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Abstract

Smart polymers, also known as stimuli-responsive materials, represent a frontier in materials
science, distinguished by their ability to undergo significant, often reversible, changes in their
physicochemical properties in response to small external triggers. Drawing inspiration from
adaptive biological systems, these polymers are at the heart of innovations across numerous
scientific and technological domains. This comprehensive review synthesizes recent
advancements in the field, systematically classifying smart polymers based on their primary
stimuli, including temperature, pH, light, and mechanical forces. For each class, we delve into the
fundamental response mechanisms, from the molecular-level hydrophobic-hydrophilic balance
and ionization dynamics to macroscopic phenomena like phase transitions and
swelling/deswelling. Key synthesis methodologies, advanced characterization techniques, and the
structure-property relationships that govern their behavior are discussed in detail. Furthermore, the
review highlights the expanding applications of these intelligent materials in high-impact areas
such as targeted drug delivery, regenerative medicine, tissue engineering, biosensing, and soft
robotics. Finally, we address the current challenges, including the need for enhanced
biocompatibility, precise control over response kinetics, and multifunctionality, while outlining
future research directions poised to unlock the full potential of smart polymers in creating the next
generation of advanced materials.

Keywords: Stimuli-Responsive Materials, Thermoresponsive Polymers, pH-Responsive
Polymers, Light-Responsive Polymers, Self-Healing Polymers, Shape Memory Polymers (SMPs),
Drug Delivery Systems, Tissue Engineering
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1.Introduction

Smart polymers have emerged as an important class of materials that can undergo reversible
changes in response to environmental stimuli. The concept of intelligent materials draws
inspiration from natural biological systems that follow a mechanism of sensing, reacting, and
learning (Goy et al., 2024). These materials possess the remarkable ability to adapt their molecular
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structure and function to different external stimuli or environmental changes, mimicking living
systems that adapt to their surroundings. This adaptability opens up a wide range of potential
applications and piques the interest of researchers and professionals in materials science and
related fields. [1, 2].

Over the past few decades, significant research efforts have been directed toward the
development of smart polymeric materials for applications in diverse fields such as drug delivery,
tissue engineering, sensors, actuators, and environmental remediation. The versatility of these
materials stems from their ability to respond to a wide range of stimuli including temperature, pH,
light, electrical fields, magnetic fields, biological molecules, and mechanical forces such as
compression, tension, or shear [3, 4].

This review presents an extensive analysis of the latest developments in smart polymers,
focusing on their design principles, synthesis methodologies, characterization techniques, and
various applications. We systematically categorize these materials according to their response
triggers and elaborate on their distinctive properties, advantages, and limitations.

2. Classification of Smart Polymers

Smart polymers can be classified based on the type of stimuli they respond to. The major
categories include Fig.1:

SMART POLYMERS - CLASSIFICATION

TEMPERATURE- pH LIGHT- SELF-
RESPONSIVE RESPONSIVE RESPONSIVE HEALING
POLYMERS POLYMERS POLYMERS POLYMERS
S St | DO
NN
original Temporary/
TEMPERATURE - RESONSIRE INTRINSIC deformed recovered
RESPONSIVE PH-Responsive c_ Covalent
POLYMERS ibi
Polymer > 2;::;::blle @ Supramolecul TRIGGERS
L %fl, o € covaent 70
LesT ¥ IcsT VNN SEE -~ © ¢
UCST-Type Polyampholytes STRUCTURAL ACTIVATION Heat Light
M ~ A CHANGE WAVELENGTH
J’ = AUTONNOMOUS
.‘ RUCT &
Dual Responsive o0 J STcggngEAL V m NON»AU'\I'/CS)NOMOUS
Polymers Hydrogels N Sol-gel <400 400-700 >700
Jb % J V‘ Transition HEALING CALLOUT
of & tf ‘M si CYCLES Autonomous:
) Single =
Driginal ARAP Ry | Multiple Ro R A» s = © I
Responsive . Single Multiple Contin, Non-autonomous

Figure 1: Classification of smart polymers due to stimule

2.1 Temperature-Responsive Polymers

Temperature-responsive polymers, also known as thermo-responsive polymers, are a class of smart
materials that undergo significant physical or chemical changes in response to temperature
variations. These materials have gained considerable attention for their potential in biomedical,
agricultural, and technological applications due to their ability to provide controlled, dynamic
responses fig. 2 [5, 6].
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Temperature-responsive polymers exhibit a sharp change in properties, such as solubility,
morphology, or shape, at specific temperatures. This is often characterized by a lower critical
solution temperature (LCST) or upper critical solution temperature (UCST), where the polymer
transitions between soluble and insoluble states or undergoes a sol-gel transformation. The LCST
represents the temperature below which the polymer is soluble in a given solvent, while above this
temperature, phase separation occurs.

Conversely, UCST polymers are insoluble below a critical temperature and become soluble
above it. The phase transition is driven by the delicate balance between polymer-polymer and
polymer-solvent interactions, which are temperature-dependent. At the molecular level, this
behavior is governed by changes in the Gibbs free energy of mixing (Eq. 1):

AG_mix = AH_mix — TAS_mix @

Where AG_mix is the Gibbs free energy of mixing, AH_mix is the enthalpy of mixing, T is the
absolute temperature, and AS_mix is the entropy of mixing.[7-13].
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Figure 2. transition between temporary annd permanent shape

2.1.1. Types and Classifications

a) LCST-Type Polymers

Poly(N-isopropylacrylamide) (PNIPAM)

PNIPAM is the most extensively studied temperature-responsive polymer, with an LCST around
32 °C in aqueous solution. Its structure contains both hydrophobic isopropyl groups and
hydrophilic amide groups, creating an amphiphilic character essential for its thermoresponsive
behavior (Fig.3)[14].

Poly(N,N-diethylacrylamide) (PDEAM)
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PDEAM exhibits an LCST between 25 °C and 35 °C, depending on molecular weight and solution
conditions. The presence of diethyl groups provides different hydrophobic-hydrophilic balance
compared to PNIPAM (Fig.3) [15].

Poly(oligo(ethylene glycol) methacrylate)s (POEGMA)

These polymers show tunable LCST behavior (20 °C to 90 °C) depending on the length of the
ethylene glycol side chains. They offer excellent biocompatibility and resistance to protein
adsorption (Fig.3) [16].

Poly(2-oxazoline)s

This class includes poly(2-ethyl-2-oxazoline) and poly(2-isopropyl-2-oxazoline), with LCST
values ranging from 25 °C to 100 °C depending on the side chain structure (Fig.3) [17].
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Figure 3: molecular structure of LCST-Type Polymers

b) UCST-Type Polymers

Poly(acrylamide-co-acrylonitrile)

These copolymers exhibit UCST behavior in water, with transition temperatures tunable by
adjusting the comonomer ratio [6].

Poly(N-acryloylglycinamide) (PNAGA)

PNAGA shows UCST behavior in water with a transition temperature around 22 °C, driven by
strong intermolecular hydrogen bonding [18].

Polyzwitterions
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Certain polyzwitterions, such as poly(3-dimethyl(methacryloyloxyethyl) ammonium propane
sulfonate), exhibit UCST behavior due to electrostatic interaction [19] (Fig.4).
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Figure 4: molecular structure of UCST-Type Polymers

¢) Dual Responsive Polymers

Some polymers exhibit both LCST and UCST behavior, creating a miscibility window. Examples
include:Poly(ethylene glycol) in water at high temperatures and pressures [20], and certain
polyzwitterions under specific conditions[21].

Some examples for thermoresponsive polymers are listed and mentioned in Table 1.

Table 1: some thermo responsive polymers

B2 e Tr;%rl;nrg—elsesponswe Key Features Example Applications
LCST-type Becomes insoluble above LCST |Drug delivery, hydrogels [7, 9, 10, 22]
UCST-type Becomes soluble above UCST  |Smart coatings, sensors [7-9]
Shape-memory polymers Change shape with temperature |Biomedical devices [7]
Multi-responsive polymers Respond to multiple stimuli Ad\{ance_d drug delivery, tissue

(e.g., pH, light) engineering [8, 12, 23]

2.1.2. Mechanisms of Temperature Responsiveness
a) Hydrophobic-Hydrophilic Balance
The primary mechanism for LCST behavior involves the temperature-dependent balance between
hydrophobic and hydrophilic interactions. Below the LCST, hydrogen bonding between polymer
chains and water molecules dominates, maintaining polymer solubility [24]. As temperature
increases:
i.  Water molecules gain kinetic energy

ii.  Hydrogen bonds between polymer and water weaken

iii.  Hydrophobic interactions between polymer segments strengthen

iv.  Polymer chains collapse and aggregate
This process can be described by the Flory-Huggins interaction parameter (y) (EqQ. 2-6):

X=Xu+tXs (2)
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where yy is the enthalpic contribution and ys is the entropic contribution. The Enthalpic
Contribution () arises from the change in enthalpy when polymer-solvent contacts are formed,
replacing polymer-polymer and solvent-solvent contacts. It is directly proportional to the molar
enthalpy of mixing, AH,,, and inversely proportional to temperature:

AHp,
X = (3)
Here, R is the universal gas constant and T is the absolute temperature. The Entropic Contribution
(xs): This term accounts for the non-combinatorial or "excess" entropy of mixing, AS,cess- This
includes effects not captured by the ideal entropy of mixing chains, such as the specific ordering
of solvent molecules around the polymer segments (e.g., hydrophobic hydration). The entropic
parameter is defined as:

ASEXCESS
Xs = ——p— (4)
The negative sign is crucial, as a positive excess entropy (disordering) leads to a negative
(favorable) ys, promoting mixing.

By substituting the definitions from Equations enthalpic and entropic into the fundamental
relationship in Equation efeq:additive, we obtain the full and correct expression for the Flory-
Huggins interaction parameter:

AHm ASexCeSS
X=Xt xs=—F —— 0 ()

This equation is often written in a simplified linear form, which is useful for analyzing
experimental data:

X)) =4+2 (6)

where the constant A represents the entropic term (A = —AS,,..ss/R) and the constant B
represents the enthalpic term (B = AH,,,/R) [25].

b) Hydrogen Bonding Dynamics
Temperature affects the strength and dynamics of hydrogen bonds. For LCST polymers like
PNIPAM (Poly(N-isopropylacrylamide)), the breaking of polymer-water hydrogen bonds above
the transition temperature is crucial [26] . The process involves:
i. Below LCST: Strong polymer-water hydrogen bonds maintain extended chain
conformation
ii. At LCST: Critical balance between hydrogen bonding and hydrophobic interactions
ilii.  Above LCST: Intramolecular and intermolecular polymer-polymer interactions dominate

c¢) Entropy Effects
The entropy change during phase transition has two main contributions [27]:
I.  Conformational Entropy
a. Below LCST: Extended, flexible polymer chains (high conformational entropy)
b. Above LCST: Collapsed, compact structures (low conformational entropy)
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ii.  Solvent Entropy

Water molecules form ordered structures around hydrophobic groups (hydrophobic
hydration). Phase separation releases these ordered water molecules, increasing system entropy

d) Cooperative Effects

The phase transition often exhibits sharp, cooperative behavior due to [28]:
Propagation effects: Initial collapse facilitates further chain collapse
Intermolecular cooperativity: Aggregation of collapsed chains

Critical phenomena: Near-critical fluctuations enhance transition sharpness

e) Molecular Architecture Effects
The polymer architecture significantly influences the transition mechanism [29]:
i.  Linear Polymers
a. Simple coil-to-globule transition
b. Transition temperature depends on molecular weight (for low MW)
ii.  Branched/Star Polymers
iii.  Core-shell collapse mechanism
Iv.  Often sharper transitions than linear analogues
v.  Cross-linked Networks
vi.  Volume phase transition in hydrogels
vii.  Elastic constraints affect transition kinetics

f) Electrostatic Interactions
For charged temperature-responsive polymers, electrostatic effects modulate the transition [30]:
i.  Charged groups increase hydrophilicity, raising LCST
ii.  Salt addition screens charges, lowering LCST
iii.  pH affects ionization state and thus transition temperature

2.1.3. Factors Affecting Temperature Responsiveness

These factors are generally Structural Factors: The transition temperature and responsiveness can
be tuned by modifying molecular weight, copolymer composition, hydrophilic’/hydrophobic
balance, and cross-linking density. Advanced polymerization techniques allow precise control over
these parameters, enabling the design of polymers with tailored responses [9-11, 22, 23]. Some
important factors influence the transition temperature and behavior can be listed as below:

1. Molecular Weight: Generally, LCST decreases with increasing molecular weight until
reaching a plateau [31]
1. Concentration: Polymer concentration affects transition temperature and phase diagram
[32]
i1i. Additives:
— Salts (Hofmeister series effects)[33]
—  Surfactants [34]
— Cosolvents [35]
iv. End Groups: Hydrophobic or hydrophilic end groups can significantly affect LCST
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2.1.4. Applications
Some applications are listed in table 2 and can be catagorized as below:

i. Controlled drug delivery systems - Thermo-responsive polymers enable controlled, site-
specific drug release, minimizing side effects and improving efficacy. Nanogels and nanoparticles
can encapsulate drugs and release them in response to temperature changes, as demonstrated with
doxorubicin and antimicrobial agents.

ii. Tissue Engineering- These polymers serve as scaffolds that support cell growth and can be
engineered to mimic natural tissue responses

iii. Other Uses- Applications extend to bioseparation, gene therapy, imaging, and even
agrochemical delivery in plants, where temperature triggers the release of protective agents [9-12,
36-41].

2.1.5. Design Challenges and Future Directions

Tuning Responsiveness: Achieving precise control over transition temperatures and multi-stimuli
responsiveness remains a key challenge. Copolymerization and advanced synthesis methods are
being developed to address this [8, 10, 11, 22, 23].

Biocompatibility and Stability: Ensuring that these polymers are safe and stable in biological
environments is critical for clinical and agricultural applications [9, 10, 22].

Expanding Applications: Research is ongoing to develop polymers with dual or multi-temperature
responsiveness and to integrate additional stimuli (e.g., light, pH) for more sophisticated smart
materials  [8, 12, 23].

Temperature-responsive polymers are versatile smart materials that undergo significant changes
in response to temperature, enabling a wide range of applications, especially in drug delivery and
tissue engineering. Their properties can be finely tuned through structural modifications, and
ongoing research aims to enhance their responsiveness, biocompatibility, and multifunctionality
for advanced biomedical and technological uses.

Poly(N-isopropylacrylamide) (PNIPAAm) is one of the most extensively studied
thermoresponsive polymers with an LCST around 32°C, which is close to physiological
temperature [42]. Below the LCST, PNIPAAm chains are hydrated and exist in an extended
conformation, while above the LCST, they undergo a phase transition to a collapsed, hydrophobic
state due to the disruption of hydrogen bonds with water molecules [43].

Other important thermoresponsive polymers include poly(N-vinylcaprolactam) (PVCL), pluronics
(triblock copolymers of poly(ethylene oxide) and poly(propylene oxide)), and elastin-like
polypeptides (ELPs) [44, 45]. These polymers have been widely employed in controlled drug
delivery systems, tissue engineering scaffolds, and smart textiles.

Recent advancements in thermoresponsive polymers have focused on developing materials with
tunable LCST/UCST values, improved mechanical properties, and multifunctional capabilities.
For instance, copolymerization strategies have been employed to incorporate additional responsive
elements or bioactive moieties into thermoresponsive polymers [8, 46].

Table 2: Temperature-Responsive Polymers applivcations

Polymer Type Key Features Applications Citation
Poly(N- LCST around 32°C; reversible hydrophilic- | Drug delivery systems; cell sheet | [42, 47-54]
isopropylacrylamide) hydrophobic transition; excellent | engineering; tissue scaffolds; biosensors

(PNIPAAmM) biocompatibility
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Poly(N-vinylcaprolactam) | LCST between 30-35°C; non-ionic; lower | Controlled drug release;  protein | [55-62]
(PVCL) cytotoxicity than PNIPAAm; pH-independent | separation; textile finishing; biosensors
phase transition
Elastin-like polypeptides | Bioderived; precise LCST control through | Protein purification; targeted drug | [63-72]

(ELPs)

sequence stimuli-

responsive

design;  biodegradable;

delivery; tissue engineering; biosensors

Pluronic block copolymers
(PEO-PPO-PEOQ)

Amphiphilic triblock structure; thermoreversible
gelation; micelle formation; versatile LCST range

Injectable hydrogels; sustained drug
delivery; gene therapy; tissue engineering

[36, 44, 73-79]

Poly(oligoethylene glycol | Tunable LCST through comonomer composition; | Protein conjugation; smart surfaces; | [80-90]
methacrylate) (POEGMA) | excellent  biocompatibility; narrow phase | biosensors; drug delivery
transition
Poly(2-oxazoline)s Tunable LCST through side-chain modification; | Nanomedicine; drug delivery; tissue | [91-98]
biocompatible; narrow phase transition engineering; anti-fouling coatings
Poly(N- UCST behavior in aqueous solution; stability | Controlled release; protein separations; | [99-103]
acryloylglycinamide) against salt addition; sharp phase transition thermal actuators; biomedical devices
(PNAGA)
Temperature-responsive Enhanced mechanical properties;  multi- | Smart textiles; shape-changing actuators; | [104-114]
polymer nanocomposites responsive  behavior;  improved  thermal | sensors; 4D printing

conductivity

2.2. pH-Responsive Polymers

2.2.1. Introduction

pH-responsive polymers, also known as pH-sensitive or pH-triggered polymers, are a class of
stimuli-responsive materials that undergo significant physicochemical changes in response to
variations in environmental pH [4]. These smart materials have garnered substantial attention due
to their potential applications in drug delivery, biosensing, tissue engineering, and various
biomedical applications [115-118] (Fig 3).

Folded State

pH Change
ﬁ

Expanded
State

Figure 3. Schematic of pH sensetive polymers

pH-responsive polymers contain ionizable functional groups that can accept or donate
protons in response to environmental pH changes. The ionization state of these groups directly
affects the polymer’s conformation, solubility, and swelling behavior [119]. The fundamental
principle underlying pH-responsiveness is the Henderson-Hasselbalch equation Eq. 7:

— a7l
pH = pK, +logyo ([HA]) (7)
where pKa is the acid dissociation constant, [A~ ] is the concentration of the conjugate base, and
[HA] is the concentration of the weak acid.
The Henderson-Hasselbalch equation is a cornerstone of acid-base chemistry and is fundamental
to understanding the behavior of pH-responsive polymers. This equation provides a direct

10
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mathematical link between the pH of a buffered solution, the intrinsic acidity of the active
functional group (given by its pK,), and the ratio of its deprotonated to protonated forms. The pH
is the independent variable, representing the external environmental condition. It is defined as
the negative base-10 logarithm of the hydrogen ion activity, approximated by its concentration
[H*] Eq.8:

pH = —log;o[H"] (8)

For a pH-responsive polymer, a change in the solution’s pH is the trigger that initiates a
macroscopic change in the material’s properties. The pK, (the negative logarithm of the acid
dissociation constant, K,) is an intrinsic, constant value for a given acidic functional group. It
defines the pH at which the system is most sensitive to change. At the precise moment when
pH = pK, the concentrations of the protonated and deprotonated forms are equal: [extA™] =
[HA]. Consequently, the ratio term ﬁ = 1, and since log;,(1) = 0, the equation simplifies to
pH = pK,. This point represents the midpoint of the polymer’s transition from a collapsed to a
swollen state (or vice-versa).

[HA] and [A™ Jrepresent the molar concentrations of the polymer’s functional groups in their two
possible states:

— [HA] (Protonated Acid): This is the concentration of the functional groups in their neutral,
protonated state (e.g., carboxylic acid, —COOH). In this form, the polymer chains are
typically less soluble, compact, and dominated by hydrophobic interactions or
intramolecular hydrogen bonding.

— [A7] (Deprotonated Conjugate Base): This is the concentration of the functional groups in
their charged, deprotonated state (e.g., carboxylate anion, —COO~). The presence of
these charges leads to strong electrostatic repulsion along the polymer backbone, causing
the chain to expand and become hydrophilic, leading to swelling and dissolution.

The term log; (%) guantifies the state of the polymer system in response to the pH.

— If pH <pK,, the log term is negative, indicating [HA] > [A"]. The polymer is
predominantly in its collapsed, protonated state.
— If pH > pK,, the log term is positive, indicating [A™] > [HA]. The polymer is
predominantly in its swollen, deprotonated (charged) state.
Application of Henderson-Hasselbalch equation to pH-Responsive Polymers
The Henderson-Hasselbalch equation (Eq. 7) governs the behavior of both polyacids and
polybases:
Polyacids (Anionic Polymers)
Examples include Poly (acrylic acid) (PAA) and Poly (methacrylic acid) (PMAA). For these
polymers, the HA form is the neutral —COOH group and the A~ form is the anionic —C00~
group. As the pH rises above the polymer's pK,xta (around 4.5-5.0), the polymer
transitions from a collapsed globule to a swollen, hydrated coil due to electrostatic
repulsion.

11
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Polybases (Cationic Polymers)
Examples include Poly (dimethylaminoethyl methacrylate) (PDMAEMA) and Chitosan.
For these polymers, the equation is applied to the conjugate acid equilibrium. For
polybases, it’s often more intuitive to think in terms of pKy or the pKa of the conjugate acid (BH").
The principle is the same. At low pH (below its pKa=7.5), the amine groups are protonated (BH).
The polymer is positively charged, expanded, and soluble.

The Henderson-Hasselbalch equation can be written for the conjugate acid, BH*.
Here, BH* (the protonated amine) is the charged "acid" form, and extB (the neutral
amine) is the "base" form. At low pH (below the pK, of the conjugate acid, ~ 7.5 for
PDMAEMA), the polymer is protonated, positively charged (BH™), and soluble. As the pH
is raised, it deprotonates to its neutral, hydrophobica form (B) and collapses. In summary,
the Henderson-Hasselbalch equation provides the quantitative framework for predicting
and designing the pH at which a smart polymer will undergo its functional transition.

2.2.2. Classification of pH-Responsive Polymers

Generally, these polymers can be broadly classified into two categories: polyacids (containing
carboxylic or sulfonic acid groups) and polybases (containing amine groups) [120]. Polyacids,
such as poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA), remain unionized at low
pH values but become increasingly ionized as the pH increases above their pKa values, leading to
chain expansion due to electrostatic repulsion between negatively charged groups [121].
Conversely, polybases like poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) and
poly(ethylenimine) (PEI) are ionized at low pH and become deprotonated as the pH increases
[122]. Indetail catagorization of pH-Responsive Polymers can be expressed as below:

Polyacids (Anionic Polymers)
Polyacids contain acidic groups such as carboxylic acid (-COOH), sulfonic acid (-SO_3H), or
phosphoric acid (-PO_3H_2) groups. These polymers are protonated at low pH and become
deprotonated and negatively charged at high pH [123].
Examples (Fig. 4 ):
I.  Poly(acrylic acid) (PAA)
ii.  Poly(methacrylic acid) (PMAA)
iii.  Poly(L-glutamic acid) (PGA)
iv.  Poly(aspartic acid) (PASP)

12
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Figure 4 : Polyacids pH sensetive polymers

Polybases (Cationic Polymers)

Polybases contain basic groups such as amines, which become protonated and positively charged

at low pH and neutral at high pH [124].
Examples (Fig. 5):

i.  Poly(dimethylaminoethyl methacrylate) (PDMAEMA)
ii.  Poly(diethylaminoethyl methacrylate) (PDEAEMA)

iii.  Chitosan
iv.  Poly(L-lysine) (PLL)
v.  Polyethylenimine (PEI)
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Figure 5 : Polybases examples
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Polyampholytes

Polyampholytes contain both acidic and basic groups within the same polymer chain, exhibiting
complex pH-dependent behavior with isoelectric points where the net charge is zero [125].
Examples (Fig. 6 ):
i.  Proteins and polypeptides
ii.  Poly(methacrylic acid-co-dimethylaminoethyl methacrylate)
iii.  Gelatin

0] o]
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0o K 0
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o} o
|

H,CH;
Poly(methacrylic acid-co-dimethylaminothyl

methacrylate)
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;H3
N-.
CHf

H H O H H H O H H H
N SN S S NSNS ow
0O H H @ O H H 0 0
Gelatin

(denatured collagen)
Figure 6: Polyampholytes examples

pH-Responsive Hydrogels

These are three-dimensional networks that can absorb large amounts of water and exhibit dramatic
volume changes in response to pH variations [126].

Some of pH-Responsive Polymers are presented in table 3.

Table3- pH-Responsive Polymers

Polymer Type Key Features Applications Citation

- . +|Carboxylic acid pendant groups; transitions . . .
Poly(acrylic acid) from co){lapse dto epxpan ded gtatepabove DH 4-5; Oral drug delivery; colon-targeted release; [120, 121, 127-134]
(PAA) "lsensors; controlled release ! '

excellent pH sensitivity
Stronger acid than PAA; pH-dependent

Poly(methacrylic  acid) Intestinal drug delivery; stimuli-responsive|[132, 135-143]

(PMAA)

swelling; versatile functionalization capacity

membranes; biosensors; controlled release

Chitosan-based
responsive systems

pH-

Natural polymer; protonated at acidic pH;
biodegradable; biocompatible; mucoadhesive

Oral drug delivery; tissue engineering;
wound healing; gene delivery

[116, 144-152]

Poly(2-

. . Protonated at acidic pH; hydrophilic- . . - . L
(dimethylamino)ethyl hydrophobic transition; strong  buffering Gene fjellvery, antimicrobial materials; [153].
methacrylate) canacit sensors; controlled release
(PDMAEMA) pacity
Poly(ethylenimine) High cationic charge density; strong buffering|Gene transfection; antimicrobial coatings;

e z : [154]
(PEI) capacity; "proton sponge" effect water treatment; carbon capture
Imidazole groups responsive to physiological . . )
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Key Features

Applications

Self-assembly into micelles/vesicles; multi- Tumor-targeted drug delivery; intracellular
responsive behavior; tunable release properties |delivery; diagnostic imaging

Citation

[119]

Poly(acrylamide-co-
methacrylic acid)

Tunable pH response through copolymer

composition;  high
mechanical stability

swelling

Controlled drug release; tissue engineering;

CaPaCItY: . gricultural applications

[156]

2.2.3. Mechanisms of pH-Responsiveness polymers

The macroscopic changes observed in pH-responsive polymers, such as swelling, collapse,
or sol-gel transitions, are driven by a complex interplay of physicochemical phenomena at the
molecular level. The primary trigger for these changes is the protonation or deprotonation of
ionizable functional groups along the polymer backbone as the environmental pH crosses the
group’s characteristic pK, value. This ionization event initiates several interconnected
mechanisms, which are detailed below [157].

lonization-Induced Conformational Changes
The fundamental mechanism governing pH-responsiveness is the alteration of the polymer’s
conformation due to changes in its ionization state. As the pH shifts, the following effects
collectively determine the polymer’s structure and solubility:
— Electrostatic Repulsion: When the functional groups become ionized (e.g., carboxylic acids
forming carboxylates, (—C0OO0™), the resulting like charges along the polymer chain repel

each other. This intramolecular repulsion overcomes cohesive forces, forcing the polymer

chains to uncoil and adopt a more expanded, hydrophilic conformation.

— Osmotic Pressure: The ionization of polymer chains creates a high concentration of fixed
charges within the polymer network or hydrogel (FIG 7). To maintain electroneutrality,
mobile counter-ions from the surrounding solution migrate into the polymer domain. This
influx of ions dramatically increases the internal ion concentration, generating a significant
osmotic pressure difference between the interior of the polymer and the bulk solution.
The resulting osmotic swelling pressure drives water into the network, causing it to

expand.
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Figure 7 : Osmotic Pressure in inoized polymer network

— Changes in Hydration: The hydration state of the functional groups is highly dependent on
their ionization. lonized groups (e.g., —CO0~, —NHJ) are significantly more hydrophilic
and form stronger hydrogen bonds with water molecules than their neutral counterparts
(e.g., —COOH, —NH,). This enhanced hydration contributes to chain expansion and

increased solubility in aqueous media.

Swelling/Deswelling Mechanisms in Hydrogels

For crosslinked pH-responsive networks (hydrogels), the balance between these expansive forces
and the elastic retractive force of the polymer chains determines the equilibrium swelling
behavior. The swelling ratio, Q, can be quantitatively described by the Flory-Rehner theory, which
was extended by Peppas and colleagues to account for the ionic contribution. The modified

equation is given as Eq.9 [158]:

( i )2 ln(l—vz,s)+V2,S+X1v%,S

2o V11172 v (P25 _Y2s

QS/3 — (ve 2ve) (9)
Uy s

where @ is the volume swelling ratio, v, ¢ is the polymer volume fraction in the swollen state,
Ve 5 is the effective crosslinking density, V; is the molar volume of the solvent (water), x; is the
Flory-Huggins polymer-solvent interaction parameter, i is the charge per pendant group, v, is
the volume of a repeating unit, and [ is the ionic strength of the external solution [158]. This
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equation models how the degree of ionization and external ionic strength directly influence the
hydrogel’s equilibrium volume.

Sol-Gel Transitions

pH changes can also induce reversible transitions between a solution state (sol) and a solid-like
state (gel). These transitions are typically mediated by the pH-dependent formation or disruption
of non-covalent crosslinks, including:

— Hydrogen Bonding: Shifts in pH can alter the ability of functional groups to act as hydrogen
bond donors or acceptors, leading to the formation or breakage of physical crosslinks that
define the gel state.

— lonic Crosslinking: In systems containing both positive and negative charges
(polyampholytes) or in mixtures of oppositely charged polymers, pH changes can
modulate electrostatic attractions, leading to the formation of ionic crosslinks and
subsequent gelation.

— Hydrophobic-Hydrophilic Balance: As described by [157] & Gutowska (2002), the
protonation/deprotonation of side chains can switch a polymer segment from being
hydrophilic to hydrophobic, promoting aggregation and physical crosslinking through
hydrophobic interactions, which can trigger gel formation .

Phase Separation Mechanisms

In polymer solutions (non-crosslinked systems), pH changes can induce macroscopic phase
separation, where the polymer precipitates out of the solution. This behavior is often linked to
the modulation of the polymer’s critical solution temperature:

— LCST (Lower Critical Solution Temperature) Behavior: For many polymers, such as those
containing tertiary amine groups (e.g., PDMAEMA), the ionization state directly influences
the LCST. In their protonated (charged) state at low pH, these polymers are highly soluble.
As the pH increases, deprotonation renders them more hydrophobic, causing the LCST to
decrease. If the LCST drops below the system’s temperature, the polymer will phase
separate.

— UCST (Upper Critical Solution Temperature) Behavior: Conversely, for polymers that
become more soluble upon heating, the ionization state can shift the [159].

2.2.4. Temperature Responsiveness in pH-Responsive Polymers
Many pH-responsive polymers also exhibit temperature-responsive behavior, creating dual-
responsive systems. The mechanisms of temperature responsiveness include:

Hydrophobic-Hydrophilic Balance
Temperature changes affect the hydration of polymer chains and the strength of hydrogen bonds.
At the lower critical solution temperature (LCST), polymers undergo a coil-to-globule transition
due to:

i.  Disruption of polymer-water hydrogen bonds
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ii.  Enhanced hydrophobic interactions
iii.  Entropic effects favoring water molecule release [14]

Dual pH/Temperature Response Mechanisms

The synergistic interplay between pH and temperature responsiveness in dual-stimuli
polymers arises from the direct influence of one stimulus on the polymer’s response to
the other. This coupling manifests primarily through two key physicochemical
mechanisms:

1) lonization-Dependent Lower Critical Solution Temperature (LCST): The
phase transition temperature of a thermo-responsive polymer is highly sensitive to
its overall hydrophilicity. For polymers containing ionizable groups (e.qg., carboxylic
acids or amines), the degree of ionization («) directly alters the polymer’s charge
density and hydration state. As the polymer becomes more charged (ionized), its
hydrophilicity increases, which in turn raises its LCST. This relationship can be
empirically described by the following linear approximation Eq.10:

Ticst = Tost + k- @ (10)

where T %t is the intrinsic LCST of the polymer in its non-ionized state, T, csr iS
the observed LCST at a given pH, k is an empirical constant that reflects the
sensitivity of the LCST to ionization, and « is the degree of ionization, which is a
function of pH [160]. This equation illustrates how pH can be used to precisely tune
the temperature at which the polymer undergoes its phase transition.

2) Temperature-Modulated pKa: Conversely, the dissociation constant (pK,) of the
ionizable groups within the polymer is not fixed but is dependent on temperature.
This relationship is governed by the van’'t Hoff equation, which describes the
change in an equilibrium constant with temperature. For the ionization process,
this can be expressed as Eq.11:

d(PKa)__ AHjon
dT ~ 2.303RT? (11)

where AHjy, is the standard enthalpy of ionization for the functional group, R is the
universal gas constant, and T is the absolute temperature [161]. This dependency

means that a change in temperature can shift the pH range over which the polymer
IS responsive, effectively altering its pH-triggered behavior.

Examples of Dual-Responsive Polymers

The rational design of polymers incorporating both pH- and temperature-sensitive
moieties has led to a variety of sophisticated materials. Prominent examples include:

— Poly(N-isopropylacrylamide-co-acrylic acid) (P(NIPAAm-co-AAc)): This
widely studied copolymer integrates the thermo-responsive NIPAAmM units
(providing LCST behavior) with the pH-responsive AAc units (Fig 7) . At low pH,
the AAc groups are protonated and less hydrophilic, resulting in a lower LCST. At
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high pH, the deprotonated carboxylate groups increase hydrophilicity, significantly
raising the LCST.
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N OH
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0] CHs; OH n
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& %O“
N-isopropyl- acrylic acid
acrylamide

Poly (N-isopropylacrylamide-co-acrylic acid)
P(NIPAAm-co-AAc)

Figure 7 :P(NIPAAmM-co-AAc)

— Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA): This polymer is
intrinsically dual-responsive (Fig. 8 ) . The tertiary amine groups provide pH
sensitivity (protonating at acidic pH), while the polymer backbone exhibits an LCST
around 50°C in its neutral state.

@)
I CHs
20 CHs
H, CHs
—CH;— .

Poly(2-(dimethylamino)ethyl
methacrylate)
PDMAEMA

Figure 8 : PDMAEMA

— Chitosan Derivatives: As a natural polysaccharide, chitosan provides a
biocompatible and biodegradable backbone. Its primary amine groups confer pH
responsiveness. By grafting thermo-responsive polymers like PNIPAAmM onto the
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chitosan backbone, researchers have created dual-responsive systems with
significant potential in biomedical applications [123, 162]

2.2.5. Applications Leveraging pH and Temperature Responsiveness
The unique ability of pH and temperature dual-responsive polymers to undergo reversible changes

in response to multiple stimuli has opened numerous opportunities across biomedical,
environmental, and industrial applications. These smart materials can be precisely engineered to
respond to physiological conditions, making them particularly valuable for therapeutic and
diagnostic applications [123, 163].

Controlled Drug Delivery: Targeting Specific pH Environments with Temperature-
Triggered Release

pH and temperature dual-responsive polymers have revolutionized targeted drug delivery by
exploiting the unique microenvironments of diseased tissues. The tumor microenvironment,
characterized by acidic pH (6.5-7.2) compared to normal tissues (pH 7.4) and elevated
temperatures due to enhanced metabolism, provides ideal conditions for selective drug release
[164, 165]. Poly(N-isopropylacrylamide-co-acrylic acid) [P(NIPAAm-co-AA)] copolymers have
been extensively studied for cancer therapy, demonstrating enhanced drug accumulation in tumor
tissues through pH-triggered swelling and temperature-induced phase transitions [166, 167].

In gastrointestinal drug delivery, pH-responsive polymers protect drugs from the acidic stomach
environment (pH 1-3) and enable controlled release in the intestinal tract (pH 6-8). Eudragit®
polymers, based on methacrylic acid copolymers, have been successfully commercialized for
enteric coating applications [168]. Recent advances include the development of multi-responsive
nanocarriers incorporating poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) that
respond to both pH and temperature changes throughout the GI tract, improving oral
bioavailability of protein drugs [169, 170],

The integration of pH and temperature responsiveness has enabled sophisticated drug delivery
systems with programmable release profiles. Core-shell nanoparticles with pH-sensitive cores and
thermoresponsive shells demonstrate sequential drug release triggered by environmental changes
[171]. These systems have shown particular promise for combination therapy, where different
drugs can be released at specific sites and times based on local pH and temperature conditions
[172] [173]

Smart Hydrogels: Self-Regulating Materials for Wound Healing and Tissue Engineering

pH and temperature-responsive hydrogels represent a significant advancement in regenerative
medicine, offering dynamic materials that can adapt to physiological changes during healing
processes. Wound environments typically exhibit pH variations from 5.5-8.5 depending on the
healing stage, while inflammation causes local temperature increases [174, 175], Smart hydrogels
based on chitosan-g-poly(N-isopropylacrylamide) have demonstrated excellent wound healing
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properties by modulating drug release and moisture retention in response to wound pH and
temperature [176, 177],

In tissue engineering applications, dual-responsive hydrogels serve as dynamic scaffolds that can
mimic the natural extracellular matrix. Injectable hydrogels based on poly(ethylene glycol)-b-
poly(L-glutamic acid) block copolymers undergo sol-gel transitions at physiological temperature
and pH, enabling minimally invasive delivery while providing mechanical support for cell growth
[178, 179], These materials have shown promise in cartilage regeneration, where the pH-
responsive components facilitate nutrient transport while temperature sensitivity enables in situ
gelation [180, 181].

Recent developments include self-healing hydrogels that respond to pH and temperature changes
to autonomously repair damage. Poly(acrylic acid)-g-poly(N-isopropylacrylamide) hydrogels
crosslinked through dynamic covalent bonds demonstrate rapid self-healing at physiological
conditions, making them ideal for load-bearing tissue engineering applications [182, 183], These
materials have shown enhanced cell viability and proliferation compared to static hydrogels,
attributed to their dynamic mechanical properties [184].

Biosensors: Dual-Responsive Systems for Enhanced Sensitivity and Selectivity

The integration of pH and temperature responsiveness in biosensor design has significantly
improved detection sensitivity and selectivity for various biomarkers. Microcantilever sensors
functionalized with pH and temperature-responsive polymers demonstrate enhanced mechanical
response to target binding, with detection limits in the picomolar range (Bashir et al., 2010;
Tamayo et al., 2013). Poly(methacrylic acid-co-N-isopropylacrylamide) brushes grafted on sensor
surfaces undergo conformational changes that amplify signal transduction, enabling label-free
detection of proteins and nucleic acids [185, 186].

Optical biosensors incorporating dual-responsive polymers have shown particular promise for
continuous monitoring applications. Photonic crystals embedded in pH and temperature-
responsive hydrogels exhibit reversible color changes in response to analyte binding, providing
visual readouts without external power sources (Hu et al., 2012; Yetisen et al., 2016). These sensors
have been successfully applied to glucose monitoring, where enzyme-catalyzed reactions create
local pH changes that, combined with temperature variations, produce distinct optical signatures
[187, 188].

Electrochemical biosensors utilizing dual-responsive polymer coatings demonstrate improved
selectivity through controlled permeability. Poly(N-isopropylacrylamide-co-allylamine) films on
electrode surfaces act as molecular gates, regulating analyte access based on environmental
conditions [189]. This approach has enabled selective detection of neurotransmitters in complex
biological matrices, with applications in neurological disorder diagnosis [190, 191].

Separation Technologies: pH and Temperature-Controlled Membrane Permeability
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Dual-responsive polymers have revolutionized membrane separation technologies by enabling
dynamic control over permeability and selectivity. Membranes functionalized with poly(N-
isopropylacrylamide-co-acrylic acid) demonstrate reversible pore size changes in response to pH
and temperature, allowing for tunable separation of proteins and nanoparticles (Wandera et al.,
2010; Zhao et al., 2011). These smart membranes have shown 10-fold changes in permeability
between different pH and temperature conditions, significantly improving separation efficiency
[192, 193].

In water treatment applications, pH and temperature-responsive membranes offer energy-efficient
solutions for removing contaminants. Poly(vinylidene fluoride) membranes modified with dual-
responsive copolymers demonstrate self-cleaning properties through stimuli-triggered surface
reorganization, reducing fouling by up to 90% compared to conventional membranes [194, 195].
These systems have shown particular effectiveness in treating industrial wastewater with varying
pH and temperature conditions [196, 197].

Advanced separation systems incorporating magnetic nanoparticles coated with pH and
temperature-responsive polymers enable remote-controlled separation processes. These materials
combine the advantages of magnetic separation with stimuli-responsive selectivity, achieving high
recovery rates for valuable biomolecules and rare earth elements [198, 199]. Recent developments
include continuous-flow separation systems that automatically adjust conditions based on feed
composition, demonstrating the potential for autonomous operation [200, 201].

Challenges of pH and Temperature-Responsive Polymers

Despite their tremendous potential, pH and temperature dual-responsive polymers face several
significant challenges that must be addressed for widespread clinical and industrial
implementation.

Material Design and Synthesis Challenges

The precise control over polymer composition and architecture required for predictable dual-
responsive behavior remains a significant challenge. Achieving narrow molecular weight
distributions and uniform functionality distribution is crucial but difficult, particularly for complex
architectures like star polymers or dendrimers [202, 203]. Batch-to-batch reproducibility issues
can lead to inconsistent performance, particularly problematic for biomedical applications
requiring regulatory approval [204].

The incorporation of multiple responsive moieties often results in competing effects that
complicate the response profile. For instance, increasing the content of pH-responsive groups may
interfere with temperature-responsive behavior, requiring careful optimization of copolymer
composition [21, 205] . Additionally, the synthesis of biocompatible and biodegradable dual-
responsive polymers with appropriate mechanical properties remains challenging, as many
responsive polymers are based on non-degradable backbones [206].
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Response Kinetics and Reversibility

The response time of dual-responsive polymers to environmental changes can be too slow for
certain applications, particularly in drug delivery where rapid release may be required. The
diffusion-limited nature of polymer chain reorganization means that bulk materials may take hours
to fully respond to stimuli [207, 208] (Yoshida et al., 2013; Stuart et al., 2010). While
nanostructured materials can improve response times, they introduce additional complexity in
terms of stability and manufacturing [209].

Reversibility and cycling stability represent another major challenge. Repeated pH and
temperature cycling can lead to polymer degradation, irreversible aggregation, or loss of
responsive behavior [210, 211]. This is particularly problematic for long-term implantable devices
or reusable separation membranes. The hysteresis observed in many dual-responsive systems
further complicates their application in precision-controlled environments [212].

Biological and Environmental Compatibility

For biomedical applications, ensuring biocompatibility while maintaining responsive behavior is
challenging. Many pH-responsive polymers contain charged groups that can interact non-
specifically with proteins and cells, potentially causing cytotoxicity or immune responses [213,
214]. The lower critical solution temperature (LCST) of many thermoresponsive polymers is close
to body temperature, making it difficult to achieve sharp transitions under physiological conditions
without incorporating potentially toxic comonomers [215].

The complex biological environment presents additional challenges, including protein adsorption,
enzymatic degradation, and varying ionic strength effects that can alter polymer responsiveness
[216, 217]. The presence of salts and proteins in biological fluids can significantly shift transition
temperatures and pH responses, requiring careful calibration for each specific application [218].

Scalability and Manufacturing Considerations

Scaling up the synthesis of dual-responsive polymers from laboratory to industrial scale presents
significant challenges. Controlled polymerization techniques that produce well-defined polymers
often require expensive catalysts, inert atmospheres, and precise temperature control, making
large-scale production costly [219, 220]. Purification processes to remove residual monomers,
catalysts, and byproducts can be complex and may alter polymer properties.

The processing of dual-responsive polymers into useful forms (films, particles, fibers) while
maintaining their responsive behavior is technically demanding. Conventional processing methods
may expose polymers to conditions that trigger unwanted transitions or cause degradation [221].
Additionally, ensuring long-term storage stability of these materials, particularly in hydrated
forms, remains a significant challenge for commercial applications [222].

Regulatory and Standardization Challenges
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The lack of standardized characterization methods for dual-responsive polymers complicates
regulatory approval and quality control. Different research groups often use varying protocols to
assess responsive behavior, making it difficult to compare materials or establish performance
benchmarks [223]. For medical applications, demonstrating consistent performance across the
range of physiological conditions encountered in diverse patient populations is particularly
challenging [224].

The regulatory pathway for dual-responsive polymer-based medical devices and drug delivery
systems remain unclear in many jurisdictions. The dynamic nature of these materials challenges
traditional regulatory frameworks designed for static materials [225]. Establishing appropriate
safety margins and failure modes for materials that undergo significant property changes in
response to environmental stimuli requires new approaches to risk assessment [226].

Controlled Drug Delivery: Targeting specific pH environments (e.g., tumors, Gl tract) with
temperature-triggered release

Smart Hydrogels: Self-regulating materials for wound healing and tissue engineering

Biosensors: Dual-responsive systems for enhanced sensitivity and selectivity

Separation Technologies: pH and temperature-controlled membrane permeability

Conclusion

Recent advances in pH-responsive polymers have explored their applications in targeted drug
delivery, particularly for cancer therapy, where the acidic tumor microenvironment can be
exploited for triggered release .The development of pH-responsive nanomaterials has gained
significant attention due to their ability to improve the efficiency of drug delivery in vivo, allow
targeted drug delivery, and reduce adverse drug reactions [227-230].

pH-responsive polymers represent a versatile class of smart materials with complex mechanisms
governing their behavior. The integration of temperature responsiveness adds another dimension
of control, enabling sophisticated applications in biotechnology and medicine. Understanding the
fundamental mechanisms of both pH and temperature responses is crucial for the rational design
of next-generation responsive materials.

2.3 Light-Responsive Polymers

Light-responsive polymers represent a fascinating class of smart materials that undergo reversible
or irreversible changes in their physical, chemical, or mechanical properties upon exposure to
electromagnetic radiation [231]. These materials have emerged as crucial components in advanced
technologies ranging from drug delivery systems to optical data storage, soft robotics, and
biomimetic devices [232]. The ability to control polymer behavior with light offers unprecedented
advantages including spatial and temporal precision, remote activation, and minimal invasiveness,
making these materials particularly attractive for biomedical applications [233].

The development of light-responsive polymers has been inspired by nature's sophisticated
photochemical systems, from the rhodopsin proteins enabling vision to the phytochromes
controlling plant growth [234]. By incorporating photoactive chromophores into synthetic polymer
chains, scientists have created materials that can mimic these biological processes while offering
enhanced stability and tunability [235].
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Here are some key examples and concepts from nature that are analogous to synthetic light-
responsive polymers:

Photoactive Proteins

These are perhaps the most direct natural analogs to light-responsive polymers. Proteins are natural

polymers (chains of amino acids), and many of them have evolved to respond to light.

i.  Rhodopsin (and other visual pigments):

Found in the eyes of animals, rhodopsin is a classic example of a photoactive protein [236].
It consists of a protein (opsin) bound to a light-sensitive chromophore (retinal) [237]. When
retinal absorbs light, it undergoes a rapid cis-trans isomerization, which in turn causes a
conformational change in the opsin protein [238]. This shape change initiates a signaling
cascade that leads to vision, representing a perfect example of light-triggered
conformational change in a polymer [239, 240] (Fig. 9).

Rhodopsin
Found in the eyes of animals, it consists of a protein (opsin)
bound to a light-sensitive chromophore (retinal)

Light

When retinal absorbs light, (¢

it undergoes a rapid cis-trans
isomerization, which in turn
causes a conformational change
opsin in the opsin protein

Light-triggered conformational change
in a polymer

Figure 9 : Rhodopsin

ii. ~ Phytochromes: Found in plants, bacteria, and fungi, phytochromes are photoreceptors that
sense red and far-red light [241, 242]. They exist in two interconvertible forms (Pr and Pfr)
[243]. Light absorption triggers a conformational change that shifts the equilibrium
between these forms, allowing the organism to sense light quality and quantity, influencing
processes like germination, flowering, and shade avoidance [244-246](Fig.10).
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iii.

Phytochromes

Found in plants, bacteria, and fungi, phytochromes are
photoreceptors that sense red and far-red light

Red light Far-red light

B'8-B3

Light absorption triggers a conformational change that
shifts the equilibrium between these forms, allowing the
organism to sense light quality and quantity, influencing
processes like germination, flowering, and shade
avoidance

Figure 10 : Phytochromes

Photosystem I and Photosystem II (in photosynthesis): These protein complexes
embedded in membranes are central to photosynthesis [247]. They contain pigments (like
chlorophyll) that capture light energy [248]. This energy is then used to drive electron
transport and ultimately produce ATP and NADPH [249]. While not directly “polymeric”
in the same way, the complex interplay of proteins and chromophores to convert light
energy into chemical energy is a highly sophisticated light-responsive system [250, 251]
(Fig. 11).
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Figure 11 :Photosystem I and Photosystem II

iv.  Bacteriorhodopsin and Halorhodopsin: Found in archaea, these are light-driven ion
pumps [237, 252]. When they absorb light, they undergo confo rmational changes that
result in the vectorial transport of protons or chloride ions across the cell membrane,
generating an electrochemical gradient [253, 254].

v.  Light-oxygen-voltage (LOV) domains: These are found in many organisms and are
involved in light sensing [255, 256]. They contain a flavin chromophore that forms a
reversible covalent bond with a cysteine residue upon blue light illumination [257]. This
covalent bond formation induces conformational changes in the protein, which can regulate
various cellular processes [258, 259].

Melanin and other Pigments

While not typically considered “polymers” in the same context as synthetic ones, melanin (a
complex polymer of phenolic and indole units, Fig.12 ) is a well-known light-responsive pigment
in animals [260, 261].
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Figure 12 : The esteimated structure of melanin

i. UV Protection

Melanin absorbs UV radiation, converting it into heat and dissipating it, thereby protecting cells
from DNA damage [262, 263]. Its formation (tanning) is a light-induced process [264, 265].

ii. Camouflage and Display

In some animals (e.g., chameleons, cephalopods), pigments can rapidly change their dispersion or
aggregation in response to light signals, allowing for dynamic color changes for camouflage or
communication [266-268].

Natural Photocrosslinking/Photopolymerization

While synthetic photopolymers often involve the light-induced crosslinking of monomers to form
a solid, nature also has examples where light plays a role in modifying or forming biological
structures [269, 270]:

i. Lignin Formation

Lignin, a complex aromatic polymer in plant cell walls, undergoes free-radical polymerization
during its formation [271, 272]. While not solely light-driven, light (specifically UV radiation)
can influence the generation of radicals that initiate or participate in lignin polymerization in
certain contexts [273, 274].

ii. Certain enzymatic reactions

Some enzymes are light-activated and can catalyze polymerization or crosslinking reactions in a
light-dependent manner. This is more about light activating a catalytic process rather than the direct
photopolymerization of the “monomers” themselves ([275, 276],

Light-secretive polymers, often referred to as light-sensitive or photo-editable polymers, represent
a rapidly evolving class of materials capable of storing, revealing, and erasing information at the
molecular level through exposure to specific wavelengths of light [277, 278]. Recent research has
demonstrated that these polymers can act as molecular-scale “invisible ink,” with their monomer
sequences transformed by light to encode, decode, or erase messages [279, 280]. For example,
scientists have shown that information such as chemical symbols can be written and later altered
or removed by controlled light exposure, offering a new paradigm for secure information storage
and anti-counterfeiting technologies [281, 282] . The ability to manipulate the information content
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of polymers using light not only mimics biological information systems like DNA but also opens
avenues for advanced data storage and dynamic material design [283, 284]. The broader field of
light-responsive polymers encompasses a variety of photochemical processes, including bond
formation, degradation, and isomerization, which can be exploited to control polymer structure
and properties with high spatial and temporal precision [285, 286]. Light offers unique advantages
over traditional stimuli due to its ability to deliver significant energy locally and instantaneously,
enabling polymerization, depolymerization, and functionalization reactions under mild conditions
([287, 288]. These properties have been harnessed for applications ranging from smart materials
and actuators to biomedical devices and intracellular polymerization, where light-triggered
reactions can be used to modulate cellular functions or deliver therapeutics [289, 290]. As the
understanding of photochemical mechanisms and the interplay between light and polymer matrices
advances, light-secretive polymers are poised to play a significant role in future adaptive and
multifunctional material systems [291, 292].

Light-responsive polymers undergo structural or property changes upon exposure to light of
specific wavelengths. These polymers typically contain photochromic groups such as azobenzene,
spiropyran, diarylethene, or coumarin derivatives [293-296].

Azobenzene-containing polymers undergo trans-cis isomerization upon UV irradiation, leading to
significant changes in molecular geometry and physical properties [297] (Fig. 13). This
photoisomerization is reversible, with thermal or visible light exposure inducing cis-trans back-
isomerization. Spiropyran-based polymers exhibit reversible ring-opening/closing reactions upon
UV/visible light exposure, accompanied by dramatic changes in polarity and color [124, 298-300].

Azobenzene- Spiropyran-based
antaining polymers polymers
— - (0]
SN= N
trans
uv visible
light
= . Q 0
L= O odh
N = N
cis o
cloros

Figure 13 : Azobenzene-containing polymers undergo trans-cis isomerization upon UV
irradiation

Recent developments in light-responsive polymers have focused on shifting the activation
wavelength to the near-infrared (NIR) region, which offers deeper tissue penetration and reduced
phototoxicity for biomedical applications [301]. Additionally, two-photon activated systems have
been developed to achieve higher spatial resolution in applications such as photolithography and
3D printing [302].

The integration of light-responsive elements with other stimuli-responsive components has led to
the development of multi-responsive systems with enhanced functionality and versatility [303].
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2.3.1. Scientific Principles
Photochemical Mechanisms

The fundamental principle underlying light-responsive polymers involves the absorption of
photons by chromophores, leading to electronic excitation and subsequent molecular
transformations [295]. These transformations can include:

i.  Photoisomerization: The most common mechanism, exemplified by azobenzene's trans-
cis isomerization upon UV irradiation. The energy barrier for this process is typically
overcome by photon absorption, causing a change in molecular geometry that affects the
polymer's macroscopic properties [304].

ii.  Photocleavage: Certain bonds, such as o-nitrobenzyl esters, undergo irreversible
cleavage upon UV exposure, enabling controlled degradation or release of encapsulated
molecules [305].

iii.  Photocrosslinking: Groups like coumarins and cinnamates undergo [2+2] cycloaddition
reactions under UV light, creating crosslinks between polymer chains [306].

iv.  Photoredox reactions: Involving electron transfer processes that can trigger
polymerization, degradation, or functionalization reactions [307].

Energy Transfer and Quantum Efficiency
The efficiency of photochemical processes in polymers depends on several factors Eq.12:

__ Number of molecules reacted

(12)

Number of photons absorbed

Where @ represents the quantum yield. Factors affecting quantum efficiency include chromophore
concentration, polymer matrix effects, and competing deactivation pathways [308].

2.3.2. Categorization of Light-Responsive Polymers
Based on Response Type

1. Reversible Systems: Azobenzene-containing polymers [309] - Spiropyran-based
materials [310], & Diarylethene-functionalized polymers (Irie et al., 2014)

i1. Irreversible Systems: o-Nitrobenzyl-containing polymers [311], & Phenacyl ester-based
materials [312]
Based on Structural Changes

1.Shape-changing polymers: Materials that undergo macroscopic deformation upon light,
exposure [313]

ii. Sol-gel transitioning systems**: Polymers that switch between solution and gel states,
[314]

iil. Surface-modifying polymers**: Materials with light-controllable surface properties
(Luo & Shoichet, 2004)
Based on Activation Wavelength

1. UV-responsive(200-400 nm)

i1. Visible-light responsive(400-700 nm)
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iii. NIR-responsive(700-1000 nm) (Rwei et al., 2015)

2.3.3. Mechanisms

Azobenzene Photoisomerization

The trans-cis isomerization of azobenzene represents one of the most studied photochemical
processes Fig 5. This process involves a change in the N=N bond configuration, resulting in a
significant geometric change from a planar trans form (distance between para carbons ~9.0 A) to
a bent cis form (distance ~5.5 A) [315] .

Spiropyran Ring-Opening

Spiropyrans undergo a ring-opening reaction to form merocyanine Fig 6. This transformation
involves breaking of the C-O bond and results in a change from a colorless, hydrophobic SP form
to a colored, zwitterionic MC form [316].

2.3.4. Photocrosslinking Mechanisms

Coumarin derivatives undergo [2+2] cycloaddition Fig 14. This reaction is reversible under shorter
wavelength UV light (<260 nm), allowing for reversible crosslinking [317]

hv (365 nm)
Azobenzene — trans ——— Azobenzene — cis
. hv(450nm)or A
Azobenzene — cis ——— > Azobenzene — trans

hv(uv)/hv(vis)or A
Spiropyran « > Mercocyanine (MC)

. hv (>310nm) .
2 Coumarin —— > Cyclobutane dimer

Figure 14: Schematic illustration of major photochemical mechanisms in light-responsive
polymers: (a) Azobenzene photoisomerization, (b) Spiropyran ring-opening, (c) Coumarin
photodimerization

2.3.5. Applications
Some aplications are listed in table 4 and following they are discussing indetails:
Biomedical Applications

1. Controlled Drug Delivery: Light-responsive polymers enable spatiotemporal control over
drug release. For example, UV-cleavable polymeric micelles have been developed for targeted
cancer therapy [318]. NIR-responsive systems using upconverting nanoparticles allow for deep
tissue penetration [319].

ii. Tissue Engineering: Photo-crosslinkable hydrogels based on methacrylated gelatin
(GelMA) are widely used for 3D cell culture and tissue engineering applications [320].

iii. Photodynamic Therapy: Polymers containing photosensitizers can generate reactive
oxygen species upon light irradiation for cancer treatment [321].
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Table 4- Light-Responsive Polymers

Polymer Type Key Features Applications Citation
Trans-cis photoisomerization upon Optical data storage;
Azobenzene- T . . _
. UV irradiation; reversible photomechanical actuators;
containing . ) o [322-330]
conformational changes; wavelength- | surface patterning; controlled
polymers )
specific response release
Spiropyran- | Photochromic ring-opening/closing; |Smart windows; optical sensors;
containing significant polarity changes; photopatterning; controlled drug| [328, 331-336]
polymers visible/UV light responsive release
Coumarin- [2+2] cycloaddition under UV;| Self-healing materials; photo-
based reversible photo-crosslinking; blue patternable surfaces; drug [337-341]
polymers light emission delivery; optical sensing
Diarylethene- | Excellent thermal stability; fatigue- Optical memory devices;
containing | resistant photochromism; solid-state sensors; photoswitchable [342-347]
polymers photoswitching surfaces; optoelectronics
Anthracene- | Cycloaddition under UV light; high Self-healing materials; 3D
based quantum yield; fluorescence microfabrication; [303, 348-351]
polymers properties; reversible dimerization | photopatterning; drug delivery
Nea(rl-\}rllff{r)a i Deep tissue penetration; reduced In vivo drug delivery;
4 photodamage; plasmon-enhanced photodynamic therapy; [352-359]
responsive L . . 7,
photothermal effects minimally invasive medicine
polymers
Two-photon | High spatial resolution; 3D control; 3D microfabrication;
responsive deeper penetration; reduced bioimaging; targeted release; |[297, 360-367]
polymers phototoxicity photodynamic therapy
resLl(%r}llgve Self-assembly properties; multi- Controlled release;
‘tra)lock stimuli responsiveness; nanostructure | photopatterning; nanoreactors; | [298, 368-373]
formation smart surfaces
copolymers

Materials Science Applications
1. Self-Healing Materials: Light-triggered healing mechanisms based on reversible
photochemical reactions have been developed [374].
ii. Actuators and Soft Robotics: Liquid crystal elastomers containing azobenzene can
undergo large, reversible deformations for artificial muscle applications [375].
iii. Optical Data Storage: Photochromic polymers enable rewritable optical storage with
high density [376].

Environmental Applications
1. Smart Windows: Photochromic polymer coatings that darken under sunlight for energy-
efficient buildings [377].
ii.Water Purification: Light-responsive membranes with controllable pore size for selective

filtration [378].
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2.3.6. Recent Developments
Two-Photon Responsive Systems
Recent advances have focused on developing polymers responsive to two-photon absorption,
enabling 3D spatial control with NIR light [379]. This approach offers:
1. Deeper penetration in biological tissues
ii. Reduced photodamage
1ii. Higher spatial resolution

Visible and NIR-Responsive Systems

The development of polymers responsive to longer wavelengths has been a major focus:
i. Incorporation of upconverting nanoparticles [380]
ii. Design of new chromophores with red-shifted absorption [381]
iii. Plasmon-enhanced photochemistry [382]

Multi-Responsive Systems

Integration of light-responsiveness with other stimuli:

1. pH and light dual-responsive systems [383]
il. Temperature and light-responsive shape memory polymers [384]
1. Mechano-photochemical systems [385]
Sustainable and Green Chemistry Approaches
1. Development of bio-based photochromic polymers [386]
il. Photocatalytic polymerization using visible light [387])
1. Recyclable photo-responsive materials [388]

2.3.6. Challenges and Future Perspectives

Current Challenges
1. Fatigue Resistance: Many photochromic systems suffer from degradation after
multiple switching cycles [389]
11. Response Speed: Improving the kinetics of photochemical transformations remains
challenging [390].
11i. Biocompatibility: ~ For  biomedical applications, ensuring long-term
biocompatibility of photoactive components is crucial [391]
v. Scalability: Transitioning from laboratory-scale to industrial production presents
economic and technical challenges [392]
V. Energy Efficiency: Developing systems that respond to low-intensity ambient light
[393]
Future Directions
1. Artificial Intelligence Integration: Machine learning approaches for designing
optimized photochromic systems [394]
il. Bioinspired Hierarchical Structures: Mimicking natural photosystems with multiple
length scales of organization [395]
1il. Quantum Dots and Plasmonic Enhancement®**: Incorporating nanomaterials for

enhanced light harvesting [396]
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v. 4D Printing: Light-responsive materials for time-dependent shape transformations
[397].
V. Circular Economy: Developing fully recyclable and biodegradable light-responsive

polymers [398]

Light-responsive polymers have evolved from laboratory curiosities to essential components in
advanced technologies. The continued development of these materials, inspired by nature's
photochemical systems and enabled by advances in synthetic chemistry and nanotechnology,
promises to deliver solutions to challenges in medicine, sustainability, and information technology.
As we move forward, the integration of light-responsive polymers with other smart materials and
the development of systems responsive to ambient light conditions will be crucial for realizing
their full potential in real-world applications.

2.4. Self-Healing Polymers

2.4.1. Introduction

Self-healing polymers represent a transformative class of smart materials endowed with the ability
to autonomously or responsively recover their structural integrity and function after sustaining
damage. This remarkable capability addresses a longstanding challenge in materials science by
combating gradual material degradation, thereby offering the promise of extended product
lifetimes, reduced maintenance costs, and enhanced reliability in safety-critical applications.

Self-healing polymers possess the ability to recover from damage through repair mechanisms that
are either intrinsic to the material or facilitated by external stimuli. These materials aim to mimic
the self-healing capabilities observed in biological systems, offering the potential to extend the
lifespan and reliability of polymeric components [303, 399, 400].

The inspiration for these synthetically engineered materials finds its roots in nature, where self-
repair is intrinsic to biological systems. Much like human skin heals from cuts or bones mend after
fractures, self-healing polymers are designed to sense and respond to damage at the molecular or
microscopic scale, initiating repair processes that restore their original properties.

The development of self-healing polymers addresses critical issues in material science, including
micro-crack propagation, fatigue failure, and catastrophic structural collapse. By incorporating
healing mechanisms at the molecular level, these materials can detect and repair damage before it
propagates to macroscopic failure [401]. This autonomous repair capability has profound
implications for applications ranging from aerospace components to biomedical implants, where
material integrity is paramount [402].

2.4.2. Scientific Principles

The significance of self-healing polymers spans multiple domains. Economically, these materials
can dramatically reduce replacement and maintenance expenditures. From a safety perspective,
they can help prevent catastrophic failure in critical infrastructure by maintaining performance in
the face of micro-damage. Sustainability is also a core benefit: by extending the service life of
products and minimizing waste, self-healing polymers contribute to a more circular materials
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economy. Overall, the ability to maintain mechanical and functional reliability even after repeated
damage cycles represents a fundamental advance in material science [403].

Self-healing mechanisms in polymers can be broadly classified into two categories: extrinsic and
intrinsic [404]. Extrinsic self-healing systems involve the incorporation of healing agents within
the polymer matrix, typically through encapsulation or vascular networks. Upon damage, these
agents are released and react to form new bonds, restoring the material's integrity [405].

Intrinsic self-healing systems, on the other hand, rely on the inherent reversibility of chemical or
physical bonds within the polymer network [406]. These include materials with dynamic covalent
bonds (e.g., Diels-Alder adducts, disulfide linkages, or boronic esters) or non-covalent interactions
(e.g., hydrogen bonding, -x stacking, or metal-ligand coordination)[407, 408]

Intrinsic healing utilizes the inherent reversibility of molecular interactions within the polymer
matrix. This approach leverages reversible covalent bonds—such as Diels-Alder reactions—
dynamic supramolecular interactions, and physical entanglements facilitated by polymer chain
mobility [409, 410]. By contrast, extrinsic healing involves the incorporation of healing agents
contained within discrete domains, such as microcapsules, vascular networks, or phase-separated
regions within the material. Upon damage, these agents are released or activated, thereby enabling
repair.

The efficiency and kinetics of the healing process are determined by several factors. Healing
efficiency (n) is commonly quantified as the ratio of a recovered property in the healed material
Pyealea 10 that of the pristine material P, Often expressed as a percentage [401, 411] Eq. 15:

n = Dhaled 5 1009% (15)

virgin
where P represents a measurable property (e.g., tensile strength, fracture toughness).

Healing Kinetics typically proceed through a series of stages: (1) surface rearrangement
(t < ty): (seconds to minutes), where local chain segments at the crack surfaces gain mobility; (2)
surface approach(t; < t < t,)(seconds to minutes) , in which the crack faces come into intimate
contact; (3) wetting as chains begin to interdiffuse across the interface (t, < t < t3)((hours); (4)
diffusion (t; <t < t,)(hours to days), marked by extensive chain entanglement; and (5)
randomization (t > t,)(hours to days) , leading to the complete erasure of the crack interface
[401]. The mobility of chains during healing is often described by the reptation model, wherein
the polymer diffusion coefficient is given by Eq. 16:

_ ksT
D= N (16)

where D is the diffusion coefficient, ky is Boltzmann’s constant, T is temperature, N is the number
of segments, and ¢ is the friction coefficient.

The Williams-Landel-Ferry (WLF) equation relates molecular mobility to temperature Eq. 17:

—C1(T-Ty)
Co+(T-Ty)

log(ar) = (17)
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where ar is the shift factor, C; and C, are material constants, and T;. is the reference temperature
[412, 413].

2.4.3. Categorization of Self-Healing Polymers

Self-healing polymers can be categorized based on several attributes. By healing mechanism, they
are classified as intrinsic—healing through reversible interactions at the molecular level—or
extrinsic, relying on incorporated healing agents. They may also be grouped by chemical
interaction type: covalent mechanisms (such as Diels-Alder, disulfide exchange, or imine bonds),
supramolecular interactions (e.g., hydrogen bonding, metal coordination, host-guest chemistry),
or ionic clustering as seen in ionomers.

3.4.3.1. Based on Healing Mechanism
Intrinsic Self-Healing Polymers
i.  Reversible Covalent Systems: Utilizing Diels-Alder chemistry [414], disulfide exchange
[415], or radical exchange reactions [416]
ii.  Supramolecular Systems: Based on hydrogen bonding [417], metal-ligand coordination
[418], or host-guest interactions [419],
iii.  lonomer Systems: Employing ionic clustering for healing [420]
Extrinsic Self-Healing Polymers
i.  Microcapsule-Based: Containing liquid healing agents [421]
ii.  Vascular Systems: Mimicking biological circulatory systems [422]
iii.  Hollow Fiber Systems: Using embedded hollow fibers filled with healing agents [423]

3.4.3.2. Based on Healing Stimulus
Autonomous Healing
Materials that heal without external intervention, typically through:
i.  Catalyst-triggered polymerization [424]
ii.  Phase-separated morphologies [425]
iii.  Living polymer systems [426]

Non-Autonomous Healing
Requiring external stimuli such as:
i.  Thermal Activation: Heat-triggered healing [427]
ii.  Light Activation: UV or visible light-induced healing [428]
iii.  pH Triggering: pH-responsive healing mechanisms [429]
iv.  Mechanical Activation: Pressure or stress-induced healing [430]

Based on Healing Efficiency
i.  Single Healing Systems: Capable of one healing cycle [431]
i.  Multiple Healing Systems: Allowing repeated healing cycles [432]
iii.  Continuous Healing Systems: Providing ongoing repair capability [433].

2.4.4. Mechanisms

Diels—Alder Based Healing

Among thermally reversible self-healing mechanisms, the Diels—Alder (DA) reaction is
particularly prominent. A classic example is the furan—-maleimide system (Fig. 20) :
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60—90°C
Furan + Maleimide = Diels-Alder Adduct
A(>120°C)

Figure 20 : Anexample of Diels—Alder (DA) reaction

The forward reaction occurs at moderate temperatures (60-90°C), forming covalent crosslinks,
while the retro-Diels-Alder reaction at higher temperatures (>120°C) breaks these bonds,

In this process, the forward Diels—Alder reaction proceeds at moderate temperatures (60-90°C),
resulting in the formation of covalent crosslinks between the furan and maleimide moieties. Upon
heating to higher temperatures (typically above 120°C), the retro-Diels—Alder reaction is triggered,
cleaving the crosslinks and restoring chain mobility—thereby enabling multiple cycles of healing
or reprocessing. The reversibility intrinsic to this mechanism makes it especially attractive for
applications requiring recyclability, repeated healing at the same site, and tunable healing
temperatures through synthetic modification of the reactive partners [434] .

Disulfide Exchange Mechanisms
Another widely studied dynamic covalent strategy involves disulfide bond exchange. Disulfide
bonds (—S—S—) undergo dynamic exchange through various pathways Fig 21 :

Rl—S_S_R1+R2_S_ _)Rl_S_S_Rz‘l'Rl_S_
Figure 21 : Anexample of disulphide bond exchange

This exchange can be activated by various stimuli, including ultraviolet light (via photolytic
cleavage), heat (thermal activation), pH changes (by shifting the thiol-disulfide equilibrium), or
mechanical force (mechanochemical activation). The resulting network rearrangements facilitate
healing, with efficiencies depending on the disulfide content, the accessibility of free thiols, and
the presence of suitable catalysts [435].

Hydrogen Bonding Networks

Hydrogen bonding offers a supramolecular approach to dynamic healing. Polymers featuring
multiple hydrogen-bonding motifs—such as ureidopyrimidinone (UPy) groups—can form highly
associative, reversible networks. For instance, UPy motifs exhibit quadruple hydrogen bonding,
with association constants K, > 106 M~ in chloroform. The temperature-dependent association
and dissociation of these bonds allow for thermally triggered healing by enabling chain mobility
and segmental interdiffusion at elevated temperatures, followed by re-association and mechanical
property recovery upon cooling. This approach mirrors reversible interactions seen in biological
materials and enables efficient, rapid healing in many supramolecular systems.

Metal-Ligand Coordination

Metal-ligand coordination provides dynamic crosslinking with tunable responsiveness and multi-
functionality. In these systems, metal ions such as Zn?*, Fe**, or Cu?* coordinate with suitable
ligands (e.g., terpyridine or histidine), forming complexes that can reversibly dissociate and re-
form[436] (Fig. 22) :
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[M(L),]™" = M™* +nlL
Figure 22 : An example of Metal-Ligand Coordination

Where M = metal ion (e.g., Zn?*, Fe3*, Cu?*) and L = ligand (e.qg., terpyridine, histidine)

Such bonds are sensitive to external stimuli including pH, light, and redox environment, enabling
multi-stimuli responsive healing. The choice of metal and ligand allows for control over bond
strength and healing Kinetics, while the inherent self-assembly capabilities contribute to the
formation of robust, yet easily repairable, polymer networks [437].

Microcapsule-Based Systems

In extrinsic self-healing strategies, one of the most successful approaches involves embedding
microcapsules filled with a healing agent within the polymer matrix. Upon mechanical damage,
cracks propagate through the material and rupture the microcapsules, releasing the healing agent
into the damage zone. The healing agent then flows via capillary action into the crack, encounters
a catalyst (often incorporated into the matrix itself), and polymerizes to restore the material’s
integrity. Key design variables include the size of the microcapsules (typically 10-1000 pum), shell
thickness, the viscosity/reactivity of the healing agent, and effective dispersion of both capsules
and catalyst to maximize healing efficiency [438].

2.4.5. Applications

Applications of self-healing polymers span various sectors including coatings, electronics,
aerospace, automotive, and biomedical fields. In particular, self-healing hydrogels have shown
promise for tissue engineering and drug delivery applications, offering the ability to maintain
structural integrity in dynamic biological environments [439] (table 5).

Table 5: Some applications of self healing polymers
Polymer Type Key Features Applications Citation

Diels-Alder  based Self_Thermally reversible  covalent|Protective coatings; electronic
: bonds; high mechanical strength;materials; aerospace composites;|[406, 440-445]
healing polymers

repeatable healing smart adhesives
Disulfide-containing Redox-respons!ve; _ revermbleSeIf-hqumg coatings; .erX|bIe [404, 415, 446-
covalent bonds; ambient temperature|electronics; biomaterials; energy
pellmeE healing storage el
Hvdrogen  bondin Self_Multiple non-covalent interactions;|Self-healing elastomers;
ydrog g room temperature healing; tunablejadhesives; biomimetic materials;|[450-456]
healing polymers . . !
mechanical properties soft robotics

lonic interactions; rapid healing;/Anticorrosion coatings; energy

Ic;rllonn::rrgc szl high  toughness; environmental harvesting; smart packaging;|[457-462]
poly responsiveness impact-resistant materials
Dynamic bonding; stimuli-|Self-healing hydrogels;

Metal-ligand  coordination

polymers responsive healing; tunablebiomaterials; sensors; adaptable|[459, 463-469]

mechanical properties networks

Multiple non-covalent interactions;Electronics; optoelectronic
stimuli-responsive; good optical/devices; self-healing coatings;
properties smart materials

Supramolecular polymers
with 7-7 stacking

[399, 417, 470-
473]
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Polymer Type Key Features Applications Citation

Protective coatings; concrete
additives; composites; structural[421, 474-480]

Microcapsule-based self- Autonomous healing; high healing

healing systems efficiency; localized response materials
Self-healing polymerEnhqncgd mechanlcal prqpertlesiAerc_)spaf:e materlal_s; protec_:tlve:' [462, 471, 475,
. multi-stimuli responsiveness;|coatings;  electronic  devices;
nanocomposites . . e 476, 481-484]
improved healing efficiency smart sensors

These applications can be listed as below:

Aerospace and Automotive:

Self-healing polymers have been investigated extensively for use in transportation, where their
ability to autonomously repair damage helps ensure structural reliability and durability. In
aerospace, applications include self-healing composites for fuselages, damage-tolerant coatings
for spacecraft, thermal protection systems with autonomous repair, and impact-resistant structural
components. In the automotive sector, advancements have led to self-healing clear coats and paint
systems, tire compounds capable of repairing punctures, scratch-resistant interior materials, and
adhesives exhibiting fatigue resistance[485].

Biomedical Applications:

The intrinsic or engineered biocompatibility of certain self-healing polymers paves the way for
roles in medicine, such as self-healing hydrogels for tissue engineering, injectable scaffolds that
gel in situ, and dynamic matrices that mimic the extracellular matrix. Self-healing drug delivery
carriers can respond to pH changes for targeted release, while materials for microneedle patches
and long-term implants benefit from the extended lifetime and reduced need for replacement. In
wound healing, adhesive and antimicrobial self-healing hydrogels support effective wound closure
and tissue regeneration [486-488] .

Electronics and Energy Storage:

Emerging flexible and stretchable electronics harness self-healing conductors and dielectrics to
prolong device lifespan and maintain function after mechanical damage. Transparent electrodes
with self-healing properties are crucial for durable touchscreens and displays. In the realm of
energy storage, self-healing electrodes and solid-state electrolytes enhance the safety and cycle
life of batteries and supercapacitors [489, 490].

Coatings and Protective Systems:

Self-healing anti-corrosion coatings autonomously restore barrier properties after mechanical
compromise and can provide staged protection via multi-layer designs. In marine environments,
antifouling self-healing coatings and underwater adhesives offer resilience to harsh conditions,
supporting the longevity of offshore and submerged structures [491][492].

2.4.6. Recent Developments

Recent advances in self-healing polymers have focused on developing materials with improved
healing efficiency, mechanical robustness, and the ability to heal multiple times [493]. Notably,
there has been a shift toward intrinsic self-healing systems that can undergo repeated healing at
the same damaged site through reversible chemical reactions and supramolecular interactions
[474]. Some aspects of their developments can be listed as below:

Machine Learning-Guided Design:

The integration of machine learning and materials informatics has accelerated the prediction of
healing efficiency based on molecular structure, optimized formulations for healing agents, and
enabled real-time identification and activation of healing processes. These data-driven approaches
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help to devise new materials more efficiently, leveraging materials genome concepts for rapid
discovery [494] .

Bio-Inspired and Biomimetic Systems:

Contemporary research increasingly draws from biological paradigms. Mussel-inspired polymers
with DOPA residues exhibit underwater healing and robust metal-coordination crosslinks, while
plant-inspired approaches utilize lignin and cellulose nanocrystals for reinforcement and healing
from renewable sources [494].

Multi-Functional Self-Healing Materials:

Advanced systems now integrate multiple functionalities—pairing self-healing with shape
memory, self-cleaning, sensing, or actuation—opening the door to responsive “smart” materials
for next-generation applications [495].

Additive Manufacturing (3D/4D Printing):

Progress in fabrication technologies has enabled the direct printing of self-healing materials,
including hydrogels, multi-material composites, and topologically optimized structures. This
facilitates spatial programming of healing properties and the creation of complex architectures
optimized for efficiency and responsiveness [496].

2.4.7. Challenges and Future Perspectives

Despite these advances, significant challenges remain. There are persistent trade-offs between
healing efficiency and the initial mechanical strength of materials. Service temperature
requirements can conflict with the temperature needed to activate healing, while healing speed is
often limited by polymer mobility or catalyst availability. Environmental stability is a concern, as
healing components must resist UV degradation, moisture, and long-term aging. Scalability and
cost continue to present obstacles, particularly for complex or bio-based chemistries.

Emerging solutions include advanced characterization techniques, such as in situ monitoring, 4D
imaging, and machine vision for quality control, alongside sustainable strategies leveraging bio-
based or recyclable healing agents and energy-efficient processes. Next-generation research is
focused on ultra-fast healing at low temperatures, operation in extreme environments, selective
and self-diagnostic healing, as well as new application frontiers in space exploration, marine
infrastructure, soft robotics, and biomedical devices.

Overall, self-healing polymers have evolved from conceptual materials to practical solutions with
commercial applications, especially in coatings, adhesives, electronics, and medical devices. The
future of this field will rely on integrating self-healing with other smart functionalities, increasing
sustainability, and closing the gap between laboratory promise and widespread adoption in
industry [497, 498].

2.5 Shape Memory Polymers

Self-healing polymers represent one of the most revolutionary advances in materials science,
offering the remarkable ability to autonomously repair damage and restore functionality without
external intervention. This biomimetic approach to material design draws inspiration from
biological systems, where self-repair is a fundamental survival mechanism [499]. The concept of
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self-healing materials has transformed from a theoretical curiosity to a practical reality with
applications spanning aerospace, automotive, biomedical, and electronic industries [500].

The development of self-healing polymers addresses critical challenges in material longevity and
sustainability. Traditional polymeric materials suffer from inevitable degradation through
mechanical stress, environmental exposure, and aging, leading to crack formation and propagation
that ultimately results in catastrophic failure [501]. Self-healing polymers offer a paradigm shift
by incorporating mechanisms that can detect and repair damage at the molecular or microscopic
level, potentially extending material lifetimes by orders of magnitude [502, 503]. .

The economic and environmental implications of self-healing technology are profound. By
extending the service life of polymeric materials and reducing the frequency of replacement, these
materials contribute to sustainability goals while offering significant cost savings in maintenance
and replacement [402]. Recent market analyses project the global self-healing materials market to
reach $8.3 billion by 2025, driven by increasing demand across multiple sectors [411]

These materials have garnered significant attention due to their potential applications in areas
ranging from biomedical devices to aerospace engineering [504].

The shape memory effect in polymers typically relies on a dual-segment molecular architecture
consisting of netpoints (responsible for maintaining the permanent shape) and switching segments
(enabling temporary shape fixation and recovery) [505]. Thermally-activated SMPs are the most
common, where the switching temperature is typically associated with the glass transition
temperature (Tg) or melting temperature (Tm) of the polymer [506].

Recent advances in SMPs have focused on diversifying the triggering mechanisms beyond thermal
activation. Light-activated SMPs incorporating photosensitive moieties have been developed for
remote and spatially selective shape recovery [507]. Similarly, magnetically responsive SMPs
containing magnetic nanoparticles enable contactless activation through induction heating [508].
Another significant development is the creation of multi-shape memory polymers capable of
memorizing and recovering multiple temporary shapes in a programmable sequence . These
materials offer enhanced flexibility and functionality for complex applications.[509]

SMPs have found diverse applications in fields such as biomedical devices (e.g., self-expanding
stents, minimally invasive surgical tools), aerospace (e.g., deployable structures, morphing wings),
soft robotics, and smart textiles [510]. The integration of SMPs with other functional materials
such as conductive fillers or self-healing components has led to the development of multifunctional
smart composites with enhanced performance and expanded application potential [511].

Recent research has also explored the use of SMPs in 4D printing, where the time-dependent shape
transformation of printed structures enables the creation of complex, programmable architectures.
This approach combines the spatial precision of 3D printing with the temporal control afforded by
shape memory materials, opening new possibilities for innovative designs and applications [512].

2.5.1 Fundamental Concepts

The scientific foundation of self-healing polymers rests on the principle of reversible or dynamic
bonding at the molecular level. Unlike conventional polymers with static covalent networks, self-
healing polymers incorporate dynamic bonds that can break and reform under specific conditions
[410]. This dynamic behavior enables the material to respond to damage by mobilizing polymer
chains and reforming connections across damaged interfaces.

The thermodynamic driving force for self-healing arises from the minimization of surface energy
at crack interfaces. When a crack forms, it creates new surfaces with high interfacial energy. The
self-healing process reduces this energy by allowing polymer chains to interdiffuse across the
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crack interface and re-establish molecular connections (Kim & Wool, 1983). This process is
governed by the Wool-O’Connor theory, which describes healing as a function of wetting,
diffusion, and randomization of polymer chains at the interface [513].

2.5.2 Molecular Mechanisms

At the molecular level, self-healing can occur through various mechanisms:

Chain Entanglement and Diffusion: Based on reptation theory developed by de Gennes (1971),
polymer chains can diffuse across crack interfaces when sufficient molecular mobility exists. This
process is temperature-dependent and follows Arrhenius kinetics, with healing efficiency
increasing exponentially with temperature above the glass transition [413].

Dynamic Covalent Chemistry: Certain covalent bonds can undergo reversible cleavage and
reformation under specific stimuli. The Diels-Alder reaction, discovered for polymer applications
by Chen et al. (2002), represents a thermally reversible cycloaddition that enables repeated healing
cycles. The reaction follows “Diene+Dienophile=Cycloadduct”.

Supramolecular Interactions: Non-covalent interactions such as hydrogen bonding, n-m
stacking, metal-ligand coordination, and host-guest interactions provide reversible crosslinks. The
strength and dynamics of these interactions can be tuned through molecular design [514].

Kinetics and Thermodynamics
The kinetics of self-healing follows complex pathways involving multiple steps. The general
healing process can be described by Eq.13 :

n(ty=neo[1-exp(-t/r)]n (13)

where n(t) is the healing efficiency at time t, noo is the maximum healing efficiency, t is the
characteristic healing time, and nnn is an exponent related to the healing mechanism (typically
0.25-1) [411].

2.5.3. Categorization of Self-Healing Polymers

2.5.3.1. Extrinsic Self-Healing Systems

Extrinsic self-healing polymers contain healing agents segregated from the polymer matrix in
discrete reservoirs. These systems include:

Microcapsule-Based Systems: Pioneered by White et al. (2001), these systems embed
microcapsules containing reactive healing agents within the polymer matrix. Upon crack
propagation, capsules rupture, releasing the healing agent which polymerizes upon contact with
embedded catalysts. The Grubbs’ catalyst system for ring-opening metathesis polymerization
(ROMP) of dicyclopentadiene (DCPD) remains the most studied “DCPD-------- Grubbs’ catalyst -
----poly-DCPD”

Recent advances include multi-capsule systems with improved stability and healing efficiency
[424, 438].

Vascular Networks: Inspired by biological circulatory systems, these materials contain
interconnected channels that deliver healing agents to damaged regions. Three-dimensional
microvascular networks enable multiple healing cycles and larger damage volume repair ([422,

42



Applied Nanomaterials and smart Polymers,

Online ISSN: 2981-0434
Vol 3 No. 5 [ Anse |

515]. Recent developments include self-pressurizing systems and hierarchical vascular
architectures [516]

Hollow Fiber Systems: These utilize hollow fibers filled with healing agents, offering advantages
in fiber-reinforced composites. The fibers can be arranged to provide both structural reinforcement
and healing capability [451, 517](Pang & Bond, 2005; Zhu et al., 2015).

2.5.3.2. Intrinsic Self-Healing Systems

Intrinsic self-healing polymers possess inherent healing ability through their molecular
architecture:

Dynamic Covalent Networks: These materials incorporate reversible covalent bonds that can
break and reform:

o Diels-Alder/Retro-Diels-Alder systems [414](Chen et al., 2002; [427] & Wudl, 2008)

« Disulfide exchange reactions [415, 435](Canadell et al., 2011; Matxain et al., 2016)

e Imine bond exchange [518]

Boronic ester transesterification [519]
Supramolecular Polymers: Built from non-covalent interactions:

e Hydrogen bonding networks [410, 520](Cordier et al., 2008; Yanagisawa et al., 2014)

e Metal-ligand coordination [521](Burnworth et al., 2011; Holten-Andersen et al., 2011)

o 7-m stacking interactions [522]

o Host-guest complexation [419, 523](Nakahata et al., 2011; Harada et al., 2016)
Covalent Adaptable Networks (CANs): Also known as vitrimers, these materials combine the
mechanical properties of thermosets with the reprocessability of thermoplastics through
associative exchange reactions [409, 524](Kloxin et al., 2010; Denissen et al., 2015).

2.5.4. Mechanisms of Self-Healing
2.5.4.1. Damage Detection and Response
Self-healing mechanisms can be categorized by their activation mode:
Autonomous Healing: Occurs without external intervention immediately upon damage.
Mechanophore-containing polymers exemplify this approach, where mechanical force directly
triggers chemical reactions [433, 525](Davis et al., 2009; Diesendruck et al., 2015).
Stimuli-Responsive Healing: Requires external stimuli such as:

e Thermal activation ([425, 526]et al., 2003; Zhang et al., 2018)

« UV/visible light irradiation [428, 527](Froimowicz et al., 2011; Gostl et al., 2016)

e pH changes [528, 529](Deng et al., 2012; Zhang et al., 2020)[528, 529]

o Electrical/magnetic fields [530, 531](Chen et al., 2018; Wang et al., 2019)
2.5.4.2. Molecular-Level Healing Processes
Step 1: Surface Approach and Wetting
The first step involves bringing damaged surfaces into intimate contact. Surface energy
considerations dictate that y12<yl+y2. where y12 is the interfacial energy and y1, y2 are surface
energies of the two surfaces [532].
Step 2: Diffusion and Interpenetration
Polymer chains diffuse across the interface following Fick’s laws. The diffusion depth scales as
I(t)oc radical Dt where D is the diffusion coefficient and ttt is time [412].
Step 3: Chemical Reaction/Physical Interaction
Depending on the system, this involves:

I.  Covalent bond formation in reactive systems
1. Supramolecular assembly in non-covalent systems
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. Entanglement formation in thermoplastic systems
Step 4: Randomization and Strength Recovery
The final stage involves molecular reorganization to achieve bulk properties. Full strength
recovery requires “Mc<M<M” . where Mc is the critical molecular weight for entanglement and
Me is the entanglement molecular weight [502].

2.5.4.3. Multi-Scale Healing Phenomena

Self-healing operates across multiple length scales:

Nano-scale (1-100 nm): Molecular diffusion and bond reformation

Micro-scale (0.1-100 pwm): Capsule rupture and agent flow

Meso-scale (0.1-10 mm): Crack closure and filling

Macro-scale (>10 mm): Structural recovery

Recent multi-scale modeling approaches integrate these phenomena to predict healing behavior
(Voyiadjis et al., 2018; Wu et al., 2020) [533, 534].

2.5.5. Applications

Aerospace and Aviation

The aerospace industry has been an early adopter of self-healing technology due to the critical

nature of material failure in flight applications:

I Structural Composites: Self-healing carbon fiber composites for aircraft structures

show healing efficiencies up to 90% for impact damage [485](Jones et al., 2021).
Boeing and Airbus have initiated programs to incorporate self-healing materials in
next-generation aircraft [535](White et al., 2014) (Fig. 22) .
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Figure 22 : Self healing for aerospace industry
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ii. Protective Coatings: Self-healing coatings for corrosion protection extend service
intervals and reduce maintenance costs. Recent developments include multi-functional
coatings that provide both barrier protection and active corrosion inhibition [432, 492].

iii. Space Applications: The extreme environment of space necessitates materials that can
autonomously repair micrometeorite damage. NASA has developed self-healing
polymers for spacecraft hulls and inflatable habitats [536](Wilson et al., 2018).

Automotive Industry
The automotive sector represents a massive market for self-healing polymers:

i Self-Healing Paint: Commercial applications include Nissan’s Scratch Shield and
similar technologies that repair minor scratches through elastic recovery and chemical
healing ([537] et al., 2022). Market penetration is expected to reach 30% of luxury
vehicles by 2025 (Fig.23 ).

\/ Elastic
recovery

Chemical healing

SELF-HEALING PAINT
SCRATCH SHIELD

Figure 23 : application of smart polymers for no scraches Paints

ii. Tire Technology: Self-healing tire compounds extend tire life and improve safety.
Continental’s ContiSeal technology uses a viscous polymer layer that flows into
punctures [538](Garcia-Martinez et al., 2020).

iii. Interior Components: Self-healing polymers for dashboards, seats, and trim reduce
visible wear and maintain aesthetic appeal [539].

Biomedical Applications
Biocompatible self-healing materials open new possibilities in medicine:

I Tissue Engineering Scaffolds: Self-healing hydrogels that mimic extracellular matrix
properties support cell growth while maintaining structural integrity [487]. Recent
advances include pH-responsive systems for targeted drug delivery.

ii. Implantable Devices: Self-healing encapsulants for electronic implants extend device
lifetime and reduce revision surgeries [540]. Materials must meet stringent
biocompatibility requirements (ISO 10993).
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iii. Wound Dressings: Self-healing hydrogel dressings that conform to wound topology
and maintain moist healing environments show improved clinical outcomes [488].

iv. Drug Delivery Systems: Self-healing micelles and vesicles enable controlled drug
release with enhanced stability [486].

Electronics and Energy Storage
The rapidly growing field of flexible electronics demands self-healing capabilities:

I Flexible Circuits: Self-healing conductors based on liquid metal inclusions or
conductive polymer networks maintain functionality after mechanical damage [489].
Applications include wearable sensors and stretchable displays.

ii. Battery Technology: Self-healing electrode materials and separators improve battery
safety and cycle life. Silicon anodes with self-healing binders show 10x improvement
in cycle stability [490].

iii. Electronic Skin: Biomimetic electronic skins with self-healing capability enable
advanced robotics and prosthetics [541, 542]

v, Solar Cells: Self-healing encapsulants for photovoltaic modules extend operational
lifetime in harsh environments [543].

Marine and Offshore Applications
The corrosive marine environment creates unique challenges:
I. Anti-Fouling Coatings: Self-healing coatings that continuously renew their surface
resist biofouling while maintaining barrier properties [492].
ii. Offshore Structures: Self-healing concrete and polymer composites for offshore
platforms reduce maintenance requirements in inaccessible locations [544].
iii. Underwater Adhesives: Mussel-inspired self-healing adhesives function in wet
conditions through catechol chemistry [545].
Some applications of self-healing polymers are listed in table 6.

Table 6 : some applications of self-healing polymers

Citation
Polymer Type Key Features Applications (APA

Format)
Thermally activated|Glass transition-based actuation;|Biomedical devices; aerospace[546_553]
polyurethane-based excellent shape fixity; high recovery|deployables; smart textiles; soft

SMPs ratio; tunable transition temperature robotics

Alignment-dependent actuation; large|Artificial muscles; soft actuators;
deformation capacity; anisotropicprogrammable  materials; 4D
properties; multi-stimuli response printing

Controlled degradation; biocompatibility; Minimally ~ invasive  medical[[508, 553,
tunable recovery profiles; stimuli-|devices;  tissue  engineering;(561-564].
responsiveness controlled drug delivery; implants
Remote activation; spatial control;|Optical devices; remote-controlled
Light-activated SMPs  |wavelength-specific response; combined|actuators; soft robotics; biomedical
with thermal effects devices

Contactless actuation; rapid response;|Remote  actuators;  minimally
localized  heating; magnetic  field|invasive devices; targeted delivery;|[565-571]
guidance magnetic sensors

Liquid crystalline
elastomers (LCES)

[509, 554-
560]

Biodegradable shape
memory polymers

[507, 565-
571].

Magnetically responsive
SMPs
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Polymer Type Key Features Applications (APA
Format)
Moisture/water-activated Enwronrnentefllly_ trlggere_d; r_10 external Blo_medlcal devices; smart textl.lesi [562, 572-
energy input; biocompatible; reversiblelenvironmental sensing;
SMPs . 575]
shape changes hygroscopic actuators
Multi-shape memoryMultlple temporary shapes;4D pr'lntlng; comp_lex-actuato.rs; [555, 576,
programmable recovery sequence; broad|reconfigurable devices; adaptive
polymers L 577]
transition temperature structures
Shape memory polymer[Enhanced mechanical properties; multi-|Self-assembling structures; soft
- . . ) o o . . [512, 578-
composites  for  4Djstimuli  responsiveness; printability;robotics; biomedical devices; smart581]
printing programmable transformations textiles

2.5.6. Recent Developments
2.5.6.1 Advanced Material Design
Machine Learning Approaches: Al-driven design of self-healing polymers accelerates discovery
of new systems. Recent work uses neural networks to predict healing efficiency from molecular
structure [494].
Bio-Inspired Systems: Biomimetic approaches continue to yield innovations:
i.  Mussel-inspired catechol-based adhesives [582]
ii.  Plant-inspired vascular networks [583]
iii.  Bone-inspired hierarchical composites [584]
Hybrid Systems: Combining multiple healing mechanisms provides synergistic effects:
i.  Dual capsule-intrinsic systems [585]
ii.  Shape memory-assisted self-healing [586]
iii.  Magnetic field-assisted healing [587]

2.5.7. Characterization Advances
In-Situ Monitoring: Real-time observation of healing processes using:
i.  Atomic force microscopy (AFM) for nanoscale healing [588]
i.  X-ray computed tomography for 3D damage evolution [589]
iii.  Fluorescence imaging for molecular-level tracking [590]
Standardization Efforts: Development of standardized testing protocols:
i.  ASTM WK72484 for self-healing polymer testing
i. ISO/TS 20477:2023 for healing efficiency measurement
Multi-Physics Modeling: Integrated computational approaches combining:
i.  Molecular dynamics for atomic-scale phenomena
ii.  Finite element analysis for macroscopic behavior
iii.  Machine learning for property prediction [497]

2.5.8 Sustainable Self-Healing Materials
Bio-Based Polymers: Renewable feedstocks for self-healing materials:
i.  Plant oil-based polymers with intrinsic healing [591]
ii.  Protein-based systems with reversible folding [592]
iii.  Polysaccharide derivatives with dynamic bonds [593]
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Recyclable Systems: Covalent adaptable networks enable:
i. ~ Chemical recycling to monomers
i.  Mechanical recycling with property retention
iii.  Upcycling to higher-value materials
[594]
Life Cycle Assessment: Comprehensive environmental impact studies show:
i.  40-60% reduction in material consumption over product lifetime
i.  Energy payback periods of 2-5 years
iii.  Reduced end-of-life waste generation [498]

2.5.9. Manufacturing Innovations
3D Printing: Additive manufacturing of self-healing materials:
i.  Direct ink writing of healing agent-loaded inks [496]
ii.  Multi-material printing for localized healing properties
iii. 4D printing with shape memory and healing capabilities
Scalable Production: Industrial-scale synthesis methods:
i.  Continuous flow reactors for healing agent synthesis
i.  Roll-to-roll processing for self-healing films
iii.  Injection molding of thermoplastic self-healing materials
Quality Control: In-line monitoring and testing:
i.  Non-destructive evaluation of healing capability
ii.  Accelerated aging protocols
iii.  Statistical process control for consistent properties

2.5.10. Challenges and Limitations
2.5.10.1.Technical Challenges
Healing Efficiency vs. Mechanical Properties: A fundamental trade-off exists between healing
capability and mechanical strength. Increasing molecular mobility for healing often reduces
modulus and strength. Recent approaches using hierarchical structures show promise in
decoupling these properties [595].
Multiple Healing Cycles: Most extrinsic systems exhaust healing agents after one or few cycles.
Vascular systems address this but add complexity and weight. Intrinsic systems can heal repeatedly
but often with diminishing efficiency [433].
Healing Under Load: Real applications often involve stressed conditions where crack faces may
not achieve intimate contact. Shape memory-assisted healing and pressurized vascular systems
offer partial solutions [586].
Environmental Stability: Many healing chemistries are sensitive to moisture, oxygen, or UV
exposure. Encapsulation strategies and stable dynamic bonds are active research areas [596].
2.5.10.2. Economic Barriers
Cost Considerations: Self-healing materials typically cost 2-10x more than conventional
polymers due to:

i.  Complex synthesis procedures

ii.  Expensive healing agents and catalysts

iii.  Limited production scale

iv.  Specialized processing requirements
Market Adoption: Barriers to commercialization include:
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i.  Conservative industry specifications
ii.  Lack of long-term performance data
iii.  Uncertain regulatory approval pathways
iv.  Need for supply chain development
Competing Technologies: Alternative approaches such as:
i.  Preventive maintenance strategies
ii.  Advanced health monitoring systems
iii.  Improved conventional materials
iv.  Design optimization to prevent damage
2.5.10.3. Fundamental Limitations
Thermodynamic Constraints: The second law of thermodynamics limits achievable healing
efficiency. Energy input is always required, whether stored chemically or supplied externally
[502].
Kinetic Limitations: Healing rates are constrained by:
i.  Diffusion coefficients (typically 107> to 107'® m2/s)
ii.  Reaction kinetics for chemical healing
iii.  Viscoelastic relaxation times
Size Scale Effects: Large-scale damage (>1 cm) remains challenging due to:
i.  Limited healing agent volume in capsule systems
ii.  Slow diffusion over large distances
iii.  Mechanical instability during healing

2.5.11. Future Perspectives
2.5.11.1. Emerging Directions
Living Materials: Integration of biological components:
i.  Engineered bacteria producing healing agents in situ [597]
ii.  Hybrid bio-synthetic polymers with self-repair capability
iii.  Evolution-inspired adaptive materials
Quantum Effects: Exploitation of quantum phenomena:
i.  Tunneling-assisted bond exchange at low temperatures
ii.  Quantum dot-mediated photochemical healing
iii.  Entanglement-enhanced sensing of damage
Programmable Healing: Materials with tunable healing behavior:
i.  Spatially controlled healing properties
i.  Temporally programmed healing sequences
iii.  Adaptive response to damage patterns
2.5.11.2. Convergence with Other Technologies
Internet of Materials (IoM): Connected self-healing materials that:
i.  Communicate damage and healing status
ii.  Coordinate healing responses across structures
iii.  Learn from collective damage patterns
iv.  Predict maintenance needs
Artificial Intelligence Integration:
i.  Real-time optimization of healing parameters
ii.  Predictive modeling of failure and healing
iii.  Autonomous decision-making for healing activation
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iv.  Swarm intelligence for distributed systems
Nanotechnology Synergies:
i.  Nanorobot-mediated healing agent delivery
ii.  Graphene-enhanced healing efficiency
iii.  Quantum dot sensors for damage detection
iv.  Nano-structured healing agent reservoirs
2.5.11.3. Societal Impact
Infrastructure Revolution: Self-healing materials could transform:
i.  Bridge and building construction with 100+ year lifespans
ii.  Self-maintaining road surfaces
iii.  Resilient power grid components
iv.  Long-lasting water distribution systems
Sustainability Transformation:
i.  Circular economy enabled by repairable products
ii.  Reduced resource extraction through extended lifetimes
iii.  Decreased waste generation
iv.  Energy savings from reduced replacement needs
Economic Paradigm Shift:
i.  Service-based business models for materials
ii.  Reduced insurance costs for infrastructure
iii.  New job categories in material health monitoring
iv.  Shifted value chains favoring durability
2.5.11.4. Research Frontiers
Fundamental Science:
i.  Quantum mechanical understanding of bond exchange
ii.  Non-equilibrium thermodynamics of healing
iii.  Information theory applied to damage and repair
iv.  Complexity science of hierarchical healing
Interdisciplinary Opportunities:
i.  Biophysics of healing mechanisms
i.  Computer science for healing algorithms
iii.  Systems engineering for integrated healing
iv.  Social science of technology adoption
Grand Challenges:
i.  Room-temperature healing of high-performance thermosets
i. 100% healing efficiency with unlimited cycles
iii.  Self-healing at extreme temperatures (-100°C to 500°C)
iv.  Prediction and prevention of failure through healing
9. Conclusions

Self-healing polymers represent a transformative technology with the potential to revolutionize
material design across industries. From the fundamental scientific principles governing molecular-
level healing to practical applications in aerospace, automotive, biomedical, and electronic
systems, these materials offer unprecedented capabilities for autonomous damage repair and

lifetime extension.

The field has progressed remarkably from the seminal work of White et al. (2001) to today’s
sophisticated systems incorporating multiple healing mechanisms, bio-inspired designs, and smart
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functionalities. Current research addresses critical challenges in healing efficiency, environmental
stability, and scalability while pushing the boundaries of what is possible through convergence
with artificial intelligence, nanotechnology, and biological systems.

Looking forward, self-healing polymers will likely play a crucial role in addressing global
challenges of sustainability, infrastructure resilience, and resource conservation. The integration
of these materials into the built environment, transportation systems, and consumer products
promises to reduce waste, extend product lifetimes, and create new economic models based on
durability rather than disposability.

Success in realizing this vision requires continued investment in fundamental research,
development of scalable manufacturing processes, establishment of performance standards, and
education of designers and engineers in the possibilities and limitations of self-healing materials.
The next decade will likely see the transition from laboratory curiosities to ubiquitous technologies
that fundamentally change our relationship with the material world.

3. Synthesis and Characterization Techniques

3.1 Synthesis Methods

The synthesis of smart polymers can be achieved through various polymerization techniques,
depending on the desired properties and applications (Fig 23 ).
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Figure 23 : Different approaches for synthesizing Snart polymers

Conventional free radical polymerization is widely used due to its versatility and simplicity,
allowing for the copolymerization of various functional monomers. However, this method often
lacks precise control over molecular weight, architecture, and functionality when compared to
controlled radical polymerization methods [598, 599].
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Controlled/living radical polymerization techniques such as atom transfer radical polymerization
(ATRP), reversible addition-fragmentation chain transfer (RAFT) polymerization, and nitroxide-
mediated polymerization (NMP) have emerged as powerful tools for synthesizing well-defined
smart polymers with controlled molecular weight, narrow polydispersity, and specific
architectures [600, 601]. ATRP is mechanistically related to transition metal mediated atom
transfer radical addition reactions and allows for precise control over polymer architecture [602].
RAFT polymerization, first proposed in 1998 by CSIRO researchers Chiefari et al., relies on
reversible chain-transfer reactions between propagating radical species and dormant chains [598].
NMP is considered one of the main types of reversible deactivation radical polymerization that
facilitates the synthesis of well-defined and complex macromolecular architectures [600].

Ring-opening polymerization (ROP) is particularly useful for synthesizing biodegradable smart
polymers based on cyclic monomers such as lactides, caprolactones, and carbonates [603, 604].
This method enables the preparation of polymers with well-defined end groups and controlled
degradation profiles, which is crucial for biomedical applications. Recent advances in
organocatalytic ROP have expanded the scope of accessible polymer architectures while
maintaining excellent control over molecular weight and dispersity [605].

Click chemistry approaches, particularly copper-catalyzed azide-alkyne cycloaddition (CUAAC),
have gained popularity for the post-polymerization modification of smart polymers, allowing for
the precise incorporation of functional groups without affecting the polymer backbone [606-608].
These reactions proceed with high efficiency and selectivity under mild conditions, making them
ideal for introducing stimuli-responsive moieties or bioactive molecules [16].

Recent advances include the development of enzyme-catalyzed polymerization methods, which
offer mild reaction conditions and high specificity, making them suitable for the synthesis of
bioinspired smart polymers [609]. Additionally, supramolecular polymerization approaches have
emerged as promising strategies for creating dynamic and self-healing smart materials through
non-covalent interactions [610-613].

3.2 Characterization Techniques

The characterization of smart polymers requires a comprehensive approach combining various
analytical techniques to understand their structure-property relationships and stimuli-responsive
behavior (Fig. 24).
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Figure 24 : Schematic of different characterization techniques for samrt polymers

Nuclear magnetic resonance (NMR) spectroscopy remains the gold standard for structural
characterization, providing detailed information about polymer composition, tacticity, and
molecular architecture [614]. Advanced NMR techniques such as diffusion-ordered spectroscopy
(DOSY) and solid-state NMR have expanded the capabilities for analyzing complex polymer
systems and their dynamic behavior [450, 615].

Gel permeation chromatography (GPC), also known as size exclusion chromatography (SEC), is
essential for determining molecular weight distributions and assessing the control achieved during
polymerization. When coupled with multi-angle light scattering (MALS) detectors, absolute
molecular weights can be determined without relying on calibration standards [616]. Recent
developments in high-temperature GPC have enabled the characterization of polymers that are
insoluble at room temperature [463, 617].

Dynamic light scattering (DLS) and static light scattering (SLS) are invaluable for studying the
solution behavior of smart polymers, particularly their response to external stimuli. These
techniques provide information about hydrodynamic radius, aggregation behavior, and critical
solution temperatures [618]. When combined with temperature control, these methods can
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precisely determine lower critical solution temperatures (LCST) and upper critical solution
temperatures (UCST) of thermoresponsive polymers [619].

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) provide crucial
thermal characterization data, including glass transition temperatures, melting points, and thermal
stability [620]. For smart polymers, DSC can reveal phase transitions associated with stimuli-
responsive behavior, while TGA can assess the thermal degradation profiles important for
processing and application temperatures [4, 621].

Small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) techniques offer
unique insights into the nanoscale organization of smart polymer systems, particularly for block
copolymers and self-assembled structures [622]. These methods can probe morphological changes
in response to stimuli with high spatial resolution.

Rheological measurements are essential for understanding the mechanical properties and flow
behavior of smart polymer solutions and gels. Oscillatory rheometry can determine the viscoelastic
properties and gel points, while temperature-dependent measurements reveal thermally induced
transitions [623]. For self-healing polymers, rheology provides quantitative assessment of healing
efficiency through recovery of storage modulus after damage.

Advanced microscopy techniques, including atomic force microscopy (AFM) and transmission
electron microscopy (TEM), enable direct visualization of polymer morphology and stimulus-
induced changes at the nanoscale [624]. Environmental AFM allows for in situ observation of
polymer behavior under varying conditions of temperature, humidity, or pH.

Spectroscopic techniques such as UV-visible spectroscopy, fluorescence spectroscopy, and
Fourier-transform infrared (FTIR) spectroscopy are valuable for monitoring functional group
transformations and chromophore behavior in smart polymers [625]. These methods are
particularly useful for characterizing photo-responsive polymers and tracking chemical changes
during stimuli response [626]. .

For self-healing and shape memory polymers, mechanical testing methods like tensile testing,
compression testing, and dynamic mechanical analysis (DMA) are employed to evaluate their
mechanical properties and recovery behavior [504].

Recent developments in characterization techniques include in situ methods that enable real-time
monitoring of the responsive behavior of smart polymers under varying conditions, providing
deeper insights into their structure-property relationships and response mechanisms [457].

4. General Applications of Smart Polymers

4.1 Biomedical Applications

Smart polymers have revolutionized various aspects of biomedicine, particularly in drug delivery,
tissue engineering, and diagnostic systems [44]. In drug delivery, these materials enable spatial,
temporal, and dosage control, enhancing therapeutic efficacy while minimizing side effects [627].
Temperature-responsive polymers like PNIPAAmM have been extensively employed for controlled
drug release, where the phase transition at physiological temperature facilitates drug encapsulation
and release [628]. Similarly, pH-responsive polymers are utilized for targeted delivery to specific
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organs or disease sites with distinctive pH environments, such as tumors (acidic) or the intestine
(alkaline) [116].

In tissue engineering, smart polymers serve as scaffolds that can respond to cellular activities or
external stimuli, providing dynamic microenvironments that mimic natural tissues [629]. Self-
healing hydrogels have emerged as promising materials for this application, offering the ability to
maintain structural integrity while supporting cell growth and tissue formation [630].

Shape memory polymers have found applications in minimally invasive surgical devices, implants,
and tissue scaffolds [631]. These materials can be introduced in a compact form and subsequently
deployed at the target site upon activation, reducing surgical trauma and recovery time [120].
Recent advances include the development of smart bioinks for 3D and 4D bioprinting, enabling
the creation of complex, cell-laden constructs with programmable properties and behaviors [632].
Additionally, stimuli-responsive polymers are being explored for the design of smart diagnostic
platforms and biosensors with enhanced sensitivity and specificity [45].

4.2 Environmental Applications

Smart polymers play a crucial role in addressing environmental challenges, particularly in water
treatment, pollution monitoring, and remediation [633]. pH-responsive polymers have been
employed for the removal of heavy metals and organic pollutants from wastewater, where changes
in pH trigger adsorption or release of contaminants [634].

Temperature-responsive polymers enable energy-efficient separation processes, where phase
transitions induced by small temperature changes facilitate the recovery and reuse of the materials
[570]. These polymers have been applied in the development of smart membranes for water
purification, showing switchable permeability and selectivity based on environmental conditions
[114, 635]

Recent developments include the design of multi-responsive polymer systems for the simultaneous
removal of various pollutants, as well as the integration of smart polymers with other functional
materials such as photocatalysts or magnetic nanoparticles for enhanced performance and
recoverability[636].

4.3 Smart Materials and Devices

The integration of smart polymers into materials and devices has led to the development of
advanced systems with adaptive and autonomous functionalities [637]. Shape memory polymers
have been utilized in smart textiles, morphing structures, and self-assembling devices, enabling
programmable shape changes in response to environmental stimuli [638].

Light-responsive polymers find applications in optical data storage, switchable displays, and
photomechanical actuators [639]. These materials enable the conversion of light energy into
mechanical work, opening possibilities for light-driven soft robots and artificial muscles.
Self-healing polymers are increasingly employed in protective coatings, electronic devices, and
structural components, enhancing durability and reliability while reducing maintenance
requirements [566]. Recent advances include the development of self-healing electronic materials
for flexible and wearable devices, as well as self-healing concrete additives for sustainable
infrastructure [640-644]

Smart hydrogels and ionogels have emerged as promising materials for soft actuators, artificial
muscles, and sensors [645]. These materials can undergo significant volume or shape changes in
response to external stimuli, enabling the design of devices that can sense, process, and respond to
environmental cues [298].
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Recent developments in this field include the creation of smart polymer composites with enhanced
mechanical, thermal, and electrical properties, as well as the integration of multiple responsive
elements to achieve complex, multifunctional behaviors [481].

4.4 Energy Applications

Smart polymers have found numerous applications in the energy sector, particularly in energy
harvesting, storage, and conservation [646]. Thermally responsive polymers have been employed
in smart windows and building materials, enabling temperature-dependent control of solar heat
gain and improving energy efficiency [647].

Electroactive polymers serve as active materials in energy harvesting devices, converting
mechanical energy from the environment into electrical energy [648]. In energy storage, smart
polymers contribute to the development of advanced battery and supercapacitor components,
including responsive separators, electrolytes, and electrodes [649]. These materials enhance the
performance, safety, and durability of energy storage devices through adaptive properties and self-
regulating behaviors.

Recent advances include the integration of self-healing capabilities into battery components to
extend cycle life and improve safety, as well as the development of smart polymeric materials for
thermochromic solar cells with enhanced efficiency and stability [650].

5. Current Challenges and Future Prospects

Despite the significant advances in smart polymers, several challenges remain to be addressed for
their widespread practical application.

One major challenge is the scalability and cost-effectiveness of synthesis methods, which often
involve complex procedures and expensive reagents. The development of simplified,
environmentally friendly synthesis approaches is crucial for industrial-scale production and
commercialization [651] .

Another challenge is the integration of multiple responsive elements while maintaining the desired
properties and performance of the materials [652]. Achieving precise control over the response
kinetics, magnitude, and reversibility across various stimuli remains a significant hurdle in the
design of multi-responsive systems [653].

The long-term stability and reliability of smart polymers, particularly under repeated stimulation
cycles or harsh environmental conditions, need further improvement for practical applications
[130]. Additionally, biocompatibility and biodegradability concerns must be addressed for
biomedical applications, ensuring the safety and efficacy of smart polymer-based therapeutics and
devices [654].

Future research directions in smart polymers include the development of autonomous, self-
regulating systems capable of responding to multiple stimuli in a coordinated and programmable
manner [361]. The integration of artificial intelligence and machine learning approaches in the
design and optimization of smart polymers presents exciting opportunities for creating truly
intelligent materials with adaptive behaviors [655, 656]. Advances in 3D and 4D printing
technologies are expected to revolutionize the fabrication of smart polymer structures with
unprecedented complexity and functionality [512]. These approaches enable the precise spatial
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arrangement of different responsive elements, creating hierarchical structures with programmed
behaviors and properties [575].

Emerging applications of smart polymers in fields such as soft robotics, wearable electronics,
smart agriculture, and space exploration will drive the development of novel materials with
enhanced performance and specialized functionalities [657]. The convergence of smart polymers
with other advanced technologies such as nanotechnology, synthetic biology, and information
technology holds promise for addressing global challenges in healthcare, energy, and
environmental sustainability [658].

6. Conclusion

The field of smart polymers stands as a testament to the remarkable progress in materials science,
offering a sophisticated class of materials engineered to exhibit dynamic and predictable responses
to a wide array of external stimuli. This review has systematically navigated the landscape of these
intelligent systems, with a particular focus on temperature-, pH-, and light-responsive polymers,
which represent some of the most extensively studied and promising categories. Our synthesis of
the literature confirms that the fundamental mechanisms governing their behavior—ranging from
the delicate hydrophobic-hydrophilic balance in thermoresponsive polymers and the
protonation/deprotonation dynamics in pH-sensitive systems to the photo-isomerization or photo-
cleavage events in light-responsive materials—are increasingly well understood. This foundational
knowledge has empowered the rational design and synthesis of polymers with precisely tunable
transition points, enhanced sensitivity, and multi-responsive capabilities.

The translational impact of these advancements is evident across humerous high-impact domains.
In biomedical applications, smart polymers are revolutionizing therapeutic strategies through
targeted drug delivery systems that can selectively act on pathological microenvironments, such
as the acidic and hyperthermic conditions of solid tumors. In regenerative medicine and tissue
engineering, they serve as dynamic scaffolds and injectable hydrogels that mimic the physiological
adaptability of the extracellular matrix. Beyond medicine, their utility extends to next-generation
biosensors, self-healing materials, soft robotics, and advanced separation technologies,
highlighting their versatility and potential to address complex technological challenges.

Despite these significant achievements, the field is not without its challenges. The journey from
laboratory-scale synthesis to robust, large-scale manufacturing requires overcoming hurdles
related to cost, reproducibility, and purification. For in vivo applications, long-term
biocompatibility, predictable degradation profiles, and minimizing immunogenicity remain
paramount concerns. Furthermore, achieving rapid response kinetics and ensuring the stability of
responsive behavior over numerous cycles are critical for the development of reliable and durable
devices.

Looking forward, the future of smart polymers is poised to be even more integrated and
biomimetic. Research is progressively moving towards multi-stimuli responsive systems that can
process complex combinations of signals, much like biological entities. The convergence of smart
polymer design with advancements in fields such as artificial intelligence and 4D printing promises
to unlock materials with programmable logic and unprecedented spatio-temporal control over their
form and function. Continued interdisciplinary collaboration between chemists, materials
scientists, engineers, and biologists will be the cornerstone of innovation, paving the way for the
next generation of intelligent materials that will undoubtedly reshape technology and medicine.
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