Stimuli-Responsive Smart Polymer Microspheres: Synthesis Strategies and Biomedical Application

 Abstract—Living systems modify their structure and operation in response to environmental changes to adapt to the changes in nature. Inspired by nature, scientists are working to develop materials that, like living things, can adapt their behaviour to different conditions to survive. Natural biological systems, which employ mechanisms of sensing, reacting, and learning, serve as inspiration for intelligent materials. Smart polymers, sometimes referred to as stimulus-responsive materials, are a class of materials that can reversibly change their characteristics in response to particular stimuli. The flexibility and reactivity of smart polymers confer upon them remarkable properties. They can adapt their molecular composition and function in response to environmental changes or external stimuli. These substances are similar to living systems in that they adjust to their environment. The distinctive and highly desirable features of smart polymers make them appealing for a variety of medical applications. This article provides a comprehensive review of recent developments in smart functional polymers, with a focus on their responses to physical, chemical, and biological stimuli. Additionally, it highlights some of the most advanced medical applications of these Review Article polymers, demonstrating their potential as materials that adapt to their surroundings. 
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Introduction-
Large molecules called macromolecules or polymers consist of multiple repeating subunits that, depending on their connections and structure, can exhibit a wide array of properties. (1) (2) (3). Smart polymers, also known as stimuli-responsive or intelligent polymers, are a class of polymers that have recently attracted significant interest and research [6–10]. When exposed to external stimuli such as pH (4), temperature (5), force (6), molecules, and magnetic or electric fields (7) These polymers can change their physical or chemical behaviour. Certain polymer designs enable the reversal and control of these changes. Smart polymers can sense and adapt to their environment. (8) (9).
These intelligent polymers can also perform tasks such as drug delivery, cell delivery, and environmental sensing in response to biological stimuli. (10) In biology and medicine, they have been employed for several applications, including environmental cleanup, chemo-mechanical actuators, sensors and biosensors, and regulated and triggered drug administration. (11) (12) (13). Since this topic is still in its infancy, we can anticipate the emergence of novel smart polymers and their potential applications across various fields. 
Smart microscopes integrate smart materials with micro- and nanotechnology, enabling them to generate feedback in response to changes in the external environment while retaining the unique properties of nanomaterials. Their stimuli-responsive properties are usefully achieved in two ways: by directly using stimuli-responsive materials to prepare microspheres. (14) (15) or by embedding or grafting functional components into polymer chains, including transformation in physical and chemical properties under external stimuli to meet the application requirements of a specific environment. By combining the advantages of smart, micromaterials, and nanomaterials, stimulus-responsive microspheres hold promise for applications in life sciences, environmental protection, and information technology.
Building on the above background, this study reviews recent advances in stimulus-responsive microspheres, examining their preparation, structure, excitation modes, and applications, while offering insights into future development.



2 Synthesis of Microspheres and Their Structure-
Both physical and chemical techniques can be used to create polymer microspheres. Emulsification-solvent evaporation, spray drying, microfluidics, electro-spraying, and membrane emulsification are examples of physical techniques that mostly use synthetic or natural polymers. Despite being simple and practical, these techniques frequently yield microspheres with irregular size distributions, which limits their use. Chemical approaches, on the other hand, employ processes such as emulsion polymerisation, soapless emulsion polymerisation, microemulsion polymerisation, fine emulsion polymerisation, and seed-swelling polymerisation to polymerise small-molecule monomers. Chemical methods are beneficial for applications requiring high accuracy because they provide greater control over the structure and properties of microspheres.
2.1 Physical Synthesis of Microspheres-
2.1.1 One popular method for creating polymeric microspheres, especially for regulated medication delivery, is the emulsification-solvent evaporation technique. To harden the polymer and encapsulate the active ingredient, this process involves first forming an emulsion and then removing the volatile organic solvent.
Depending on the drug's solubility, this method can be divided into two main categories:
                1. O/W (oil-in-water) Emulsion—This is the ideal method for hydrophobic polymers (such as PLA and PLGA) and lipophilic (oil-soluble) drugs. (16)
 Actions to take:
1.  Preparation: Use a volatile organic solvent (the oil phase, O) to dissolve both the polymer and the lipophilic drug.
2. Emulsification is the process of dispersing the oil phase (O) into an aqueous phase (W) that contains an emulsifier or stabiliser (like PVA) while forcefully swirling or homogenising to produce an O/W emulsion (oil droplets stabilised in water).
3. Solvent Evaporation/Extraction: Evaporation (typically with stirring or low pressure) or diffusion into the huge volume of the external aqueous phase eliminates the organic solvent from the O droplets.
4. Solidification: The polymer precipitates and solidifies as the solvent evaporates, encasing the medication and creating microspheres.
5. Harvesting: After that, the solid microspheres are separated, cleaned, and allowed to dry.
[image: ]Using this technique, Wu et al. (17)also produced PCL microspheres, demonstrating that variables including the type and concentration of pyrogenic alkane agents, polymer concentration, and reaction temperature affect microsphere morphology. Furthermore, the effective encapsulation of lipophilic substances or medications is made possible by their incorporation into the oil phase during O/W emulsion-solvent evaporation. To produce a narrow particle size distribution and high drug-loading efficiency, Li et al (18)created ropivacaine-loaded microspheres using O/W emulsion-solvent evaporation, including oil-soluble ropivacaine. Using O/W emulsion-solvent evaporation, Xu et al. (19) created polylactide (PLA) porous microspheres, attaining bupivacaine encapsulation efficiency of more than 70%. However, during solvent evaporation, hydrophilic compounds have a tendency to migrate into the aqueous phase, which limits embedding efficiency and reduces the retention of active ingredients.
 Thus, O/O emulsion-solvent evaporation is an efficient method for creating microspheres coated with water-soluble substances. This technique was used by Mei et al.¹³ to encapsulate a water-soluble medication, like rifampicin, in PCL microspheres. The compound emulsion method, an advancement over the single-emulsion approach, has two subcategories: O/W/O and W/O/W. 
By using the O/W/O system to synthesise porous polyimide hollow microspheres, Ji et al.¹¹ showed how the emulsifier content affects the size and shape of the microspheres. This technique, frequently used in medication administration, enables encapsulation of proteins, enzymes, and peptides within microspheres. For example, Lin et al. (20) achieved prolonged drug release by encapsulating TGF-β3 and growth factor-releasing peptides in polyethene glycol (PEG)/PLA microspheres using W/O/W solvent evaporation. Park et al. (20) used the W/O/W emulsion-solvent evaporation process to create poly(lactic-co-glycolic acid) (PLGA) microspheres loaded with exenatide. Although the complex-emulsion approach is effective for encapsulating active macromolecules, it exposes proteins and pharmaceuticals to organic solvents during production, which may compromise their biological activity. Moreover, hydrophilic medications frequently diffuse into the external aqueous phase and bind poorly to the microsphere surface with this technique, resulting in an initial burst release that increases risks and reduces therapeutic and financial value. The solid-in-oil-in-water (S/O/W) emulsification method was created by Marquette et al. (21)to overcome these difficulties by substituting immunoglobulin powder for the aqueous drug phase. This method encapsulates solid particles by dispersing them in a polymer solution to make an S/O emulsion, which is subsequently emulsified in an aqueous surfactant solution to create an O/W system. Evaporation of organic solvents produces microspheres. This approach preserves the biological activity of the encapsulated proteins and reduces the initial burst release of the medication by keeping the drug solid throughout the manufacturing process, thereby minimising protein structural changes caused by solvent exposure.
Spray-Drying Method –
[image: ]One of the earliest and most straightforward methods for producing industrial microspheres is spray-drying, which entails atomising a raw material solution or emulsion into fine droplets using a high-pressure nozzle. The solvent is quickly evaporated by hot air, drying the droplets into ultrafine particle-sized microspheres. Material composition, carrier concentration, feed rate, and inlet/outlet temperatures are some of the variables that affect microsphere properties. (22). Zhang et al. (23) prepared drug-loaded microspheres with chitosan as a carrier by spray-drying, methodically examining the effects of injection rate, inlet air temperature, drug-to-chitosan ratio, and chitosan concentration. The optimised technique produced sustained-release microspheres with smooth surfaces and a high drug-loading efficiency.
Operational simplicity, one-step particle creation, accurate particle size control, high active ingredient utilisation, and scalability for industrial production are just a few benefits of the spray-drying method. Effective medication distribution and controlled release are enabled by appropriate encapsulating materials. (24). Wei et al. created anticancer drug-loaded microspheres by spray-drying starch modified with succinic acid amide and N-maleoylalanine to achieve sustained-release characteristics. However, the high drying temperatures required are a significant drawback that may jeopardise the stability of temperature-sensitive chemicals.
Microfluidic Method-
In brief, the microfluidic approach to microsphere production creates highly uniform (monodisperse) droplets, which are then consolidated into microspheres using microscale channels and precise fluid-flow control.
 
How It Works (In Brief)
1. Droplet generation involves pumping two immiscible fluids into a microchannel junction (such as a T-junction or flow-focusing device): the dispersed phase (microsphere material) and the continuous phase (carrier fluid like oil).
2. Breakup: The scattered phase is compelled to split into distinct, homogeneous droplets as a result of regulated shear forces and interfacial tension. The channel shape and flow-rate ratios accurately determine the size of these droplets.
3. Solidification: To create stable microspheres, the liquid droplets are subsequently solidified or cross-linked using techniques including UV radiation (photopolymerization), temperature changes, or chemical cross-linking.
This method enables precise control of fluid volumes at the microscale by integrating physics, materials science, and micro-machining. This technique employs volumetric or pressure-driven forces to generate droplets within microfluidic channels, thereby controlling continuous and dispersed-phase flows. The dispersed phase is compressed by the continuous phase, which destabilises the interface and creates spherical droplets that solidify into microspheres through solvent evaporation. Su et al. (25) created smooth, sustained-release bicalutamide-loaded microspheres using a microfluidic approach. Fluid dynamics, chip design, and material selection all affect the characteristics of these microspheres. Different microsphere structures, such as core-shell, multilayered (26), multi-nucleated, and multicomponent configurations (27) can be produced by adjusting these variables.
Key benefits of microfluidic technologies for microsphere fabrication include customizable size and morphology, high reproducibility, scalability, reduced risk of air-induced drug degradation, and ease of aseptic manufacturing.
Electrostatic Spraying Method-
[image: ]A technique called electrostatic spraying imparts an electrical charge to liquid droplets as they exit a spray nozzle. Similar to "magnetic spray paint," it makes sure the liquid adheres to the target surface uniformly and firmly.
How It Operates (The Three-Step Method)
1. Charging: A high-voltage positive electrical charge is applied to the liquid (paint, sanitiser, or insecticide) as it travels through the nozzle.
2. Atomization: A fine mist of charged droplets is created as the liquid is broken down. The droplets repel one another because they all carry the same positive charge, which prevents clumping and produces an extremely fine, uniform mist.
3. Attraction: The sprayed object is typically grounded, meaning it is either negatively or neutrally charged. The positively charged droplets are strongly drawn in the direction of the item because opposing charges attract.
They consolidate into microspheres, according to Lu et al. (28)., biodegradable chitosan microspheres by a sequential method that combines electrostatic jetting and freeze-drying. By carefully controlling the voltage and flow rate, the main electrostatic jetting process first produced monodisperse microspheres with customised surface morphology. Hierarchical pore engineering is employed throughout the main and secondary drying stages following a predetermined freeze-drying process that controls ice crystal formation via the freezing temperature. This two-step process produces chitosan microspheres with consistent particle size and tunable porosity by precisely controlling their structure. Several variables, including voltage intensity, electrode gap, needle size, flow velocity, and polymer, affect the performance of microspheres produced by this technique.
This method was used by Liang et al. (29) to create gelatine methacryloyl-alginate core-shell microspheres that included human umbilical vein endothelial cells and human dental pulp stem cells. By restricting the drug-solvent interactions, this technique successfully decreases early drug release during manufacture and lowers drug degradation.
Membrane Emulsification: This precise method involves forcing one liquid through a porous membrane into another to produce homogeneous droplets (emulsions).
How It Operates (The Three-Step Method)
1. Pressurisation: A membrane with millions of tiny, homogeneous pores is driven through the liquid to be disseminated, such as oil.
2. Droplet Formation: The liquid creates tiny droplets when it leaves the pores on the other side. The size of the membrane pores, which are typically two to ten times the pore diameter, directly controls the size of these droplets.
3. Detachment: The continuous phase, or second liquid, passes through the membrane's surface. Before the droplets can group, this flow gently rips them off the pore openings and carries them away.
Mi et al. (30) created agarose and calcium alginate microspheres with consistent size distributions using both direct and premixed membrane emulsification. Pore size, porosity, temperature, emulsifier type, and transmembrane pressure are some of the variables that affect the characteristics of microspheres made by membrane emulsification.  To (31) (32)create methyl methacrylate microspheres, Nauman et al. (33) coupled membrane emulsification and emulsion polymerisation. By adjusting the membrane pore size, they achieved precise control over particle size.
Membrane emulsification is notable for producing microspheres with uniform, predictable particle sizes, ensuring batch-to-batch consistency. Its mild conditions are ideal for sensitive protein and peptide drugs, while the high emulsion stability reduces the risks of agglomeration and droplet rupture. Additionally, the simplicity of the method supports industrial scalability. However, limitations include potential effects on in vivo drug-release profiles and the risk of sudden drug release.

Chemical Synthesis of Microsphere-
The chemical preparation of polymer microspheres involves the polymerisation of small-molecule monomers and is primarily classified into emulsion, seed-swelling, precipitation, dispersion, and suspension polymerisation.





Emulsion Polymerisation-
[image: ]Emulsion polymerisation is a widely used method for producing monodisperse polymer microspheres, first introduced by Harkins in the 1950s. This approach is perfect for small-scale applications because it consistently produces microspheres with excellent monodispersity and particle sizes ranging from 50 to 800 nm by mixing a monomer, water, a water-soluble emulsifier, and an initiator. (34). Chen et al. (35) modified Fe₃O₄ with O-(propargyl)-N-(trimethylsilyl) carbamic acid methyl ester, adding polymerisable C=C triple bonds, and encased it with a helical polyacetylene (PA) shell via emulsion polymerisation to create core-shell Fe₃O₄/PA composite microspheres. Although emulsion polymerisation is effective and yields high-molecular-weight products, microsphere performance may be harmed by overuse of emulsifiers. Green techniques, including soapless and micro-emulsion polymerisation, have been developed for the synthesis of monodisperse microspheres. For customised functions, they can be readily altered with cationic or anionic groups. Abdollahi et al. developed functional polymer nanoparticles via soapless emulsion polymerisation of ethylene and poly(methyl methacrylate). Yang et al. (36) investigated the nucleation and growth mechanisms of monodisperse polystyrene (PS) microspheres containing carboxyl and sulfonic acid groups.
To produce stable submicron droplets, fine emulsion polymerisation employs emulsifiers and stabilisers under high shear. In contrast to traditional techniques, it employs micro-emulsification to reduce droplet size and requires emulsifiers. Microspheres that closely resemble the original droplet size are produced by polymerisation within these droplets. (37) Cordeiro et al (38). created monodisperse poly(methyl methacrylate) microspheres with magnetic nanoparticles and Cuban oil using fine emulsion polymerisations. In a similar vein, 
Suspension Polymerisation—
[image: ]Immiscible liquids are suspended in a solution by emulsion polymerisation, where droplets combine to form larger particles by polymerisation or chemical processes. Suspension polymerisation is frequently employed to create liquid or colloidal particles. Abd El-Mageed et al. (39) used a-allyl alkylphenol to create homogenous, magnetically stable PS microspheres. Because monodisperse microspheres require precise control over stirring speed and dispersant use, sophisticated techniques such as micro-suspension polymerisation have been developed. Here is an image illustrating the key components and process of suspension polymerisation. 
To disperse the monomer into micrometre- or sub-micrometre-sized droplets under shear forces, micro-suspension polymerisation uses ionic surfactants and emulsifiers to lower the surface tension between monomer droplets and the aqueous phase. Glasing et al. (40) polymerised styrene using cellulose nanocrystals as stabilisers to create homogeneous, monodisperse microspheres.
Micro-suspension polymerisation is easier to produce monodisperse microspheres than classical suspension polymerisation, but its usage in high-purity preparations is limited due to the high surfactant consumption.


Precipitation polymerisation-
This type of polymerisation yields a polymer that is insoluble in the reaction medium. The initiator and monomer are soluble, but as the polymer chains lengthen, they become insoluble and separate from the solution. This produces granules or powdered polymer particles. It is frequently employed in the production of spherical polymer beads.
Stöver et al. (41) used precipitation polymerisation to create poly(divinylbenzene) microspheres with customised architectures using acetonitrile. This method's low efficiency and dependence on hazardous solvents such as toluene and acetonitrile limit its environmental feasibility, despite its straightforwardness and lack of stabilisers. Advanced methods, including reflux precipitation polymerisation and distillation, have been developed to address these problems. Here's an image illustrating 
Precipitation polymerisation is refined by solvent distillation, which regulates the process and requires careful solvent selection. Monomers create nuclei at the distillation temperature, which precipitate and expand by absorbing other monomers and oligomers to produce monodisperse microspheres. This technique was used by Zhang et al. (42) to create fluorinated hydrophobic PS microspheres with regulated particle sizes. Reflux precipitation polymerisation, on the other hand, uses magnetic stirring to reduce particle aggregation, improve reaction control, and simplify the setup by doing away with complicated equipment. This method was used by Wang et al. (43) to create spherical, monodisperse poly(ethylene glycol methacrylate phosphate) gel microspheres with plenty of phosphate groups.
Dispersion Polymerisation-
Dispersion polymerisation, a subset of precipitation polymerisation, employs dispersants or macromolecular monomers to stabilise insoluble polymers in the reaction medium. Initially, a homogeneous mixture of the monomer, dispersant, initiator, and solvent is formed. As polymerisation progresses, growing polymer chains precipitate when they reach a critical length and aggregate into particles. These particles are stabilised with dispersants and mechanical stirring, yielding a dynamically stable dispersion of microspheres.
Zhang et al. (23) utilised water-soluble potassium persulfate as an initiator to synthesise electromagnetic hydroxyl PS/Fe₃O₄ composite microspheres via dispersion polymerisation. Similarly, Fan et al. prepared magnetic core-shell microspheres with Fe₃O₄ as the core and poly(maleic anhydride-co-methyl methacrylate) as the shell (Figure 3d). Dispersion polymerisation, known for its simplicity, strong adsorption, and modifiable surfaces, has advanced with innovative initiation methods such as microwave and ultrasound. (44) These techniques, compared to traditional thermal initiation, considerably reduce reaction time, boost efficiency, and enhance process control. (45)

Seed Swelling Polymerisation-
To create the final particles, the method usually consists of two major steps:
· Seed preparation is the process of creating the first seed particles, which are frequently monodisperse and cross-linked, using techniques like emulsion or dispersion polymerisation.
· Growth and Swelling: Additional monomer (and frequently a swelling agent/pyrogen) is used to swell the pre-formed seed particles. The absorbed monomer is then polymerised inside the swelling seeds.
[image: ]Monomers, initiators, reaction media, and swelling agents are all part of the two-step swelling process. Heat-induced polymerisation and monomer swelling occur after seed microspheres are first activated using a particular swelling agent. Kao et al. (46)created 0.55 µm poly(methyl methacrylate) seed microspheres via emulsion polymerisation. These were then activated, swelled, and polymerised to form monodisperse cross-linked microspheres with diameters of 1-4 µm. Although this method works well for size expansion, it depends on swelling agents, which can impair microsphere performance in two main ways: incomplete removal of swelling agents during post-treatment can change porosity and disrupt pore connectivity, and residual swelling agents trapped within the polymer matrix can reduce cross-linking uniformity, weakening the mechanical strength of the microsphere. (47) Furthermore, under physiological conditions, certain polar swelling agents may induce long-term chemical instability through gradual leaching. (48) The complex post can be prepared by directly employing stimuli-responsive materials to create microspheres or by grafting or embedding functional components into polymer chains, causing changes in physical and chemical properties in response to external stimuli to satisfy the demands of particular environment Stimulus-responsive microspheres, which combine the benefits of smart materials, micromaterials, and nanoparticles, have potential applications in information technology, environmental protection, and life sciences.
Smart Polymer Type-
In response to stimuli, polymers with responsive systems can undergo significant changes in their properties. The hydrophilicity, shape, solubility, degradation, and bond breaking of the polymer chains can all be altered by these stimuli. (49) (50). These modifications have an impact on the polymers' structural behaviour. Chemical, physical, or biological stimuli are all possible. While chemical stimuli (pH, ionic strength, and redox conditions) affect how polymers interact with the solvent or other polymers, physical stimuli (temperature, light, and electrical responsiveness) usually change how polymer chains move. Molecular processes, such as enzyme reactions and receptor recognition of ligands, are involved in biological responses, including glucose responsiveness. (51) (52) (53). Dual stimuli-responsive polymers are those that can react to many stimuli at once.
Physically Dependent Stimuli
3.1 Temperature-responsive Polymer-
Temperature-responsive polymers, sometimes referred to as thermoresponsive polymers, are "smart" materials that, when exposed to a change in temperature, experience a substantial, reversible physical change. At a certain temperature, this transformation often occurs as an abrupt transition from a water-soluble to a water-insoluble state. The lower critical solution temperature (LCST) and the upper critical solution temperature (UCST) are the critical temperature points for these polymers. (54) (55)A polymer that dissolves at low temperatures but becomes insoluble at higher temperatures is known as an LCST polymer. If a polymer behaves in the reverse way—that is, dissolving at higher temperatures while becoming insoluble at lower ones—it has a UCST. (56)
The LCST transition is reversible and depends on entropy. Examples of LCST polymers include poly (vinyl amide), poly (N-substituted acrylamide), poly (N-vinyl caprolactam), cellulose, chitosan, xyloglucan, and PLGA-PEG-PLGA triblock co-polymers (57) (58) (59). On the other hand, UCST polymers disintegrate as the temperature rises due to weaker connections between their chains, where the enthalpy of these interactions is more important than the entropy. The UCST transition is not abrupt and is dependent on enthalpy. UCST polymers are rarer than LCST polymers. Polybetaines, such as poly(2-dimethyl) methacryl oxoethyl-ammonium propane sulfonate, are examples of UCST polymers.
There are many benefits to thermosensitive polymeric systems, including the absence of dangerous organic solvents, the ability to deliver a variety of medications, fewer side effects, customised drug administration, and long-lasting release properties. Yet they also have several disadvantages, including rapid drug release, weak gelation (which could result in overdosing), concerns about the polymeric system's biocompatibility, and eventual acidification due to acidic degradation. (60)
⚡ Electro-Responsive Polymers (EAPs)
A subclass of smart polymers, known as electroresponsive or electroactive polymers (EAPs), can reversibly change their physicochemical properties in response to electrical stimuli. Depending on the strength, duration, and frequency of the electric current, they can change shape (swell, shrink, or bend) by transforming electric energy into mechanical energy. (61) (62). The pH level is changed, and the electric current breaks the hydrogen bonds between the polymer chains. Polypyrrole (PPY) and polythiophene (PT), both conductive polymers, are examples of electroresponsive polymers. (63) (64)
These materials are highly appealing because, unlike conventional ceramic actuators, they undergo significant deformation while maintaining high forces, thereby simulating the action of real muscles.
EEAPs, also known as electrically conductive polymers, are a class of electric-field-responsive polymers that have attracted significant scientific attention in recent years. EEAPs function without an electrolyte medium or ion migration, in contrast to ionic electroactive polymers (IEAPs). Either high electron mobility within their polymeric bonds or the presence of conductive particles affixed to their polymeric chains provides them the capacity to conduct electricity. They are characterised by their lightweight nature, biocompatibility, and ease of fabrication. They require a high electrical field strength (10-100 V µm) for operation, but researchers are striving to minimise it for safety concerns. These polymers exhibit excellent actuation performance owing to their high efficiency, durability, rapid response time, stability, and reliability. Piezoelectric polymers, dielectric elastomers, and electrostrictive polymers are some examples of EEAPs. Typically, EEAPs are conjugated polymers, which are organic polymers having a delocalized pi-electron system. (65) This provides them with unique electronic properties, including high electrical conductivity, strong optical absorption, and efficient charge transport. Polypyrene (PPY), polyaniline (PANI), and poly[3,4-(ethylenedioxy)thiophene] (PEDOT) are a few instances of conductive polymers.
Photo-Responsive Polymers—
Light-responsive polymers exhibit rapid and accurate responses under specific conditions, making them highly useful for a variety of applications. These polymers are light-sensitive because they experience a phase transition when exposed to light. One of the many benefits of using light as a stimulus is that it may be applied quickly and precisely (66) (67) (68). Furthermore, the light's wavelength can be adjusted, enabling long-distance applications to be controlled via fibre optic lines. When exposed to light, photo-responsive organisms behave differently. The polymers' conformation, polarity, amphiphilicity, charge, optical chirality, conjugation, and other molecular characteristics are all regulated by these stimuli (69). Macroscopic changes in material behaviours, including form (bending or contraction), solubility, wettability, conductivity, optical behaviour, adhesion, and more, can be used to monitor the molecular change brought on by exposure to light. Light control has a number of intrinsic benefits over electric, thermal, and magnetic stimuli. It allows for fine temporal and spatial precision of the reaction, perfect control of response strength by precise dosage, and remote and non-contact application. 
A photo-responsive functional group, or chromophore, is essential for the development of photo-responsive polymers. Common examples of light-sensitive chromophores include spiropyran groups (70), azobenzene groups , (71) or nitrobenzyl groups (72) (73). Several photo-responsive polymers containing spiropyran or azobenzene have been reported, such as PHPMAm (74), PAA (75), and PNIPAM. (76)
Whether the polymer's reaction is reversible or irreversible depends on the chromophore selection. Reversible systems can switch between two photostationary states, which allows them to function as switches and change material properties. This reversibility is essential for many applications, such as actuators, artificial muscles, and information storage. Conversely, photodegradable materials and drug delivery systems are the main applications for irreversible chromophores. Irreversible chromophores can achieve 100% light conversion without creating an equilibrium between two states. This can lead to the efficient release of medications or a notable decrease in molecular weight for applications that need degradation. Many facets of photo-responsive polymers have been discussed in recent publications (77). Numerous studies on different kinds of photo-responsive polymers and their applications have been published. Schumers et al. examined photo-responsive block copolymers, (78) while Zhao investigated light-induced self-assembly (79). Zhao et al. reviewed photosensitive polymers with photoremovable groups (80), while Ikeda et al. presented photo-responsive liquid crystalline polymers and their uses as actuators (81). 
Chemical Dependence Stimuli—
pH-Responsive Polymers—
When the pH of the surrounding environment varies, the structural and physical features of pH-responsive polymers, such as surface behaviour, solubility, and chain conformation and configuration, alter. These polymers have basic or acidic groups connected to them, and they are responsive to stimuli. They either absorb or release a proton in response to variations in the pH of their environment. Polymers with a large number of ionizable groups are called polyelectrolytes. Polymer chains in aqueous solutions may expand or contract as a result of ionic interactions brought on by a pH shift. The observed behaviour is caused by the produced charges' electrostatic repulsion. One of the most prevalent kinds of pH-responsive materials is polycarbon (66). Groups that can give or take protons in their molecules, such as –COOH, –SO3H, and N with three bonds, are found in polymers that react to pH variations. When the pH shifts, these groups may become ionised, changing the polymers' structural makeup. The apparent dissociation constant (Ka) of the pKa value differs from that of the monoacid or monobase with the same group, indicating the pH at which the ionisation degree changes considerably. The two primary categories of these polyelectrolytes are basic and acidic. They can be synthesised using a variety of techniques or obtained from natural sources. In recent years, there has been a lot of interest in natural pH-responsive polymers and multi-responsive polymers. 
pH-responsive acidic polymer
A type of smart polymer called pH-responsive acidic polymers, or anionic pH-sensitive polymers, shows reversible changes in its physicochemical characteristics in response to pH variations in its surroundings. These polymers' pH-dependent behaviour is caused by acidic functional groups, primarily carboxylic acid (-COOH) or sulfonic acid (-SO₃H). These acidic groups remained mostly unionised at low pH (acidic environments), like in the stomach, which keeps the polymer chains tight and folded with little swelling. Because of this, there is very little drug release from the polymer matrix, which helps shield acid-labile medications from deterioration in the stomach environment.
The acidic groups undergo deprotonation and become ionised (-COO⁻) when the surrounding pH rises to neutral or alkaline circumstances, like in the colon or intestine. This ionisation causes electrostatic repulsion between polymer chains, which causes the polymer to significantly expand, become more porous, or dissolve. The entrapped medicine is released in a regulated and site-specific way as a result of this structural expansion. Acidic pH-responsive polymers are very helpful for enteric coating, controlled drug release, and colon-targeted drug delivery systems because of their pH-dependent swelling–deswelling mechanism.
Poly(acrylic acid), poly(methacrylic acid), Carbopol, and Eudragit® L and S grades—all of which are frequently utilised in pharmaceutical formulations—are typical instances of pH-responsive acidic polymers. These polymers have a number of benefits, including better drug stability, decreased stomach discomfort, site-specific drug delivery, and increased therapeutic efficacy. However, variables including ionic strength, polymer–drug interactions, and variations in stomach pH may affect how well they work. All things considered, pH-responsive acidic polymers are essential to contemporary pharmaceutical drug delivery systems because they allow for the targeted and intelligent release of medications in response to physiological pH changes. These polymers exhibit a smooth transition across a broad pH range due to their high degree of ionisation. Nevertheless, this feature also restricts their application as pH-responsive systems [86]. These polymers are a novel class of pH-responsive polymers that overcome the drawbacks of sulfonic acid polymers and are derived from p-aminobenzenesulfonamide[footnoteRef:1]. These polymers contain aniline with a sulfonamide functional group connected to them . The connected hydrogen atom ionises as a result of the amine nitrogen atom losing electrons to the sulfonyl group. As shown in the chemical structure, the R group determines the pKa value of these polymers, which show a narrow transition pH range of 0.2–0.3 units (83).  [1: ] 

Ph – Responsive Basic Polymer-
A type of smart polymer known as pH-responsive basic polymers, or cationic pH-sensitive polymers, shows reversible changes in its structure and characteristics in response to changes in the pH of its surroundings. These polymers' pH sensitivity is caused by basic functional groups, mainly amine groups (-NH₂, -NR₂). These amine groups undergo protonation in an acidic environment, like the stomach or acidic tumour tissues, producing a positively charged polymer network. Electrostatic repulsion between polymer chains brought on by this protonation results in polymer swelling, higher hydration, and improved permeability, all of which aid in the drug's release.
At neutral or alkaline pH, the amine groups of basic polymers become deprotonated, reducing the overall positive charge on the polymer chains. As a result, electrostatic repulsion decreases, and the polymer structure becomes more compact or collapsed, leading to reduced swelling and slower drug release. This pH-dependent swelling and deswelling behaviour allows basic pH-responsive polymers to selectively release drugs in acidic environments, making them particularly useful for stomach-specific drug delivery, cancer therapy (acidic tumour microenvironment), and intracellular drug or gene delivery, where endosomal and lysosomal pH is low. (84)
Basic polymers that react to pH include chitosan, poly (ethylene imine), poly (N, N-dimethylaminoethyl methacrylate), and poly (vinyl pyridine). These polymers' capacity to increase drug solubility, improve bioavailability, and provide controlled and targeted release makes them popular in pharmaceutical and biomedical applications. However, issues including formulation complexity, biological pH fluctuation, and polymer toxicity at high charge density need to be properly addressed. All things considered, the intelligent release of therapeutic drugs in acidic physiological and pathological environments is made possible by pH-responsive basic polymers, which are crucial to improved drug delivery systems. (85) (86)
Redox-responsive polymers—
Redox-responsive polymers are part of a larger class of materials known as stimulus-responsive materials, which also comprises materials that respond to changes in temperature, light, pH, and other stimuli. Variations in the redox state of their environment can cause these materials to experience reversible changes in their chemical and physical behaviours. Many biological and chemical processes depend on redox reactions, which entail the transfer of electrons between distinct species. The insertion of redox-active groups capable of oxidation and reduction reactions is the foundation for the construction of redox-responsive polymers. By changing the chemical structure of the monomers, these groups—which are often incorporated into the polymer backbone or pendant groups—can have their redox potential changed Common redox-active functional groups that can experience reversible redox reactions in response to changes in the concentration of oxidising or reducing substances include quinones, ferrocenes, and viologens. (87) (88)
Biologically dependent stimuli—
Glucose-responsive polymer-
There are three ways that polymers can sense glucose and change their behaviour: by using an enzyme called glucose oxidase (GOx) that changes glucose into a different substance, by using proteins called lectins that stick to glucose molecules, and by using chemicals called boronic acid or phenylboronic acid that can form a bond with glucose. The choice of mechanisms allows the polymer to detect and respond to changes in glucose levels, making it useful for applications such as glucose sensing and insulin delivery. (89) (90) 
In enzymatic sensing, glucose oxidase transforms glucose into gluconic acid and H₂O₂. The resulting change in pH level prompts alterations in polymer shape, such as shrinking, stretching, or expanding. Some polymers that have acids or bases in them can work with this enzyme to release insulin by themselves. Some examples are cellulose with PAA, PMAA with ethylene glycol, PVDF with PAA, poly(methacrylic acid-g-ethylene glycol), and PDEAEM. Additionally, chitosan and PEG grafts have been used as glucose-responsive polymers due to their non-toxic, non-immunogenic, and biocompatible behaviours. (91) (92) 
Another approach involves proteins called lectins, with Concanavalin A (ConA) being a commonly used lectin. ConA can bind with glycoproteins when there is glucose around, and this makes the polymers stick together or form a network. Some polymers that can be attached to lectins are PLGA, PEG, chitosan-modified poly(acrylonitrile-co-acrylic acid), carboxymethyl dextran, and poly(ethylene glycol) dimethacrylate. Ongoing research in the field of glucose-responsive polymers aims to develop new materials with improved glucose responsiveness, stability, and biocompatibility (93)Top of Form
Enzyme-responsive polymer-
Enzyme-responsive polymers, also called SP, are a type of polymer that can change their behaviour according to their surroundings, such as variations in pH, temperature, or the availability of specific enzymes. The development and design of enzyme-responsive polymers have recently become a new and promising field of research in stimuli-responsive materials. These polymers are designed to experience reversible alterations in their physical or chemical properties when they encounter a certain stimulus, leading to a variety of possible uses in drug delivery, biosensors, and tissue engineering. (94) (95) (96)Bottom of Form

Application of smart polymer in biomedicine—
Application in Drug Delivery-
Smart polymers, also known as stimuli-responsive polymers, are polymeric materials that can sense changes in their environment and respond by altering their physical or chemical properties. In drug delivery systems, this unique behaviour is exploited to achieve controlled, targeted, and efficient release of drugs, thereby improving therapeutic outcomes and reducing side effects. The detailed applications of smart polymers in drug delivery are explained below. (97) (98) (99)
Smart polymers, also known as stimuli-responsive polymers, have extensive and advanced applications in biomedicine due to their ability to undergo reversible changes in their physical or chemical properties in response to biological stimuli such as pH, temperature, enzymes, light, or redox conditions. In drug delivery systems, smart polymers are used to achieve controlled, sustained, and targeted drug release at specific sites, such as tumours, inflamed tissues, or the gastrointestinal tract, thereby enhancing therapeutic efficacy and minimising systemic side effects. In cancer therapy, these polymers exploit the acidic and enzyme-rich tumour microenvironment to deliver anticancer agents while protecting healthy cells selectively. (100) (101)
Smart polymers serve as dynamic scaffolds in tissue engineering and regenerative medicine, promoting cell adhesion and proliferation while also allowing for non-invasive cell harvesting, notably through temperature-responsive behaviour. Injectable smart polymer hydrogels are frequently employed in minimally invasive therapies, where they form in situ depots for targeted drug administration and tissue regeneration. Smart polymers are also used as safe non-viral carriers for gene and nucleic acid delivery, protecting genetic material while allowing for intracellular release.
Their sensitive reaction to biomolecules makes them essential components of biosensors and imaging systems in diagnostics. Smart polymers are also utilised in wound dressings that detect infection or moisture changes, medical implant coatings to promote biocompatibility and minimise biofilm formation and smart sutures and artificial tissues. Overall, the intelligent and adaptable character of smart polymers has considerably revolutionised current biomedicine and shows enormous potential for individualised and precision care.
	Advantages and Limitations of Smart Polymeric Drug Delivery System

	Stimulus
	Advantages
	Limitation

	Temperature
	Simplicity in manufacturing, Ease of incorporation of active moieties, inject ability under application conditions 
	
Thermolabile drugs are not noble nominees, with low mechanical strength, compatibility problems, and pH Suitable for thermolabile drugs mechanical strength is low, 

	Ph
	Suitable for thermolabile Drugs
	problems pH Suitable for thermolabile drugs mechanical strength is low

	Electric Field
	Pulsative release with changes in electric current 
	Lack of toxicity data Electric field Pulsative release with changes in electric current Need of on additional equipment for external applications of stimulus, difficult to improve the magnitude of electric current 

	Bio responsive
	High Glucose Specificity
	Slow Response rate



Biosensor-
Biosensors—devices that identify and transform environmental signals into comprehensible data—are critical in a variety of applications, including environmental monitoring and medical diagnostics (102) (103). Smart polymers may detect and react to specific biomolecules, such as medicines or illness signs. Researchers are interested in developing polymeric sensors because they can detect and respond to small changes in chemical, physical, and biological surroundings. These sensors can help to enhance the environment by addressing some of the difficulties that industries are now facing. Biosensors are extremely valuable in forensic analysis and clinical diagnostics because they can detect changes in physical factors like pH or temperature, or in the concentration of certain analytes that are associated with a range of disorders.
In addition, they may continuously monitor changes in specific biological parameters. Smart polymers can be designed to have high selectivity and sensitivity for specific molecules or analytes by adding specific chemical or biological groups to the polymer backbone that can interact with target molecules in a variety of ways, such as hydrogen bonding, electrostatic interactions, or covalent bonding. (104) (105)
Toma et al. generated PNIPA Am-co-methacrylic acid. They used a sensor surface with tiny indium tin oxide heaters that sense changes in light. The behaviour of light reflects this change. Hoogenboom and his colleagues developed a temperature and salt sensor by coating silver nanoparticles (AuNPs) with a temperature-sensitive polymer known as PNIPA Am [142]. When subjected to varied salt concentrations at high temperatures, the polymer sensor changes colour from red to purple or blue. In addition, Paek et al. developed a pH sensor employing PAA and Poly (2-vinyl pyridine), two pH-sensitive polymers. When the sensor is subjected to different pH levels or ionic concentrations, the colour changes. Smart polymers are excellent materials for a variety of biomedical applications because they can detect and respond to specific signals and substances in their environment. 
Tissue Engineering-
Smart polymers, also known as "stimuli-responsive" or "intelligent" materials, have transformed tissue engineering by offering a dynamic platform that replicates the intricacy of the natural extracellular matrix (ECM). Unlike traditional static scaffolds, these polymers respond to minor external environmental signals by changing their physical or chemical properties—such as solubility, shape, or surface hydrophilicity—rapidly and reversibly. Physical triggers include temperature, light, and electric fields; chemical triggers include pH and ionic strength; and biological triggers include enzymes and glucose levels. In the context of tissue engineering, this responsiveness enables "active" training of cellular behaviour, allowing the material to adapt as new tissue grows and develops. (106) (107) (108)
The creation of injectable in-situ forming scaffolds, mainly utilising thermoresponsive polymers like poly(N-isopropylacrylamide) or PNiPAM, is one of the most significant uses of smart polymers. These substances can be combined with cells and therapeutic growth factors and then injected minimally invasively into a defect location because they are a free-flowing liquid at room temperature. The polymer goes through a phase shift when it reaches body temperature (37°C), forming a solid, porous hydrogel that precisely fits the injury's contour. This guarantees close contact between the scaffold and the host tissue, which is essential for efficient integration and nutrition exchange, and does away with the necessity for intricate pre-moulded operations.
In addition to providing structural support, smart polymers play a key role in cell sheet engineering, a method that circumvents the use of harsh proteolytic enzymes like trypsin, which frequently cause damage to cell-to-cell junctions. Researchers can cultivate confluent layers of cells at 37°C by applying a thin layer of thermoresponsive polymer to culture dishes. The entire cell sheet spontaneously separates as a single, complete unit when the temperature is dropped below the polymer's Lower Critical Solution Temperature (LCST), making the surface hydrophilic. The success rates of regeneration therapies can be greatly increased by stacking these sheets, which have their own endogenous extracellular matrix, to form thick, functional tissues like skin grafts, heart patches, or ocular membranes.
Smart polymers also function as complex controlled release mechanisms for bioactive compounds. The scaffold can initiate the localised release of anti-inflammatory medications or recruitment signals precisely when and where they are required by creating polymers that react to particular local cues, such as a pH drop close to an inflammatory site or the presence of particular matrix metalloproteinases (MMPs) secreted by migrating cells. This temporal management minimises systemic negative effects and guarantees that growth ingredients are not squandered. The development of genuinely biomimetic environments that can direct complicated tissue regeneration from the molecular level up to the organ scale is made possible by the integration of several "smart" capabilities onto a single scaffold. (109) (110) (111)
 Future Prospects of Smart Polymer-
Due to rapid advances in polymer chemistry, materials science, nanotechnology, biotechnology, and artificial intelligence, smart polymers have a promising and revolutionary future. Because of their capacity to react dynamically to biological and environmental cues, smart polymers—also referred to as stimuli-responsive or intelligent polymers—are anticipated to be a key component of next-generation biomedical, pharmacological, and healthcare technology.
Smart polymers are anticipated to solve existing obstacles in drug delivery and cancer therapy, such as low bioavailability, multidrug resistance, and non-specific toxicity. Improved tumour targeting, regulated intracellular drug release, and combination therapy on a single platform will be made possible by advanced polymeric nanocarriers. The creation of self-regulated drug delivery systems, in which polymers independently modify drug release in response to real-time biological feedback, is a key future objective.
In tissue engineering and regenerative medicine, next-generation smart polymer scaffolds will closely mimic natural extracellular matrices, actively interact with cells, and adapt to biological cues. These materials will support faster tissue regeneration, controlled degradation, and integration with host tissues, thereby advancing artificial organs, 3D bioprinting, and biohybrid systems. Shape-memory and self-healing smart polymers will further enhance implant durability and functionality.
Additionally, smart polymers will be essential for wearable medical equipment, biosensing, and diagnostics. Real-time monitoring of physiological indicators and disease biomarkers will be enabled by integrating biosensors and electronic systems. The era of intelligent, self-governing healthcare will be ushered in by integrating smart polymers with AI and digital health platforms to enable responsive, feedback-controlled treatment solutions.
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