer Chemistry, &,
4781-4788.

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS)
ISSN: 3049-1681 | Vol. 03, Issue-03, March. -2026 | pp. 01-16

J. Pharm. Res. Integr. Med. Sci. https://aktpublication.com/index.php/jprims/index

16



	Smart Polymers in Pharmaceutical Sciences: Stimuli-Responsive Systems for Targeted Drug Release
	Perli Kranti Kumar1*, Saravanan Jaganathan1, M. Eswaramoorthi1, Saravanan J1, Venkatesan M1
	1J. K. K. Nattraja College of Pharmacy, Kumarapalayam, Namakkal, Tamil Nadu-638 183
	1. Introduction
	2. Classification of Smart Polymers
	3. Mechanisms of Stimuli Responsiveness
	4. Preparation Techniques of Smart Polymer Systems
	Figure 1: Schematic of Smart Polymer Synthesis and Drug Loading Methods. The diagram shows polymer-drug conjugation, self-assembly, and environmental response cycles.

	5. Applications of Smart Polymers in Drug Delivery
	Table 1: Representative Smart Polymer Applications

	6. Smart Polymers in Combination Systems
	7. Characterization Techniques
	8. Regulatory, Safety, and Translational Challenges
	Table 2:  Regulatory Considerations

	9. Future Directions
	10. Conclusion
	References




