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Activator-assisted polymer grafting has emerged as a crucial approach in the development of advanced

drug delivery systems, enabling precise regulation of drug release, targeting, and biocompatibility. In

contrast to traditional formulation techniques, activator-mediated grafting methods, including redox

initiation, photo-induced reactions, plasma treatment, and enzymatic catalysis, provide improved

functionalization of polymers, achieving high grafting efficiency and adjustable properties. This review

presents a thorough assessment of polymer grafting methodologies, encompassing grafting-to, grafting-

from, and grafting-through techniques, with a detailed examination of the function of activators in

facilitating these processes. The focus is directed towards enhancing polymer solubility, mucoadhesion,

and responsiveness to physiological stimuli through these strategies, ultimately leading to optimized

therapeutic performance. Furthermore, the review examines current developments and biomedical

applications of activator-assisted grafted polymers, particularly in targeted drug delivery, tissue

engineering, and formulations tailored for specific diseases. The insights presented aim to guide the

development of advanced polymers that demonstrate superior efficacy, minimize systemic toxicity, and

enhance patient adherence.
1. Introduction

The constant evolution of disease patterns and types has made
targeted drug delivery a growing challenge in the modern era.
Greater attention is necessary for the treatment of lifestyle
diseases and chronic, sub-chronic conditions. These diseases
require complex and sophisticated delivery systems for excipi-
ents with distinctive properties, which allow them to target
specic areas while controlling drug release and maintaining
a safe drug release prole.1 Numerous researchers have design
a variety of innovative techniques to improve biocompatibility,
targeted drug delivery, and controlled, sustainable release in
order to satisfy the current demands. One of the most prevalent
and contemporary techniques is the modication of excipients,
such as polymers.2 These base excipients are a formulation's
fundamental, pharmacologically inert components that facili-
tate the preparation, delivery, and stability of a drug. Passive
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carriers can be converted into effective delivery vehicles through
modication, particularly chemical graing.

Polymers are classied as homopolymers, copolymers, or
block copolymers based on their monomer composition.
Copolymers consist of two or more monomer units, and their
names usually indicate the arrangement (e.g., random, alter-
nating, block) and origin of these monomers, signicantly
affecting their chemical reactivity and graing behavior.

Polymers are capable of forming structures that can range
from simple lms to complex nanoparticles, and those can be
derived from natural or synthetic sources. Polymers are the
fundamental components of almost every biomedical device
and formulation. Their properties depend on their chemical
structures and sources. Nevertheless, unmodied and simple
polymers frequently encounter obstacles, including weak
adhesion, poor solubility, and restricted targeting capabilities.
In general, biocompatibility, stability, biodegradability, ability
to regulate drug release, and efficacy in reaching the intended
site are the factors used to evaluate a “good” drug delivery
system. Polymer-based systems are capable of satisfying these
criteria as a result of their modiability and adjustable degra-
dation rates. However, these also encounter many limits. It is
one of the conceivable methods to counter these polymer
structural modications. The polymer graing process can be
conducted on the backbone of the polymer chain. These will
improve the therapeutic efficacy, controlled release, and site-
RSC Adv., 2025, 15, 23025–23044 | 23025
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specicity of the polymer by enhancing its interaction with
biological environments.3,4

Polymer graing is a key strategy for improving drug delivery
systems. Graing alters the physicochemical properties and
biological performance of base polymers by chemically attach-
ing functional side chains to their backbone. This method
enables the creation of specialized polymers tailored to specic
pharmaceutical objectives, including enhanced solubility,
wettability, water retention, and morphology. Graed polymers
can be designed to respond to physiological stimuli such as pH,
temperature, ionic strength, redox conditions, or enzymatic
activity, allowing for site-specic and controlled drug release.5,6

Several hybrid nanobiomedical platforms that integrate with
graed polymers have become increasingly popular in order to
enhance drug delivery and therapeutic applications. In partic-
ular, metal–organic frameworks (MOFs) are porous crystalline
materials composed of metal ions and organic moieties,
offering advantages like surface functionalization, tunable pore
diameters, and high drug-loading capacity, controlled or tar-
geted drug release. MOF-polymer hybrids are a next-generation
drug delivery strategy that provides synergistic benets in terms
of both precision and efficacy when combined with polymer
graing.7–10

This polymer graing technique has been started in the
1980s for modifying the polymers to improve their physico-
chemical properties.11 The polymer graing involves three
major methods: graing-to, graing-from, and graing-
through.12 Numerous investigations have been conducted
extensively on generic polymer graing mechanisms and their
applicability across diverse sectors.12,13 Several studies have
concentrated on distinct graing strategies applied for various
forms of chain alteration on demand for various applica-
tions.14,15 Remarkably, only a limited number of studies have
focused on the activators linked to polymer graing processes.
Activators play a crucial role in ensuring effective and successful
graing in polymers. This review seeks to ll this gap by offering
a comprehensive and structured examination of activator-
assisted polymer graing techniques across various disease
areas. While numerous publications have addressed conven-
tional polymer graing or specic initiator systems, there is
a scarcity of thorough investigations into activator-assisted
techniques and their impacts across therapeutic areas. This
review distinctly gathers insights on polymer graing, focusing
on reaction types, biomedical applications, and efficiency,
particularly as inuenced by different classes of activators. This
focus on areas such as cancer, diabetes, wound healing, and
infectious disease treatment highlights new connections
between activator chemistry and the effectiveness of drug
delivery.
2. Overview of polymer brush and
methodology

Polymer brushes are one way of representing the attachment of
various chemical moieties to a polymer chain surface. These
brushes are thin, brush-like structures with one end attached to
23026 | RSC Adv., 2025, 15, 23025–23044
a polymer chain and the other end extending outward. These
chains are chemically anchored to the surface of polymer
chains. This idea originated in the 1980s. These additions made
those polymers more effective and demonstrated extraordinary
qualities by altering their properties such as wettability,
biocompatibility, friction, tissue adhesion, etc.16 Owing to their
elevated graing density, polymer brushes exhibit behaviors
that are distinct from those of free polymers in solution, thereby
providing unique advantages in applications such as anti-
fouling coatings, drug delivery, and responsive surfaces.
Specic polymer brushes are stimuli–responsive, exhibiting
expansion or contraction in response to variations in pH,
temperature, or ionic strength, rendering them versatile for
applications in the elds of medicine, nanotechnology, and
surface engineering. Polymer brushes are typically synthesized
utilizing two principal graing methodologies: graing-to and
graing-from.

Polymer graing occurs through three principal methodol-
ogies (Fig. 1): (1) “graing-to, where a polymer with a reactive
end group bonds to functional groups located on the polymer's
main chain; (2) graing-from, wherein polymer chains are
synthesized from initiator sites on the polymer's backbone; and
(3) graing-through, which involves the combination of a reac-
tive macromolecule with a small-molecular-weight monomer”.
Among these methodologies, the graing-to and graing-from
techniques are the most widely utilized. The graing-to method
yields precisely dened gra segments, as polymerization
occurs independently before the attachment of polymer chains
to the primary backbone. Conversely, the graing-from
approach enhances the synthesis of compounds with elevated
graing densities by mitigating the steric barriers associated
with the graing-to method.17 Each polymer graing technique
has distinct advantages and disadvantages concerning the
chemical composition, length, density, dispersity of the result-
ing gra, and the ease and efficacy of the associated chemical
processes.18

The selection of graing technique inuences both gra
density and architecture, while also profoundly affecting the
operational efficacy of drug delivery systems. A graing method
utilizing rational molecular design enables the establishment
or prediction of modications to gra length, density, func-
tional groups, and polymer backbones. This will enhance
solubility, drug loading efficiency, targeting specicity, release
kinetics, and biodistribution of the loaded medication.19 By
optimizing the polymer backbone and gra length via molec-
ular design, the drug loading capacity can be augmented
through improved interaction sites or encapsulation domains.
The incorporation of targeting ligands, such as surface graing
with biological ligands (e.g., antibodies, peptides, folic acid),
facilitates receptor-mediated targeting and absorption by
binding to overexpressed receptors. Stimuli–responsive gras,
responsive to pH, temperature, or enzymes, provide regulated
or on-demand release patterns under certain physiological
circumstances.20 Moreover, including biodegradable compo-
nents ensures the secure disintegration and removal of the
delivery system aer therapy, thereby mitigating long-term
toxicity. These design factors jointly optimize biodistribution,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) ‘Grafting From’ technique: a conducting polymer core synthesized with initiation side functions as a macro-initiator from where side
chains are grown (b) ‘Grafting To’ technique-pre-polymerized chains are attached to reactive core polymers; (c) ‘Grafting Through’ technique:
after polymerization, macromonomers are synthesized to form core polymer.
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improve therapeutic accuracy, and boost overall therapy
efficacy.12

The chemistry of polymer graing is primarily driven by the
reactivity of the various functional groups found in the polymer
backbone and monomers. These functional groups include
hydroxyl (–OH), carboxyl (–COOH), amine (–NH2), thiol (–SH),
etc. During the graing reactions, reactive macroradicals are
generated on either the polymer backbone or the monomer by
various activators, such as physical, chemical, biological, or
combined. These macroradicals subsequently migrate through
chain-growth mechanisms. The rate of reaction, selectivity, and
efficiency of graing are directly inuenced by the nature of the
activators, which may also inuence variations in polymer
architecture and side reactions.

The polymer graing procedures involve several steps for the
successful preparation of graed polymers. Following prepara-
tion, the products are collected; therefore, assuring the purity of
the graed polymer is essential for maintaining quality and
safety in biological applications.13 The standard chemical
synthesis methods were utilized to purify graed polymers,
which included dialysis, solvent precipitation, and ultraltra-
tion, to eliminate residual components, unreacted precursors,
and by-products. These processes are necessary for assuring the
safety of the synthesized product.21 This assessment will ensure
the potential toxicity from the monomers or the byproducts.
These purication techniques are essential for making a safe
and biocompatible newly graed polymer.

However, evaluating the synthesized graed polymer is
necessary to understand its structural orientation and conrm
successful graing. Additional characterizations help to assess
the characteristics of the newly graed polymer, which are
© 2025 The Author(s). Published by the Royal Society of Chemistry
essential for biological applications.13,22 The widely used char-
acterization techniques, such as 1H Nuclear Magnetic Reso-
nance (NMR) and 13C NMR, as well as Infrared Spectroscopy
(IR), which are extensively utilized to identify graing sites,
conrm chemical structures, and detect specic functional
groups introduced through the graing of modied polymers.
The microscopic assessment provides insight into the surface
morphology. X-ray diffraction (XRD) analysis reveals the alter-
ations in crystallinity of the polymer. In contrast, Differential
Scanning Calorimetry (DSC) and Thermogravimetric Analysis
(TGA) assess the thermal behavior and stability prole of the
graed polymer. Size Exclusion Chromatography (SEC) is
utilized to ascertain the average molecular weights and distri-
butions of graed chains. Collectively, these methodologies
yield a thorough physicochemical characterization of graed
polymers, facilitating enhanced connection between structural
attributes and functional efficacy. However, beyond analytical
accuracy, these methods are also essential for removing
unreacted monomers, initiators, or side products that could
compromise biocompatibility. This characterization is essential
for guaranteeing repeatability, batch quality control, and regu-
latory approval for biological applications.22
3. Activators in polymer grafting

Activators play a crucial role in polymer graing, initiating the
process by creating reactive sites on the polymer backbone that
allow for the attachment of new chains or functional groups.
The choice of activator has a signicant impact on the effi-
ciency, specicity, and properties of the graed polymer.
Broadly categorized as physical, chemical, or biological, each
RSC Adv., 2025, 15, 23025–23044 | 23027
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Fig. 2 Various activators and their examples for polymer grafting techniques.
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type of activator offers unique advantages. Using specic or
combined activators enables highly customized graing and
tailoring of material properties for diverse applications, such as
biomedical devices, environmental materials, and advanced
coatings (Fig. 2).
3.1. Physical activators

Physical activators are mostly external high-energy radiations to
chemical reactions. Physical activators include gamma, plasma,
and microwave radiation. These high-energy radiations created
free and excited ions in the reaction chamber and caused
polymer chains to interact with the added chemical. Localized
and controlled activators allow seamless polymer chain
graing.

3.1.1 High-energy radiation. High-energy radiation
includes gamma rays, electrons, X-rays, and other forms of
radiation. This is highly effective for the graing techniques.
This category contains three graing procedures. In pre-irradi-
ation, high-energy beams activate polymers, creating macro-
radicals. These polymer-bound radicals, formed during
Fig. 3 Schematic diagram of high energy radiation activation of polyme

23028 | RSC Adv., 2025, 15, 23025–23044
activation, act as reactive sites for graing. Graing polymeri-
zations proceed when these macroradicals react with monomer
molecules23 (Fig. 3). The reaction initiated in an oxygen envi-
ronment can cause the generation of highly reactive oxygen
species, which react with the polymer chains, cleaving the
polymer to form radicals. These highly reactive polymer radicals
react with the monomers.24 These procedures are clean and
catalyst-free. These can scale for biological applications using
thermally sensitive polymers.25

3.1.2 Plasma activation. Plasma activators enable polymer
surface graing for numerous objectives. Plasma is an ionized
gas composed of oxygen, nitrogen, and argon. Ionized gases
react with polymer surfaces to gra chemical moieties in two
ways. Plasma may generate free radicals on the polymer surface
that might attract monomers or chemical moieties. Plasma
sometimes adds polar functional groups like –OH, –COOH, and
–NH2 to polymers. External monomers connect to these func-
tional groups.26–28 These methods are precise and successful for
surface graing. Adjusting power, treatment duration, and gas
concentration controls response rates.
r backbone for polymer grafting.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.1.3 Microwave activators. Another high-energy graing
activator is microwave radiation. Rapid internal heating from
microwave radiation starts chemical processes. This radiation
quickly created polymer free radicals that interacted with
chemical moieties. These activators react quickly and require
less power. These polymer graing methods are eco-friendly.
Microwave-activated polymers exhibit enhanced mechanical
and chemical properties, rendering them suitable for the
development of biological and advanced materials.29,30

3.2. Chemical activators

Chemical activators are substances that directly or indirectly
generate reactive species, such as radicals or non-radicals,
reactive ions, etc., which facilitate the graing process through
the reaction between the polymer backbone and the monomers.
Some chemical activation techniques are used for polymer
graing, such as free radical activation, redox-generated acti-
vation, and click chemistry.

3.2.1 Free radical activators. Free radical initiators are
a popular method for polymer graing. A free radical is a small,
highly reactive molecule (e.g., hydroxyl or alkyl radicals), which
enables high efficiency and compatibility with a wide range of
polymer gras. They initiated the graing process through the
generation of free radicals on the polymer backbone, creating
a reactive site for anchoring the monomers and extending the
polymer chains. There are a few chemical initiators used for
graing reactions, such as “benzoyl peroxide (BPO), azobisiso-
butyronitrile (AIBN), tert-butyl peroxide, potassium persulfate
(K2S2O8), ammonium persulfate (APS), etc”. These initiators are
cleaved at certain temperatures and made highly reactive free
radicals. The key factors for these processes are controlled
temperatures and concentrations of these initiators.12,31

3.2.2 Other chemical activators. In addition to the free
radical initiators, other chemical initiators are present during
polymer anastomosis. Redox initiators are one of the chemical
activation techniques. In this process, a limited number of
chemicals (e.g., Fenton's reagent, ceric ammonium nitrate) are
Fig. 4 The Laccase enzyme activators mediated chitosan grafting of quin
by Hollmann et al.,43 licensed under CC BY 3.0. https://www.creativeco

© 2025 The Author(s). Published by the Royal Society of Chemistry
employed to establish a redox system that produces free radicals
from reactive compounds, facilitating graing. This reduces the
likelihood of thermal degradation, as these systems are more
controlled and can be executed at lower temperatures. The
graing process is initiated by the electron-transferring redox
system.32,33 The most prevalent click reactions utilized in poly-
merization and modication encompass azide–alkyne cycload-
dition (AAC), Diels–Alder reactions, thiol-X reactions, and
carbonyl-based additions, among others. The primary reaction
employed in click chemistry systems is the copper(I)-catalyzed
azide–alkyne cycloaddition (CuAAC). The system progressed
through several stages, resulting in the generation of Cu(l) from
CuSO4, followed by the reaction of terminal alkynes with azides
utilizing reducing agents. These reactions exhibit high selec-
tivity and are among the most effective methods for modifying
and functionalizing polymer surfaces. Thiol–ene and thiol–yne
reactions, along with other click chemistry systems, are utilized
as well. These reactions are advantageous because of their high
specicity, reproducibility, and low by-product formation.
These strategies facilitate site-specic graing of pharmaceuti-
cals, imaging agents, or ligands through post-polymerization
modication. This enables accurate regulation of the graing
site and density of the graing polymer, in addition to
controlling release proles and targeting functionalities.34,35

3.3. Biological activators

Biological activators are one of the additional activators used in
polymer graing. Polymer graing is predominantly facilitated
by enzymes, which catalyze reactions under moderate, envi-
ronmentally favorable conditions. These methods are advanta-
geous for graing natural polymers or biopolymers, as they
enable the particular and non-destructive modication of
polymer chains. Enzymatic polymerization is an advanced
method of polymer graing. In this process, enzymes act as
catalysts to facilitate the graing of natural polymers with
different monomers. This offers advantages such as high
specicity, mild reaction conditions, and minimal polymer
ones. (Figure adapted from: “Enzyme Initiated Radical Polymerizations”
mmons.org/licenses/by/3.0/.)

RSC Adv., 2025, 15, 23025–23044 | 23029
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backbone degradation. The most commonly used enzyme in
this technique is called laccase. Laccase oxidizes phenolic
compounds in polymers to generate phenoxy radicals, which
form covalent bonds with monomers, modifying the polymer
structure. This controlled graing process reduces side reac-
tions and preserves polymer integrity. That is crucial for natural
polymers to maintain their integrity and basic properties. The
polymers used for graing include chitosan, lignin, cellulose,
etc.36,43 (Fig. 4). Additionally, the mild conditions of enzymatic
reactions lower the risk of thermal degradation. This modi-
cation improved more biological applications in drug delivery
and tissue engineering, improving their biocompatibility. These
modied graed polymers are also helpful for environmental
remedies by utilizing them in pollutant absorbents, pollutant
coagulants, or making more rigid material useful for alternative
plastic uses.37–39
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3.4. Combined activators

Physical, chemical, and biological activators are increasingly
employed in polymer graing to enhance process efficiency and
regulation. This approach utilizes multiple activators simulta-
neously to enhance graing efficiency and facilitate the
formation of intricate polymer structures. The integration of
physical and chemical activators can optimize graing density
and dispersion, hence producing new materials for unique
medical applications. Microwave-assisted radical polymeriza-
tion, which integrates microwave energy with chemical activa-
tors, is an efficient technique for synthesizing gra copolymers
with improved characteristics. Microwave radiation can trigger
the reaction by producing radicals on the polymer backbones.
When the microwave radiation is coupled with chemical acti-
vators such as ceric ammonium nitrate or AIBN they can
increase graing efficiency. The integration of microwaves with
these initiators results in reduced reaction times and enhanced
graing efficiency.40,41 The integration of radicals and enzymes
in polymer graing presents an innovative method to enhance
the graing process. Biological and physical activators, such as
UV or gamma irradiation, enhance the activation of the polymer
matrix, hence facilitating efficient polymer graing. This dual
activation method combines the advantages of both enzymatic
and radical processes to facilitate the synthesis of complex
polymer gras (Table 1).42–44 Combining the selectivity and mild
conditions of enzymatic processes with the fast reaction rates
enabled by radical initiators increases the synergistic effects of
this method, hence improving graing efficiency and providing
better control over polymer design. An example of the combined
activators used for polymer graing is shown in Fig. 11. This
method has many benets, such as faster reaction times, high
output, and the ability to keep delicate biological molecules
safe. Its adaptability reaches several spheres: biomedicine,
environmental science (pollutant adsorption), nanotechnology,
biodegradable food packaging, and cosmetics etc. These acti-
vation techniques greatly increase the extent of polymer graing
for the synthesis of sophisticated materials. Here are many
immobilization techniques involving “graing from,” “graing
through,” and “graing onto”: Tables 2 and 3.
23030 | RSC Adv., 2025, 15, 23025–23044 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The immobilization of polymer on a surface using the “grafting from” and “grafting through” methods

Surface Anchoring group Initiating group Polymer
Polymerization
technique Ref.

PVP-block-poly(4-iodostyrene) on silicon
wafer

Poly(4-
nitrostyrene)

Iodobenzene Poly(3-hexylthiophene) SI-KCTP 54

Cotton bers Trimethoxysilane Iodobenzene Polyphenylene ether Sonogashira 55
Poly(bromostyrene) on a silicon wafer — Bromobenzene Poly(9,9-bis-2-

ethylhexyluorene)
Suzuki 56

PMMA-co-PS-Br on SiO2 wafer — Bromobenzene Poly(9,9-dihexyl uorene) Yamamoto 57
PMMA-co-PS-Br on SiO2 wafer — 2,7-Bromo-9,9-dimethyl-9H-

uorene
Poly(9,9-dihexyl uorene) Yamamoto 58

Cellulose Methanoic acid Bromobenzene Phenol formaldehyde resin Yamamoto 59
Cellulose Methanoic acid Acetylene Phenol formaldehyde resin Suzuki 59
Cellulose Methanoic acid Acetylene Poly(uorene vinylene Heck 59
Silicon wafer Trichlorosilane Bromobenzene Poly[9,9-bis(2-ethylhexyl)

uorine]
Suzuki 56

Silicon and quartz wafer Triethoxysilane 2,7-Bromo-9,9-dimethyl-9H-
uorene

Poly(9,9-dihexyl uorene) Yamamoto 58

Glass Trimethoxysilane Iodobenzene Polyphenylene ether Sonogashira 60
Silicon dioxide nanoparticles Triethoxysilane Iodobenzene Polyphenylene ether Sonogashira 61
Silicon dioxide nanoparticles Triethoxysilane Bromobenzene Poly(3-hexylthiophene) SI-KCTP 62

Table 3 The “grafting onto” process is used for the surface immobilization of polymer

Surface Anchoring group Initial group Polymer Chemical reaction Ref.

Graphene — Azide group Polyamide Radical attack 63
Graphene oxide Carbonyl chloride Hydroxyl group Poly(3-hexylthiophene) Esterication 64
Graphene oxide Carbonyl chloride Hydroxyl group Polythiomethylene Esterication 65
Single walled carbon nanotubes — Cyclopentane Poly(3-hexylthiophene) Diels–Alder cycloaddition 66
Single walled carbon nanotubes Amino group Carboxylic acid Poly3-octylthiophene Amidication 67
Multi-walled carbon nanotubes Carbonyl chloride Hydroxyl group Poly(3-hexylthiophene) Esterication 68
Multi-walled carbon nanotubes Amines Aldehyde group Poly(3-hexylthiophene) Imine bond 69
TiO2 nanoporous Titanium hydroxide Carboxylic acid Poly(3-hexylthiophene) Direct coupling 70
TiO2 mesoporous Titanium hydroxide Carboxylic acid Poly(3-hexylthiophene) Direct coupling 71
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4. Application of grafted polymer as
a drug delivery system

The techniques of polymer graing and their active roles are
signicantly advancing, leading to more sophisticated
biomedical applications for drug delivery, bioimplants, and
diagnosis, among others. The altered properties due to graing
provide more innovative, controlled, and targeted drug delivery,
enhanced biocompatibility, and improved tissue adhesion.
Additionally, these modications are benecial for stimulus-
responsive drug delivery and other applications. These
advancements have reduced drug leakage and side effects.
Although there are many challenges in adapting this new
technology for various regulatory concerns, researchers world-
wide are conducting studies and nding multiple ways to treat
chronic diseases.5,72
4.1. Graed polymer on anti-cancer application

Polymer graing offers a novel approach to delivering anti-
cancer drugs, enabling regulated, targeted, and controlled
release, while mitigating adverse effects. The bioavailability of
the drug is increased by the controlled release and enhanced
© 2025 The Author(s). Published by the Royal Society of Chemistry
encapsulation of these customized polymers. The utilization of
stimuli–responsive properties in graed polymers demon-
strates the development of more sophisticated anticancer
treatments. These advancements have the potential to signi-
cantly enhance the outcomes of cancer treatment.73,74 In a study,
Dutta et al. created pH and temperature-responsive polymer-
graed iron oxide nanoparticles by functionalizing iron oxide
nanoparticles (NH2-magnetic nanoparticles) with “poly(N-iso-
propylacrylamide-ran-poly(ethylene glycol) methyl ether acry-
late)-block-poly(acrylic acid) (P(NIPAm-PEGMEA)-b-PAA)” using
the reversible addition–fragmentation chain-transfer (RAFT)
polymerization technique with free radical initiator AIBN. The
produced nanoparticles exhibited unique release behaviors
inuenced by environmental pH and temperature. The
isoelectric point of NH2-magnetic nanoparticles was observed at
pH 8, attributed to the presence of free primary amine groups.
In contrast, polymer-coated nanoparticles demonstrated lower
isoelectric points (pH 5) due to poly(acrylic acid) functionali-
zation. In vitro studies showed a higher doxorubicin release rate
at lysosomal pH 5.0 compared to physiological pH 7.4, with
enhanced release observed at temperatures exceeding the cloud
point of the graed polymer (Fig. 5). These ndings underscore
the promise of polymer-graed magnetic nanoparticles for the
RSC Adv., 2025, 15, 23025–23044 | 23031
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Fig. 5 The theme of the study above forms the basis for the schematic diagram of drug release from modified polymer-coated iron oxide
nanoparticles. Grafting is performed using AIBN's free radical polymerization techniques. This grafted polymer is used to deliver an anticancer
drug in response to pH-responsive stimuli.
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controlled and stimuli–responsive delivery of drugs in cancer
treatment75

Research done by Wang et al. investigates a novel approach
to targeted cancer therapy utilizing smart, lipid-based graed
polymeric micelles (Fig. 6). To produce the graed polymer,
a series of “amphiphilic block copolymers, poly(vinyl stearate)/
poly(vinyl laurate)-b-poly(N-vinylcaprolactam) (PVS/PVL-b-
PNVCL)”, were synthesized using microwave-assisted reversible
addition–fragmentation chain transfer (RAFT) polymerization.
The micelles feature a lipid core for DOX drug encapsulation
and a PVS/PVL-b-PNVCL shell, which is a polymer that responds
to temperature variations. The primary innovation lies in the
PVS/PVL-b-PNVCL shell, which retains hydration and exposes
the micelle's core at reduced temperatures, facilitating drug
loading. At elevated temperatures of 40–45 °C, the PVS/PVL-b-
PNVCL shell undergoes dehydration and collapse, leading to
targeted drug release at the tumor site. This temperature-
sensitive transition enables controlled drug delivery, optimizing
the therapeutic effect on cancer cells while reducing systemic
toxicity. The lipid core facilitates the delivery of hydrophobic
drugs, which are typically challenging to formulate, while the
overall design enhances drug stability and prolongs circulation
time within the body.76 This advanced delivery system holds
promise for improving effectiveness and minimizing the
adverse effects of anticancer medications.

Zhang et al. developed a stimulus-responsive polymeric
nanocarrier for controlled drug delivery. The core is a copol-
ymer, “poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide-
b-glycidyl methacrylate)”, created via a photoinduced electron
transfer method using visible light and photocatalysts, ensuring
precise structural control. High energy radiation activator is
used for graing. Functionalized with azobenzene (Azo) groups,
23032 | RSC Adv., 2025, 15, 23025–23044
these polymers self-assemble into nanoparticles in water,
encapsulating 90% curcumin with sizes ranging from 220 to 600
nm. They exhibit a lower critical solution temperature (LCST) of
38.09 °C, showing heat sensitivity. The Azo groups allow UV
responsiveness through trans–cis isomerization. Curcumin is
released signicantly (>80% in 3 hours) under UV light, elevated
temperatures (50 °C), and alkaline pH. This nanocarrier shows
promise for targeted drug delivery via thermal, pH, and pho-
tostimuli.77 Other researchers have developed a new gra
copolymer, “poly(2-hydroxyethyl methacrylate-g-2-(dimethyla-
mino)ethyl methacrylate)”, created by combining ATRP and
RAFT polymerization processes with a free radical activator. The
self-assembly behavior of this copolymer is investigated in
aqueous solutions at varying pH (1, 5.5, and 7.4) and tempera-
tures (37 °C and 42 °C), with the critical micelle concentration
determined using UV-vis-NIR spectroscopy. Notably, the copol-
ymer's self-assembly is pH and temperature-dependent. At
a highly acidic pH of 1, spherical micelles form at 37 °C, while
increasing the temperature to 42 °C induces a transition to
cubic hexahedral micelles. Beyond characterizing self-
assembly, the synthesized nanostructures are evaluated as
potential doxorubicin (DOX) carriers. Drug release proles are
studied at different pH values (1.5, 5.5, and 7.4) to assess the
potential for controlled drug delivery. This research offers
insights into gra copolymer synthesis, stimuli–responsive self-
assembly, and the development of pH-sensitive drug delivery
vehicles.78

A research done by Hosseini Rezaei et al., where they inves-
tigate novel cisplatin–polymer conjugates as potential anti-
cancer therapeutics, focusing on enhancing drug delivery and
overcoming drug resistance. In this study, carboxylated poly(2-
isopropenyl-2-oxazoline) (PiPOx) was synthesized and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The encapsulation and release of doxorubicin from the grafted polymer PVS/PVL-b-PNVCL micelles are illustrated in the following
schematic diagram. The microwave-assisted RAFT polymerization was employed to create these grafted block polymers. The prepared system
displays the temperature-sensitive release of the drug. The scheme is derived from the theme of the study mentioned above.
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subsequently copolymerized with methoxy poly(ethylene glycol)
(mPEG) using thiol-initiated cationic ring-opening polymeriza-
tion (CROP) and end-capping reactions as oxidant initiators to
create micelle-forming copolymers. These copolymers were
characterized using NMR, FTIR, SEC, and potentiometric titra-
tion. Cisplatin, a common anticancer drug, was then conju-
gated to the carboxyl groups of the copolymers at varying drug-
to-polymer ratios. Cisplatin loading efficiency reached
a maximum of 91% at a 1 : 1 molar ratio. The resulting
“cisplatin-conjugated PiPOx-b-mPEG and mPEG-g-PiPOx”
copolymers formed spherical nanoparticles with sizes of 113.3
nm and 178.8 nm, respectively, conrmed by DLS. Cytotoxicity
assays in ovarian cancer cells demonstrated that the cisplatin-
conjugated PiPOx-b-mPEG (IC50, 113 mg mL−1) copolymer
exhibited signicantly higher cytotoxicity compared to the
mPEG-g-PiPOx (IC50, 232 mg mL−1) counterpart, suggesting its
potential for improved cancer therapy, particularly in over-
coming drug resistance.79

In another study Kalinova et al. synthesized “poly(2-(dime-
thylamino)ethyl methacrylate)-graed Amphiphilic Block
Copolymer Micelles” by highly efficient azide–alkyne “click”
chemistry reaction illustrated in Fig. 7. The resulting copolymer
self-assembled into stable cationic micelles that efficiently
encapsulated both quercetin and DNA using high energy radi-
ation activator. TheMTT assay was done on a human carcinoma
(HAPG2) hepatocyte cell line, which revealed that empty
cationic micelles exhibit low cytotoxicity below 25 mg mL−1 but
become highly toxic at higher concentrations due to PDMAEMA.
Quercetin-loaded micelles showed enhanced cytotoxicity
compared to free quercetin at low concentrations (1–5 mgmL−1),
with comparable effects at higher doses, indicating
© 2025 The Author(s). Published by the Royal Society of Chemistry
encapsulation doesn't compromise quercetin's efficacy. Quer-
cetin-loaded micelleplexes (10 : 1) demonstrated minimal
toxicity within the DNA transfection concentration range (1–2.5
mg mL−1), suggesting their safety for simultaneous delivery of
DNA and quercetin, although higher concentrations exhibited
increased toxicity likely due to PDMAEMA. The formed micel-
leplexes exhibited high colloidal stability and demonstrated
promising initial in vitro biological evaluation, suggesting their
potential as safe and effective nanocarriers for the co-delivery of
hydrophobic drugs and DNA.80

In another study, Phan et al. investigated the production and
functionalization of polyampholytes via thiol–ene chemistry
using microwave-assisted activation in an aqueous medium
under ambient conditions. One-pot thiol–ene chemistry was
employed to create durable polyampholytic alternating poly-
mers featuring “furfuryl amine and 3-(dimethylamino)-1-pro-
pylamine as functional groups” on the surface of SWCNTs.
These hybrids demonstrated consistent release behavior at pH
7.4. In contrast, a burst release at pH 5.5 indicated pH-
responsive drug release, which is crucial for targeted drug
delivery in the acidic tumor microenvironment. The cytotoxicity
and cell viability of HeLa cells demonstrated the excellent effi-
ciency of the anti-cancer medication.81

In another study, Liu et al. synthesized a modied natural
polymer, chitosan-graed HNTs (HNTs-g-CS) and investigate its
potential as nano-formulation for an anticancer drug curcumin.
Curcumin from HNTs-g-CS/Cur releases in vitro much more
quickly in cell lysate than at pH 7.4. The HNTs-g-chitosan
exhibits enhanced stability and hemocompatibility. The HNTs-
g-CS exhibit enhanced hydrophobicity and surface irregularity,
which are advantageous for curcumin loading.82 In a different
RSC Adv., 2025, 15, 23025–23044 | 23033
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Fig. 7 (a and b) Synthetic path of cationic amphiphilic graft copolymer MPEG-b-(PC-g-PDMAEMA); (c) morphology of quercetin-loaded graft
copolymer micelles. (d) In vitro release profiles of quercetin from graft copolymer micelles. (Figure adapted from MDPI, license CC BY 4.0,
Source61)
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study, Delorme et al. made PCL-g-Dex, a biodegradable
amphiphilic gra copolymer structure based on “reverse”
oligosaccharides that have hydrophobic side chains and
a hydrophobic backbone using an oxidant initiator. Azido-
dextran (Dex-N3) and propargylated poly(3-caprolactone) (PCL-
yne) were produced in order to further make the poly(3-capro-
lactone)-g-dextran copolymer employing Huisgen's cyclic addi-
tion and containing the anti-cancer drug doxorubicin (DOX).83

At higher concentrations, free DOX caused the death of 51% of
colorectal cancer cells and 55% of healthy cells, with similar
curve proles for both cell lines. Notably, drug-loaded micelles
exhibited varying biological effects based on whether they were
incubated with cancerous or healthy cells.

4.2. Anti-diabetic

A promising method for enhancing the effectiveness and
distribution of anti-diabetic medications is the use of polymer
graing. This method addresses the challenges in treating
diabetes and has the potential to develop innovative medication
delivery systems with improved treatment outcomes. In
research, Bhosale et al. synthesized ceric ammonium nitrate
(CAN) as a redox initiator to gra “ghatti gum with methyl
methacrylate using the free radical polymerization technique”,
thereby modifying GG-g-PMMA-based metformin HCl pellets
(Fig. 8). In vitro drug release in a 0.1 N HCl solution showed that
only 2.07% and 1.55% of the loaded drug were released aer 2
hours. The drug was released quickly at a higher pH (pH 6.8),
23034 | RSC Adv., 2025, 15, 23025–23044
with 93.86 ± 2.16% aer 12 h. Rats with streptozotocin-induced
diabetes were used in the project to test the hypoglycemic
effects of amodied GG-g-PMMA formulation. In comparison to
the non-diabetic control group, the blood glucose levels of the
diabetes control group were substantially higher, ranging from
“249.87 ± 3.82 mg dL−1 to 263.74 ± 2.5 mg dL−1, compared to
68.48 ± 2.84 mg dL−1 to 72.52 ± 3.2 mg dL−1, respectively.”
When compared to the diabetic control group, rats given the
formulation (diabetic test group) showed a substantial decrease
in blood glucose levels, primarily due to the prolonged blood
glucose-lowering action of the formulation compared to the
commercial formulation.84

Another research study, Bhosale et al., synthesized poly-
methyl-methacrylate graed gellan gum by the free radical
polymerization technique using ceric ammonium nitrate (CAN)
as a redox initiator.85 The synthesis of gra copolymers via CAN-
induced free radical polymerization is a quick, reliable, and
efficient method for producing pH-sensitive and sustained
release polymers for targeted drug delivery systems. Adult male
rats were injected intraperitoneally with nicotinamide at 110mg
kg−1 and streptozotocin (STZ) at 60 mg kg−1 to induce diabetes.
Blood glucose levels were used to measure the degree of dia-
betes induction following 2–4 days of nicotinamide–streptozo-
tocin therapy. A blood glucose level of more than 250 mg dL−1

was considered the baseline for diabetes. It displays greater
anti-diabetic efficacy of the improved metformin HCl pellet
formulation (batch M4) made with “Polymethylmethacrylate-g-
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03188e


Fig. 8 Schematic diagram of GG-g-PMMA-based metformin HCl pellets formulation. Here, the grafted polymer was prepared and assisted by
the free radical polymerization for better drug delivery in diabetes treatment. The scheme is derived from the theme of the study mentioned
above.
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gellan gum” than the commercially available Glycomet SR 500
mg tablet (diabetic standard). In another study, Gedawy et al.
developed a silicon-graed-alginate polymeric blend used for
encapsulating metformin by a “vibrational jet ow ionotropic
gelation process”.86 Alginate was used to homogenize poly-
dimethylsiloxane in order to create a stable polymeric combi-
nation using oxidant initiator activation and to create
microcapsules by pumping a polymeric vehicle lled with
metformin via Buchi B-390 and into CaCl2. Over the course of 24
h at room temperature, the metformin-loaded novel silicon-
graed alginate platform maintained its good electrokinetic
stability. Aer four weeks in the accelerated stability chamber
(40 °C and 60% relative humidity [RH]), the microcapsules of
formulations had deeper colors (brownish yellow), possibly as
a result of oxidation. They had not undergone appreciable size
changes. These microcapsules effectively preserve metformin
content over the specied duration, with no degradation
observed in any of the supplemented chromatograms.86
4.3. Wound healing

Polymer graing enhances wound healing by modifying exist-
ing polymers with bioactive molecules or functional groups for
the development of advanced wound dressings with tailored
properties, such as controlled and sustained drug release,
biocompatibility, higher mechanical strength, and antimicro-
bial activity, which better control the healing process and
reduce complications. Li et al. employed a one-step esterica-
tion process using microwave initiator to synthesize a series of
hyaluronic acid-graed pullulan polymers with variable degrees
of substitution of hyaluronic acid (HA) moieties in a study.
Signicantly improving the efficacy of the HA-g-Pu lm as
© 2025 The Author(s). Published by the Royal Society of Chemistry
a wound healing material, the composition of HA is character-
ized by an entirely porous microstructure, a high swelling ratio,
and a relatively rapid hemostatic capability87

. In another study, Jhong et al. conducted a study using
atmospheric plasma-induced surface copolymerization to
develop two wound-contacting membranes made of expanded
“poly(tetrauoroethylene) (ePTFE) graed with zwitterionic
poly(sulfobetaine methacrylate) (PSBMA) and hydrophilic
poly(ethylene glycol) methacrylate (PEGMA)” with plasma acti-
vation. The ePTFE-g-PSBMA membrane accelerated wound
healing more effectively than ePTFE-g-PEGMA or commercial
dressings, demonstrating better blood-inert properties, non-
bioadhesive properties, and anticoagulant activity through
platelet activations in human blood. The generated wound was
re-epithelialized entirely in 14 days.88 In another study, Duan
et al. created a new wound dressing composite, “curcumin
graed on hyaluronic acid and modied by pullulan (Cur-HA-
SPu)”. Microwave initiator is used as an activator to form the
graing. The resultant modied polymers are used to produce
lms, which exhibit enhanced swelling properties compared to
unmodied HA lms. The MTT assay was employed to conduct
in vitro cell viability studies on L929 cells, revealing favorable
biocompatibility, minimal cytotoxicity, and even promoting cell
proliferation. The Cur-HA-SPu coatings also exhibited antioxi-
dant properties and antibacterial activity against E. coli and S.
aureus. In a rat wound healing model, in vivo studies demon-
strated that Cur-HA-SPu lms signicantly accelerated wound
healing compared to HA-SPu lms or natural healing. These
results indicate that Cur-HA-SPu lms have the potential to
accelerate wound healing and combat infection, and they are
a safe and effective wound dressing material.89
RSC Adv., 2025, 15, 23025–23044 | 23035
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4.4. Other applications

Like the anticancer and wound healing, the polymer graing is
also helpful in enhancing antimicrobial properties, controlling
hypertension, etc. The graed polymers can effectively prevent
various antimicrobial infections by regulating the drug release
or inhibiting microbial growth by attaching some antimicrobial
agent to the polymer backbone. This approach provides a plau-
sible solution to the challenge of antimicrobial resistance; this
approach applies to various medical devices, wound dressings,
and drug delivery systems. In 2024, a study done by Avval et al.
created “acrylamide and hydroxyethylacrylate monomers graf-
ted onto carboxymethyl starch using free radical polymerization
and atom transfer radical polymerization (ATRP) techniques”.
This modied graed polymer controlled the antibiotic drug
delivery at different pH levels.90 In another research, Vargas
et al. created modied polypropylene (PP) monolament
sutures by “graing glycidyl methacrylate (GMA) and acrylic
acid (AAc)” using pre-irradiation with 60Co gamma radiation
initiators (Fig. 9). Aer graing, glycidyl methacrylate and
acrylic acid signicantly altered the suture properties, including
decreased decomposition temperature and increased swell-
ability. Glycidyl methacrylate-graed sutures provided a smooth
surface suitable for immobilizing vancomycin, reducing adhe-
sion of Staphylococcus aureus. Conversely, acrylic acid-graed
sutures exhibited a rough surface and a high capacity for van-
comycin loading (up to 109.9 mg g−1), with pH-dependent
swelling behavior. Some acrylic acid-functionalized sutures
demonstrated sustained antimicrobial activity. These ndings
highlight the potential of both glycidyl methacrylate and acrylic
acid graing to modify suture properties and create antimi-
crobial suture materials with controlled drug release
characteristics.91

This polymer graing methods also has the potential to
develop innovative drug delivery systems that have superior
therapeutic outcomes, thereby addressing the difficulties asso-
ciated with hypertension management. In oral, injectable, and
implantable formulations, graed polymers provide targeted
administration and prolonged release of antihypertensive
agents. In this context, Mundargi et al. employed a free radical
Fig. 9 Schematic diagram of polypropylene (PP) monofilament sutures b
physical activators gamma radiation. The polymer was used for the loadin
from the theme of the study mentioned above.

23036 | RSC Adv., 2025, 15, 23025–23044
initiation polymerization technique to transfer acrylamide onto
xanthan gum. This technique involved the addition of ceric
ammonium nitrate (CAN), as well as the anti-hypertensive drugs
atenolol and carvedilol. The F-value (similarity factor used to
compare the dissolution proles of two drug products) of 4.64
(df = 17, p < 0.05) shows a signicant difference in the release
rates of atenolol tablets. The F-value, (similarity factor used to
compare the dissolution proles of two drug products) for
formulations with gra copolymers containing atenolol and
carvedilol was 11.95 (df = 35, p < 0.05). This implies that the
variations in drug release rates among the formulations are
signicantly inuenced by drug solubility. It illustrates that the
release time increased in tandem with the graing ratio of the
graed copolymer in the polyacrylamide-g-xanthan gum.
However, there was no discernible change in the release rate
between plain xanthan gum and tablet formulations containing
carvedilol and gra copolymer (polyacrylamide-g-xanthan
gum).92 In another study, Phadke et al. developed pH-sensitive
microspheres for the controlled release of nifedipine. Acryl-
amide-g-chitosan copolymer was synthesized via free radical
polymerization using a PPS initiator. Interpenetrating polymer
networks (IPNs) were then formed by crosslinking acrylamide-g-
chitosan with glutaraldehyde, followed by encapsulation of
nifedipine (Fig. 10). The microspheres were further coated with
sodium alginate (NaAlg) to enhance pH sensitivity. In vitro drug
release studies revealed a pH-dependent release prole, with
extended release of up to 14 hours for NaAlg-coated micro-
spheres. This study demonstrates the successful fabrication of
pH-sensitive IPN microspheres with controlled nifedipine
release, showcasing their potential as promising drug delivery
systems for antihypertensive agents.93

Contreras-Garćıa et al. created drug-loaded, temperature-
responsive polypropylene lms through (high energy activator) g-
ray pre-irradiation graing of NIPAAm and APMA. These copoly-
mers exhibited temperature-sensitive swelling, enhanced
biocompatibility, and reduced friction. The lms effectively
loaded signicant amounts of diclofenac and ibuprofen, with
release sustained in phosphate buffer (pH 7.4, 37 °C). Films with
27% graing released 12–13% of the drug within 30 minutes,
reaching up to 41% (for diclofenac) and 70% (for ibuprofen) aer
y grafting glycidyl methacrylate (GMA) and acrylic acid (AAc) using the
g of vancomycin for the antibacterial application. The scheme is derived

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic diagram on nifedipine loading in acrylamide-g-chitosan grafted polymer using the free radical polymerization techniques.
These microspheres are used for controlled drug delivery applications. The scheme is derived from the theme of the study mentioned above.
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7 hours, showcasing their potential for controlled drug delivery in
medical devices.94Graing can enhance the targeted distribution,
controlled release, and biocompatibility of anticoagulant medi-
cations by modifying the properties of polymers. Zhu et al. have
developed a bifunctional coronary stent characterized by
enhanced biocompatibility and a diminished risk of restenosis. A
zwitterionic SBMA-GMA copolymer brush was graed through
atom transfer radical polymerization (ATRP), which conferred
anticoagulant properties. Additionally, DETA NONOate,
Fig. 11 The diagram shows the drug release behavior of a grafted po
combined activators for polymer grafting, thereby enhancing the mater
drug delivery, with release kinetics adjusted according to the environme

© 2025 The Author(s). Published by the Royal Society of Chemistry
identied as a nitric oxide donor, facilitated endothelialization.
The coating demonstrated a controlled release of nitric oxide,
robust stability, and outstanding anticoagulant activity. Both in
vitro and animal studies substantiated improved endothelial cell
proliferation, diminished cytotoxicity, and the alleviation of
restenosis and thrombosis. This multifunctional stent represents
a promising approach to improving long-term outcomes in
cardiovascular stenting.95 Wang et al. developed a novel coronary
stent surface modication to combat restenosis and thrombosis
lymer system at various pH levels. Researchers in the study utilized
ial's pH-responsiveness. The grafted polymer was used for controlled
ntal pH.
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by covalently graing a zwitterionic polymer, “poly(a-methacrylic
acid-co-2-methyl-acryloxyethyl-phosphoryl-choline) (PMAMPC)”,
and an endothelial cell-selective adhesion peptide (REDV) onto
a NiTi stent using free radical initiator. This dual alteration has
both anticoagulant and pro-endothelialization effects. In vitro
investigations demonstrate good blood compatibility and
increased adhesion, proliferation, and migration of endothelial
cells while suppressing smooth muscle cell adhesion. The in vivo
experiments on rats reveal excellent blood patency and quick
endothelial layer development on the stent aer 30 days, sug-
gesting that this bi-functional modication technique has the
potential to dramatically enhance the long-term performance of
coronary stents and minimize post-implantation problems.96

The route of drug delivery faces specic challenges within
the gastrointestinal (GI) tract. The acidic environment of the
stomach, enzymatic activity in the small intestine, and varying
absorption rates throughout the gastrointestinal (GI) tract can
signicantly inuence the bioavailability and efficacy of orally
administered medications. Panahi et al. demonstrated that the
iron oxide nanoparticles were treated with 3-mercaptopropyl-
trimethoxysilane. Then graed with a copolymer consisting of
N-isopropyl acrylamide and allyl glycidyl/iminodiacetic acid by
surface-initiated polymerization. The nano-sorbent exhibited
a high adsorption capacity for famotidine, with a 116 mg g−1

value at pH 7. Furthermore, it demonstrated controlled drug
release, with approximately 73% of famotidine being released
in the simulated gastric uid within one hour and 70% in the
simulated intestinal uid over 30 hours at 37 °C. These ndings
indicate that the developed magnetic nano-sorbent possesses
signicant potential as a carrier for enteric drug delivery
applications.97 Mishra et al. developed a pH-sensitive drug
delivery system using modied guar gum, a natural poly-
saccharide. The guar gum was gra-copolymerized with 2-
hydroxyethyl methacrylate (HEMA) using ceric ammonium
nitrate as free radical initiator, with the degree of graing
optimized by varying the concentrations of both monomers and
initiator (Fig. 11). The resultant “guar gum-g-poly(2-hydrox-
yethyl methacrylate)” exhibited pH-dependent swelling
behavior, with low swelling at acidic pH and high swelling at
alkaline pH, thereby mimicking the conditions of the gastro-
intestinal tract and enabling controlled drug release. In vitro
studies of 5-aminosalicylic acid from the developed tablets
demonstrated controlled release kinetics, indicating potential
for biodegradable and pH-responsive drug delivery systems
derived from modied natural polymers.98 This material's
tendency to swell makes it ideal as a drug delivery carrier.

There are some more applications of polymer graing are
given in Table 4.

5. Conclusion and future prospect

The activator-assisted polymer graing strategies have emerged as
a promising approach for developing innovative drug delivery
systems with enhanced biocompatibility, responsiveness, and
specicity. This review comprehensively describes and contrasts
a variety of graing strategies, including “graing-to,” “graing-
from,” and “graing-through,” as well as activator techniques,
© 2025 The Author(s). Published by the Royal Society of Chemistry
including physical (e.g., microwave), chemical, enzymatic, and
radiation-based systems. Graed nanocarriers, hydrogels, and
implant coatings improve drug solubility, increase circulation time,
and enable stimuli–responsive release for targeted therapy.
Researchers widely investigate these methods in therapeutic elds
such as cancer, diabetes, wound healing, and infection control. The
integration of bioactive molecules with smart polymers through
graing techniques presents novel opportunities for developing
advanced, targeted, patient-specic anticancer therapies.

These current technologies and advancements are effective and
promising; however, certain challenges remain, notably the stability
between the graed polymer and the biological environment, as
well as the inuence of other excipients on the drug release prole
and several additional complications. Additionally, the kinetics of
drug release necessitate enhanced real-time monitoring, especially
under in vivo conditions. Other challenges potential toxic effect
from the by-products or unreacted monomers. Future research
should focus on conducting more comprehensive studies to assess
the effectiveness, biocompatibility, and long-term in vivo behaviour
of various activation strategies, thereby enhancing the clinical
translation of these strategies. In addition to advancing these
technologies, it is necessary to strengthen polymer graing tech-
niques, including the application of machine learning and articial
intelligence to predict graing efficiency, rene activator selection,
andmodel polymer–drug interactions.Moreover, hybrid ormultiple
activation strategies improve reaction specicity while minimizing
processing time and energy requirements. Novel materials,
including metal–organic frameworks (MOFs), show promise when
integrated with polymer graing for self-adaptive, stimuli–respon-
sive therapeutic systems. Ultimately, addressing scalability through
continuous-ow reactors and green synthesis approaches is crucial
for translating laboratory advances into clinical applications.
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B. Ruelle, S. Clément, O. Coulembier, J. Cornil, P. Dubois
and R. Lazzaroni, Macromol. Rapid Commun., 2010, 31,
1427–1434.
© 2025 The Author(s). Published by the Royal Society of Chemistry
70 J. Warnan, Y. Pellegrin, E. Blart, F. Odobel, W. Zhang,
B. Liu, V. J. Babu and S. Ramakrishna, Macromol. Rapid
Commun., 2011, 32, 1190–1194.

71 R. H. Lohwasser, J. Bandara and M. Thelakkat, J. Mater.
Chem., 2009, 19, 4126.

72 B. D. Ratner, J. Biomed. Mater. Res., 1980, 14, 665–687.
73 L. Ding, P. Agrawal, S. K. Singh, Y. S. Chhonker, J. Sun and

D. J. Murry, Polymers, 2024, 16, 843.
74 J. Xin, X. Lu, J. Cao, W. Wu, Q. Liu, D. Wang, X. Zhou and

D. Ding, Adv. Mater., 2024, 36, 2404645.
75 S. Dutta, S. Parida, C. Maiti, R. Banerjee, M. Mandal and

D. Dhara, J. Colloid Interface Sci., 2016, 467, 70–80.
76 H.Wang, L. Xu, X.-Z. Chen and A. Ullah, Eur. Polym. J., 2024,

206, 112795.
77 C. Zhang, G. Ye, W. Wang, X. Ding, Y. Feng and R. Wang,

ACS Appl. Nano Mater., 2024, 7, 370–381.
78 H. Ershadi-Abbasabad, M. Golshan, S.-A. Safavi-

Mirmahalleh, H. Roghani-Mamaqani and M. Salami-
Kalajahi, Smart Mater. Methods, 2024, 1, 93–118.

79 Z. S. Hosseini Rezaei, S. S. Abolmaali, M. Salmanpour,
S. Mohammadi, S. Borandeh and A. M. Tamaddon, J.
Inorg. Organomet. Polym. Mater., 2024, 34, 1121–1135.

80 R. Kalinova, P. Videv, S. Petrova, J. Doumanov and
I. Dimitrov, Molecules, 2024, 29, 2540.

81 Q. T. Phan, M. P. Patil, T. T. K. Tu, C. M. Q. Le, G.-D. Kim
and K. T. Lim, Polymer, 2020, 193, 122340.

82 M. you, Y. Chang, J. Yang, Y. You, R. He, T. Chen and
C. Zhou, J. Mater. Chem. B, 2016, 4, 2253–2263.

83 V. Delorme, L. Lichon, H. Mahindad, S. Hunger, N. Laroui,
M. Daurat, A. Godefroy, J. Coudane, M. Gary-Bobo and
H. Van Den Berghe, Carbohydr. Polym., 2020, 232, 115764.

84 R. R. Bhosale, R. A. M. Osmani, A. S. Abu Lila, E.-S. Khafagy,
H. H. Arab, D. V. Gowda, M. Rahamathulla, U. Hani,
M. Adnan and H. V. Gangadharappa, RSC Adv., 2021, 11,
14871–14882.

85 R. R. Bhosale, H. V. Gangadharappa, R. A. M. Osmani and
D. V. Gowda, Drug Delivery Transl. Res., 2020, 10, 1002–
1018.

86 A. Gedawy, C. R. Dass and H. Al-Salami, Ther. Delivery, 2020,
11, 415–429.

87 H. Li, Y. Xue, B. Jia, Y. Bai, Y. Zuo, S. Wang, Y. Zhao,
W. Yang and H. Tang, Carbohydr. Polym., 2018, 188, 92–100.

88 J.-F. Jhong, A. Venault, C.-C. Hou, S.-H. Chen, T.-C. Wei,
J. Zheng, J. Huang and Y. Chang, ACS Appl. Mater.
Interfaces, 2013, 5, 6732–6742.

89 Y. Duan, K. Li, H. Wang, T. Wu, Y. Zhao, H. Li, H. Tang and
W. Yang, Carbohydr. Polym., 2020, 238, 116195.

90 M. E. Avval, P. N. Moghaddam and A. R. Fareghi, Starch
Staerke, 2013, 65, 572–583.
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