International Journal of Research Publication and Reviews, Vol 6, Issue 9, pp 95-107 September, 2025

International Journal of Research Publication and Reviews

Journal homepage: www.ijrpr.com ISSN 2582-7421

WWW.IJRPR.COM

Smart Polymer Based Drug Delivery Systems: A Next Generation Drug
Delivery

Uddandarao Sai Pranathi*, Mangalagiri Krishna Rekha™, Gorle Sneha Latha™, Buradakavi Sri
Satya Devi Deepthi™

A.U.College of Pharmaceutical Sciences Andhra University,Visakhapatnam 530003, Andhra Pradesh,India
E-mail: uspranathil8@gmail.com™ krishnarekha09@gmail.com™, snehalatha.g16@gmail.com™, buradakavid@gmail.com™

ABSTRACT

Smart polymers, or intelligent or stimuli-sensitive polymers, have been of interest as promising materials for next-generation drug delivery systems. In
synchronization with the natural biological response, smart polymers can reversibly change structure and function to specific stimuli like temperature, pH, light,
electric or magnetic fields, and biological signals. This new responsiveness allows site-specific, controlled, and precise delivery of therapeutic agents and, in turn,
their improved drug efficacy with minimal systemic side effects. Smart polymers are more stable compared with traditional polymers and can be adjusted to control
how a drug is released and even allow medicines to be directed exactly where they are needed. They have been applied in many sectors including drug delivery,
biosensors, tissue repair, gene therapy and regenerative treatments. Future prospects are likely to focus on combining these polymers with nanotechnology and
responsive systems to create advanced tailored therapies. Overall smart polymer-based systems hold great promise for making treatments more effective and patient-
friendly.

Keywords: Smart polymers, Stimuli-responsive, Drug delivery systems, Controlled release, Biomedical applications

1. INTRODUCTION:

Polymers are giant molecules called macromolecules composed of numerous repeating subunits with diverse properties based on how they are arranged
and combined. Smart polymers, which are also referred to as stimuli-responsive or intelligent polymers, have gained tremendous attention and studies in
recent times. External stimuli such as pH, temperature, stress, molecules, and magnetic/electric fields change the physical or chemical properties of such
polymers. These changes are reversible and controlled by changing the polymer structure in certain ways. Examination of the unique features and potential
applications of such polymers illustrates a variety of advantages for the use of biomaterials, including biocompatibility, biodegradability, and mechanical
flexibility.™

Smart polymers, extremely smart materials that are capable of responding to biological signals, demonstrate great versatility by performing multiple
functions such as the delivery of drugs to targeted locations within the body, cell transport to targeted locations, and environmental change sensing. The
medicinal applications of smart polymers are immense, with revolutionary findings reported across varied applications from optimizing insulin delivery
to the optimization of anti-cancer therapies and enabling gene therapy. In addition, these newer macromolecules are essential components in various
delivery systems, ranging from oral and topical delivery involving hydrogels to complex drug delivery architectures such as nanofibers, and as surface
shields for nanoparticles intended for parenteral delivery.?

Intelligent polymers exhibit rapid and reversible alterations in the microstructure induced by minimal stimuli from the environment. The stimuli shown
to induce the physical property alterations of the polymers are heterogeneous in nature and consist of temperature, pH, solvent or ionic content, electric
field, intensity of light, and introduction of particular ions. These are reversible in nature, i.e., the system reverts to the original state once the trigger is
eliminated. The driving stimulus in these transformations differs with ubiquitous stimuli such as the neutralization of charged functional groups by a shift
in pH or addition of a polymer oppositely charged, alterations in hydrogen bonding efficiency as temperature and ionic strength rise, hydrogel and
interpenetrating network collapse. &1
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TABLE.1l. DIFFERENCES BETWEEN NATURAL POLYMERS AND SMART POLYMERS IN DRUG DELIVERY: 4%

S.No. KEY ASPECTS NATURAL POLYMERS SMART POLYMERS

1) Source and composition These are derived from Smart polymers are synthetic or chemically
biological sources such as plants, | modified materials typically made up of
animals, or microorganisms. monomeric units with functional groups that
Their composition is based on respond to stimuli such as pH, temperature,
biological repeating units such light, enzymes, redox potential, or
as sugars, amino acids, or magnetic/electric fields.
nucleotides.!

2) Biocompatibility and These are generally They may require careful design to ensure

Biodegradability biocompatible and biodegradable | biocompatibility; some synthetic polymers may
with minimal toxicity. have toxicity concerns.
Ex: i) PAM- Neurotoxicity, cytotoxicity.
[32,33,44]
ii) Polyvinylpyrrolidone (PVP)- Kidney
accumulation,
hypersensitivity. 5471

3) Responsiveness to Stimuli These do not actively respond to | They exhibit active responses to stimuli such
external stimuli; drug release as pH, temperature, or redox conditions i.e,
depends on environmental they can change their physical properties in
conditions like enzymatic response to specific stimuli.
degradation.

4) Drug targeting and precision These are less precise in drug These enable site-specific and controlled drug
targeting due to lack of active release, improving therapeutic outcomes.
responsiveness.

5) Stability and Processing These can be sensitive to These are more stable and tuneable in terms of
environmental conditions like drug release kinetics.
enzymatic degradation or pH
sensitivity.

6) Examples Chitosan, Alginate, Gelatin, Poly(N-isopropylacrylamide) (PNIPAM),
Hyaluronic acid poloxamers, pH sensitive polyacrylic acid

derivatives.
2.Types of Smart Polymers:

Materials that nurture these adaptive systems have the capability to change their characteristics considerably upon experiencing stimuli. These stimuli are
capable of substituting the polymer chains in various manners in addition to altering their hydrophilicity, shape, solubility, degradation and breaking of
bonds. They result in changes which affect the formed structural behaviour by the polymers. The stimuli may be either chemical, physical or biological.

1) Physical (photo and electro responsive as well as thermo responsive) tend to change the polymer chain motion.

2) Chemical (ionic and redox, pH) affect the interaction of the polymers with the solvent or other polymers.

3)Biological (enzyme and glucose responsive) involve molecular mechanisms like enzyme reactions and molecule recognition by receptors.
Some polymers respond to two stimuli at the same time which are called as dual stimuli-responsive polymers 7

A stimuli-sensitive or smart polymer will exhibit a sudden transition in its physical properties upon a minor environmental stimulus. These polymers are
also referred to as intelligent polymers as slight change takes place due to an external stimulus until a threshold value is achieved, and they also possess
the capability to revert back to their original form upon the removal of the trigger. The stimuli that have been proven to cause these alterations in physical
characteristics of the polymers are varied in nature, and comprise temperature, pH, solvent or ionic content, electric field, illumination intensity, and
addition of certain ions. The uniqueness of these polymers is that their response is non-linear, which is caused by a very minute stimulus and results in a
perceptible macroscopic change in their structure. &I
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These transformations are regenerable and enclose modifications in state, shape and solubility, interdependence with the solvent, HLB and conductivity.
Neutralization of charged groups through addition of oppositely charged polymers or through pH change and alteration in the hydrophilic lipophilic
balance or alterations in hydrogen bonding through escalation or declination of temperature are the driving forces behind these transitions. The chief
advantages of drug delivery systems based on smart polymers are decreased frequency of dosing, convenience in preparation, desired therapeutic
concentration by single dose, sustained release of entrapped drug, fewer side effects and greater stability. 1
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Fig.1: Types of Smart Polymers

(www.journals.elsevier.com/hybrid-advances)

2.1. Physically dependent stimuli

a) Temperature responsive polymers:

These are smart materials that can respond and modify characteristics against temperature fluctuation. This type of controlled and quantifiable stimuli
causes polymer chains to contract and expand and undergo solution to phase transformation. The transformation relies on the water-loving vs water-
hating groups along the polymer chain as well as energy of the system. LCST is a temperature at which a polymer is soluble at low temperature but not
at high temperature and it is vice versa for UCST.[!

Contrarily, UCST polymers become soluble as the temperature increases due to decreased association among themselves, whereby enthalpy of these
associations is more beneficial compared to entropy. The reason for the UCST transition is less abrupt and is dependent on enthalpy compared to UCST
systems. An LCST system is basically selected for delivery of drugs due to the need for increased temperature in UCST arrangements which is not
preferred in heat-sensitive drugs and biomolecules.®!

Examples of UCST polymers: PMMA, PAA, PVCL, PDEAAM 5151

Examples of LCST polymers: PNIPAM, PEO, PPO, PDMAEMA [14285455]
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Fig.2. Phase diagrams illustrating polymer solutions that exhibit lower critical solution temperature (LCST) and upper critical solution
temperature (UCST) behaviour. I (www.sciencedirect.com)

In-situ temperature triggered gel:

The heat induced in-situ gelling polymers melt when subjected to an external ambient temperature of 20-25°C and at 35 to 37°C physiological
temperature, they start to gelate. Formation of hydrophobic areas and the creation of a hydrogel network from the melted state, both being temperature
dependent, promote degradation of the polymer chain. Liquid-to-gel transition during the in-situ gelation process is brought about by exposure to a
thermal initiator, which is regarded as an external stimulus. 2

b) Electro-responsive polymers:
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Electro-responsive, or electroactive, polymers (EAPs) can reversibly adjust their physical and chemical properties when subjected to electrical stimuli.[*!
By transforming electrical energy into mechanical movement, these polymers are able to bend, swell, shrink, or deform, with their response influenced
by the applied current, voltage, frequency, dielectric properties, and stored energy.[**% Polythiophene (PT) and polypyrene (PPY) are typical examples.[™
Drug release from EAPs can occur through mechanisms such as diffusion, electrophoresis, forced convection, or the degradation of electro-corrodible
segments.®! Their lightweight, low cost, flexibility, and ease of processing make them suitable for drug delivery, biosensors, artificial muscles, and
catheters, although high voltage requirements and potential material wear remain challenges. ™!

Examples of natural polymers used: Chitosan, Hyaluronic acid, Alginate (56-51
Examples of synthetic polymers used: allyl amine, vinyl alcohol, acrylonitrile, methacrylic acid and vinyl acrylic acid. 2356581
¢) Photo responsive polymers:

Light-sensitive polymers respond rapidly and precisely to light, making them valuable for various applications.™Y! They can undergo phase transitions
when exposed to specific wavelengths, which can be controlled for long-distance operation via fibre optics. However, challenges include leakage of
noncovalently bound chromophores during expansion or contraction, slow response of some hydrogels, and potential dark toxicity.®! Both UV and visible
light can activate these polymers, but visible-light-responsive systems are preferred due to their safety, cost-effectiveness, abundance, cleanliness, and
controllability, offering a practical approach for controlled photo-responsive applications.!

Examples of Photo responsive polymers: polymers containing azobenzene, Spiro pyran, diarylethene. (5964
2.2. Chemically dependent stimuli:

a) pH responsive polymers:

Many polymers exhibit structure property relationships such as surface characteristics, solubility and configuration that change with environmental pH.
These polymers contain acidic or basic groups that can gain or lose protons depending on the surrounding pH, leading to stretching or relaxation of
polymer segments in solution due to electrostatic repulsion of induced charges.™™ Weak polyacids can bind protons at low pH and release them at neutral
or high pH while weak poly bases show the opposite behaviour making these materials highly responsive to pH variations in their environment. !

Examples of pH sensitive anionic polymers: PAA and its derivatives such as PMAA @
Examples of pH sensitive cationic polymers: poly (4-vinyl pyridine), poly (2-vinyl pyridine) (PVP), PVAm, PDEAEMA. Bl

In-situ gelling systems have gained significant attention in recent years for their ability to provide sustained drug release, while maintaining stable plasma
levels. These hydrogels remain liquid at room temperature but transform into gels upon exposure to body fluids or pH changes, enabling controlled and
effective drug delivery.(®!

pH triggered insitu gel: Polymers with weakly acidic or basic functional groups react to pH variations by donating or accepting protons. This changes
electrostatic and hydrogen bonding interactions, leading to interdiffusion and conformational changes. At certain levels of pH, the interactions result in
polymer swelling and the creation of hydrogel networks by hydrogen bonding. 2

b) lon responsive polymers: lon-sensitive polymers are those which could possibly change their physical and/or chemical properties in response to a
change in their environment. Such polymers have been found to be resistant to changes such as, for example, pH changes or changes in ionic strength.
The polymers remain enigmatically transformed with regard to these alterations. lonizable group-containing polymers are highly varied and can be used
in many different ways. One important characteristic in polymers with ionizable groups is that it is sensitive to changes in ionic strength. ™

Examples of lon responsive polymers: PAA, PMAA, Chitosan, Alginic acid, Eudragit polymers. (46264

Eudragit polymers are employed in Nano sponge systems because of their ability to bind specific ligands, enabling targeted and timely delivery of
medications. (5%

lon-activated gelation: This method uses ion-sensitive polymers that form gels in the presence of ions like calcium or zinc. Polymers such as alginates
and carrageenan undergo gelation when divalent cations, especially calcium, cross-link their chains, resulting in a stable gel. 2

¢) Redox responsive polymers:

Redox-sensitive polymers belong to a larger class of materials referred to as stimuli-responsive materials, which also comprise those materials reacting
to pH, light, heat, and various other forms of stimuli. Such materials can undergo reversible modifications in their physical and chemical properties on
redox-state changes of the environment. Redox reactions involving electron transfer between various species are a significant factor in numerous
biological and chemical processes. (3¢

Redox-responsive polymer rational design by care of redox-active functional groups, which are able to accept and donate electrons. Redox-active sites
usually are located in either pendant or in the polymer backbone, and the redox activity can be adjusted by chemical structure variation in the monomers.
Quinones, ferrocenes and viologens are typical redox active groups which can show reversible redox response in concentration-dependent manner to
reducing or oxidizing agents.™
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Examples of Redox responsive polymers: PPS, PEG-PUSe-PEG, mPEG-PDH-mPEG triblock copolymer polymersomes. 64661
2.3. Biologically dependent stimuli:

a) Glucose responsive polymers:

Glucose-sensitive polymers are able to replicate endogenous insulin release, lowering diabetes complications by controlling bioactive molecule delivery.
They respond to glucose and have been recognized for applications in glucose-sensing and insulin-delivery devices, yet some restrictions are short
response time and potential non-biocompatibility.™ Well-designed glucose-sensitive polymers promise to monitor insulin systems. One of them utilizes
glucose oxidase (GOx) immobilized on pH-sensitive polymers; GOx catalyzes glucose to gluconic acid, decreasing pH and changing polymer shape. &7
Another utilizes lectins, particularly Concanavalin A (ConA), which is glucose-binding, creating networks with polymers such as PLGA, PEG, chitosan
derivatives, and dextran, increasing sensitivity and stability.

Examples of Glucose responsive polymers: PEG-b-P(AA-co-AAPBA) Micelles, PEG45-b-P(Asp-co-AspGA) [67:681
b) Enzyme-responsive polymers:

Enzyme-responsive polymers can alter their behaviour in the presence of specific enzymes, making them a significant focus within stimuli-responsive
materials. ! They hold strong potential for in vivo applications; however, challenges such as uncertainty in establishing a true baseline responsiveness
remain.[ Since enzymes like glycosidases, lipases, phospholipases, and proteases are central to most biological and metabolic processes, they can be
exploited to design enzyme-regulated drug delivery systems. Such systems rely on biocatalytic activity at disease sites, such as cancer or inflammation,
to achieve targeted and controlled drug release.!

Examples of Enzyme responsive polymers: Azo-polyurethane + Eudragit S100 Nanoparticles, CS — PEG Hydrogels, GFLG-linked polymer—PTX
prodrugs 974

2.4. Dual or Multi stimuli responsive polymers:

Here polymers show dual or multi-responsiveness with change in behaviour under two or more stimuli an example of such polymeric architectures could
exhibit temperature- and pH-sensitivities which would be achieved by the rather straightforward blending of ionizable and hydrophobic functional
groups.“?

The two i.e, pH-sensitive and the temperature-sensitive monomers are required to be incorporated in order to form a temperature-and pH-sensitive
polymer.

Example: Vitamin B-12-loaded nanoparticles were prepared using poly (N-isopropylacrylamide-co-methacrylic acid) (PNIPAmM-PMAA) in varying
ratios. An increase in temperature (37-43 °C) and a drop in pH (6-4) enhanced permeability, leading to vitamin B-12 release. [**]

TABLE.2. APPLICATIONS OF SMART POLYMERS

S.NO. | TYPE OF STIMULUS-RESPONSE EXAMPLES OF POLYMERS APPLICATIONS
1) Physically dependent stimuli: i)Conjugated linoleic acid coupled | Peritoneal dissemination of gastric
. with Pluronic F-127 cancer.l%
a) Temperature responsive polymers
ii)PLGA-PEG-PLGA Treatment of type 11 diabetes. 4
b) Electro responsive polymers i) PT Drug release and  cancer

chemotherapy.!*%!

ii) PSS Drug carrier.[*%!
c) Photo-responsive Azobenzene or Spiro pyran-containing
polymers a) PAA Photochromic polymer 2021
b) PHPMAmM Sensor 22231
2) Chemically dependent stimuli: i) Poly(n-isopropylacrylamide-co- | To improve angiogenesis in
propylacrylicacid-co-butylacrylate) infracted myocardium.*"]

a) pH responsive polymers

ii) Poly (methoxylethyleneglycol- | For oral drug delivery. 18!

caprolactone- co-methacrylicacid-co-
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a) Glucose responsive polymers

S.NO. | TYPE OF STIMULUS-RESPONSE EXAMPLES OF POLYMERS APPLICATIONS
poly(ethylene glycol)
methylethylenemethacrylate)
b) lon responsive polymers: i) PbAEs Efficient carrier for cytotoxic
) agents.®
-Redox responsive polymers
ii) Poly (NiPAAmM-co- Artificial muscles.
Ru(bpy)3)
3) Biologically dependent stimuli: i) GOx conjugated chitosan Self-regulated insulin  delivery.

[37,38]

polymers

i) N, N-(dimethylacrylamide) and | Sulphonamide-based glucose-
sulfadimethoxine monomer responsive hydrogel.
b) Enzyme-responsive i) DEXS/chitosan Local and sustained drug
release.[*%!

ii) Azo aromatic crosslinked

hydrogel

Specific delivery of peptides and
proteins.©4

3.0ther Applications of Smart polymers:

3.1. Drug Delivery:

Pharmaceutical applications use smart polymers as responsive carriers that employ physiological heat stimulation, pH fluctuation, and enzyme activity
to impart controlled release functionality based on the drug delivery sequence. Temperature modulated drug delivery is based on poly (N-isopropyl
acrylamide) polymers that show state transition with regard to changes in body temperature. Alternatively, one unique type of polymers from polyacrylic
acid works through pH changes, thus achieving successful release of the drug in cancer chemotherapy because of the acidic characteristic of tumour
tissue. Enzyme-activated polymers possess the property of degradation through response to certain biological enzymes, thus releasing the drug to a

specific therapeutic location.”!
Examples:
i Controlled and Sustained Release Systems:
Polymers used:
(] PAA — pH responsive.
. PNIPAM — thermo-responsive.
e Chitosan derivatives — mucoadhesive & pH-sensitive.?®!
ii. Targeted Drug Delivery:
Polymers used:
. PLGA conjugates — biodegradable, targeted delivery.

e  PEGylated poly (B-amino ester) — pH responsive.

e  Disulfide-crosslinked PEG-PLA micelles — redox sensitive.[’?

iii. Ocular Drug Delivery:

Polymers used:

e  Poloxamer 407 (Pluronic F127) — thermo-responsive in-situ gel.

e  HPMC — mucoadhesive & viscosity enhancer.

e Sodium alginate — ion-sensitive polymer.I!
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iv. Transdermal Drug Delivery:
Polymers used:
®  PVA - thermo-responsive hydrogel matrices.
e  Chitosan/poly(N-isopropylacrylamide) hybrid hydrogels-pH & temperature dual responsive.
e Phenylboronic acid-modified polymers — glucose-responsive.[’!
V. Injectable and Implantable Systems:
Polymers used:
®  PLGA-PEG-PLGA triblock copolymer — injectable thermo-sensitive hydrogel.
e  PCL - implantable biodegradable matrix
e Poloxamer blends — temperature-triggered gelation.™
3.2. Biosensing:

An instrument that can estimate and identify biologically significant species is called a biosensor. In a nutshell a biosensor must be skilled to identify a
specific analyte species in a diluted mixture with a lot of interfering species and deliver accurate results quickly.l®! These days, nanostructures are widely
used in developing sensors and biosensors, leading to major advancements in the field."¥! Incorporating nanoflowers helps improve biomaterial
immobilization, which enhances sensitivity, catalytic activity, and overall sensor performance.“ 1t’s feasible to create smart polymers that can identify
and react to particular biomolecules, such medications or illness markers. These sensors have the potential to improve the world by addressing some of
the issues that the sectors are now dealing with.™!

Examples:

i) Dostalek et al. developed a PNIPAM-co-MAAC hydrogel on indium tin oxide microheaters integrated with an SPR sensor to regulate SPR signals. ©
ii) Poly(2-vinylpyridine) (P2VP) polymer brushes acted as reversible nano pH sensors, collapsing when the pH shifted from 2 to 5. Nano-thermometers
were also created by immobilizing CdSe/ZnS quantum dots onto PNIPAM polymer brushes.[”

3.3. Gene transporters:

In order to prevent the immune reaction induced by the viruses, non-viral polymers were utilized as the carriers. Remarkably, thermo-
responsive polymers have been utilized to enlarge the gene delivery productivity by varying the temperature either during the complexation and or during
incubation or transfection period. Anionic polymers can also be utilized for enhancement of the efficiency of delivery of DNA molecules across the
endosome membrane by one more procedure of cationic polymers. Nanoparticles formed by some of these anionic polymers such as poly ethyl acrylic
acid (PEAA) or by poly propyl acrylic acid (PPAA) favours the formulation stability enhancing the effectiveness of the gene transfer of DNA.5!

Examples:
i. pH-Responsive Polymers for Endosomal Escape:
0 PEI — strong “proton sponge” effect.
0 PBAE - biodegradable, cationic gene carriers.l!
ii. Redox-Responsive Polymers for Cytoplasmic Release:
0 Disulfide-crosslinked PEG—polyethyleneimine (PEG-PEI-SS).
O Disulfide-linked chitosan derivatives.[’”
iii. Thermo-Responsive Polymers for Gene Delivery:
0 PNIPAM-based copolymers.
O PNIPAM-—chitosan conjugates for DNA condensation and release.™
iv. Enzyme-Responsive Polymers for Targeted Gene Release:
0 MMP-cleavable PEG—polylysine conjugates.
0 Cathepsin B-sensitive polymer—DNA conjugates.[’!

V. Glucose-Responsive Polymers for Gene Therapy in Diabetes:
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0 PBA-modified polymers conjugated with PEI.

O Chitosan-PBA conjugates for insulin gene plasmid delivery. !
3.4. Purification of proteins:

Smart polymers have one application in protein purification in which such materials are distinguished by their function to reversibly and quickly react to
the character of the medium. Smart polymers are present within conjugated systems, which have been applied in physical separation, chemical release,
as well as immunoassays.*® Controlled drug delivery of proteins is also possible with the use of smart surfaces that are responsive to temperature,
chemical stimuli, or electric stimulus. Polymer films grafted on the surface are good drug delivery vehicles as they have high storage and high retention
capacity and are capable of up taking and releasing biomacromolecules whenever the need arises

Examples:
i Thermo-responsive polymers: PNIPAM.14

ii. pH-responsive polymers: PAA and PMAA. 4
3.5. Regenerative Medicine:

Stimuli-responsive polymers also find usage in regenerative medicine. To this purpose, they may be classified into polymers for the development of smart
facades, and solgel transition polymers for injectable implants. Smart facades may be used as platforms or pillars, with magnificent management of the
surface characteristics, which themselves might subsequently utilized for the adsorption and desorption of biomacromolecules and cells.™

Examples:
l. Thermo-responsive scaffolds: PNIPAM and poloxamers.
1. pH- and ion-responsive hydrogels: alginate and chitosan. !
1. Enzyme-responsive smart polymers: MMPs. 54

V. Electrically responsive polymers: PPy and PANI.[5

4. FUTURE PROSPECTS OF SMART POLYMERS IN DRUG DELIVERY SYSTEMS:

In the upcoming generation, merging these smart polymers with nanoscale and biologic materials, many new functions and characteristics will be
accessible. Creating systems responding to many external triggers in an intelligent and reproducible manner is another obstacle. These substances will
allow the establishment of biomimetic systems that are both long-lived in stability and in longevity.[®

Future studies on intelligent DDSs for controlled drug release must be focused on clinical translation to render more stimulus-sensitive nanomedicine
clinically relevant.®® Future trends are toward the development of polymeric networks with the capability to detect or modify biochemical parameters
upon the presence of certain biomolecules and release the drug according to physiological requirements from a specific disease. 4

5. CONCLUSION:

Smart polymers have transformed from being considered just novel materials into becoming true enablers of next-generation drug delivery. What makes
them unique is their ability to “sense” subtle environmental changes and respond in ways that mirror biological systems - whether it is releasing a drug
at the right site, assisting cell growth, or adapting to pH or temperature shifts. Instead of simply carrying a therapeutic agent, these polymers actively
interact with their surroundings, making treatments more precise and patient-friendly.

The potential of these systems goes well beyond controlled drug release. From personalized therapies and regenerative medicine to protein purification
and gene transport, smart polymers are steadily weaving themselves into nearly every branch of modern healthcare. While challenges such as toxicity
concerns, large-scale production, and regulatory acceptance remain, the pace of innovation suggests that these hurdles will be gradually overcome.

Looking to the future, the combination of smart polymers with technologies such as nanotechnology, artificial intelligence, and precision medicine is set
to unlock highly targeted, adaptive, and safer-than-ever treatments. Thus, smart polymers are not only instruments for the present but also pillars on which
a more responsive, individualized, and sustainable future for medicine will be built.
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LIST OF ABBREVIATIONS:

DDS- Drug Delivery Systems

LCST- Lower Critical Solution Temperature
UCST- Upper Critical Solution Temperature
PNIPAM- Poly (N-isopropyl acrylamide)
PAM - Polyacrylamide

PT- Polythiophene

PPY- Polypyrene

PAA.- Polyacrylic acid

PMAA- Poly (methacrylic acid)

PVP- Poly (N-vinyl pyridine)

PVAm- Poly (vinyl amine)

PDEAEMA- Poly (2-diethyl aminoethyl methacrylate)
GOx- Glucose Oxidase

conA- Concanavalin A

PLL- Poly-L-Lysine

PEG- poly (ethylene glycol)

PMMA- Poly (methyl methacrylate)

PVCL- Poly (N-vinyl caprolactam)
PDEAAM- Poly (N, N-diethyl acrylamide)

PPS- Poly (propylene sulfide)

PEG-PUSe-PEG- Poly (ethylene glycol)-Poly (urethane selenide)—Poly (ethylene glycol)

mPEG-PDH-mPEG- Methoxy Poly (ethylene glycol) — Poly (2,2"-dithiodiethylamine hexamethylene diisocyanate) —Methoxy Poly (ethylene glycol)

PEG-b-P(AA-co-AAPBA)- Poly (ethylene glycol)-block-poly (acrylic acid-co-amino phenylboronic acid)

PEG45-b-P(Asp-co-AspGA)- Poly (ethylene glycol)45_ {45}45-block-Poly (aspartic acid-co-aspartamide-glucosamine)

CS-PEG- Chondroitin Sulfate- Polyethylene glycol

GFLG-linked polymer—PTX prodrugs - Gly—Phe-Leu-Gly-linked polymer—Paclitaxel prodrugs

PLGA- Poly (lactic-co-glycolic acid)
HPMC- Hydroxypropyl methylcellulose
PVA - Poly (vinyl alcohol)

PCL- Poly(e-caprolactone)

PEI- Poly(ethyleneimine)

MMPs- matrix metalloproteinases
PBA- Phenylboronic acid

PPy- Polypyrrole

PANI- Polyaniline

DEXS- Dextran

PNIPAM-co-MAAc- Poly (N-isopropylacrylamide-co-methacrylic acid)

PSS- Polystyrene Sulfonate
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PHPMAmM- Poly(N-(2-hydroxypropyl) methacrylamide)

PDMAEMA- Poly[2-(dimethylamino)ethyl methacrylate]

PEO- Poly (ethylene oxide)

PPO- Poly (propylene oxide)

PbAES- Poly(beta-amino-esters)

PEAA- Poly (ethyl acrylic acid)

PPAA- Poly (propyl acrylic acid)

PLGA-PEG-PLGA- Poly (lactic-co-glycolic acid)- Poly (ethylene glycol)-Poly (lactic-co-glycolic acid)
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