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A review on Ag nanoparticles fabricated in
microgels

Muhammad Arif, © *2 Abdul Rauf 2 and Toheed Akhter & *P

In recent years, there has been growing interest in the composites of multi-responsive microgels and silver
nanoparticles. This innovative hybrid system harnesses the responsive qualities of microgels while
capitalizing on the optical and electronic attributes of silver nanoparticles. This combined system
demonstrates a rapid response to minor changes in pH, temperature, ionic strength of the medium, and
the concentration of specific biological substances. This review article presents an overview of the
recent advancements in the synthesis, classification, characterization methods, and properties of
microgels loaded with silver nanoparticles. Furthermore, it explores the diverse applications of these
responsive microgels containing silver nanoparticles in catalysis, the biomedical field, nanotechnology,

rsc.li/rsc-advances

1. Introduction

Gels are polymer networks with crosslinks that can expand
when placed in a compatible solvent.”” Among polymer gels,
those that can swell in water are referred to as hydrogels.® The
crosslinked polymeric structure of gels can be categorized into
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and the mitigation of harmful environmental pollutants.

three classes: (i) macrogels which are characterized by
a substantial crosslinked structure with greater diameter from 1
pum,* (ii) microgels which consist of 3D-crosslinked network
colloidal particles dispersed within a solvent with diameter
range in 1 pm to 100 nm,* and (iii) nanogels are the third class
of gels with 3D-crosslinked structure in diameter ranges of 1 nm
to 100 nm.® Microgels and nanogels have more advantage over
macrogels due to their small size and more surface area.”® The
adsorption capacity of microgels is more important than
nanogels because a large mesh area is present in microgels as
compared to nanogels.®* Recently, there has been a significant
increase in the attention directed towards microgels, largely
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propelled by their impressive utility in various domains like
drug delivery,* chemical separation,*® enhanced oil recovery,**
nanotechnology,” sensing,'® and catalysis.””™® This heightened
attention can be attributed to their responsive behavior in
various solvents.”*** This responsiveness is characterized by
their capacity to undergo rapid and reversible volume changes
in response to minor shifts in environmental factors like
temperature,” pH,” and ionic strength.>* The utilization of
smart microgels in composite forms (metal nanoparticles-smart
microgel) is growing rapidly.>?” They offer a fascinating
combined properties derived from both organic and inorganic
materials within hybrid systems.”**° The hybrid microgels
derived from silver nanoparticles and smart microgels have
more importance than other metal nanoparticles containing
hybrid microgels due to more potential applications,** more
stability,** and low cast as compared to other noble metals.
Therefore, Ag-based hybrid microgels are the most interesting
hybrid systems among others.

Ag-based hybrid microgels are generated through the
combination of Ag nanoparticles with smart polymer microgels
through various procedures.®*** Typically, smart polymer
microgels serve as micro-reactors to synthesize Ag nanoparticles
within their structure through an in situ reduction of Ag" ions,
resulting in the formation of Ag-based hybrid microgels.*® The
size of these Ag nanoparticles can be fine-tuned by manipu-
lating key network parameters of the microgels. Notably, these
metal nanoparticles can be effectively stabilized within the
microgel network for extended periods.*® Ag-based hybrid
systems exhibit a distinctive combination of characteristics
derived from both the Ag nanoparticles and the smart micro-
gels. Furthermore, slight variations in temperature®” and pH*®
of the medium can modulate the optical properties of plas-
monic Ag nanoparticles. These factors affect the swelling and
shrinking of the microgels which influence the refractive index
of the medium. This intriguing combination of materials finds
applications in sensors,* catalysis,* and drug delivery.** Mus-
tafa and his coworkers*> synthesized poly(N-
isopropylacrylamide-2-hydroxyethylmethacrylate) P(NIA-HEM)
core-shell microgels in a single step through free radical
emulsion polymerization. They employed these microgels as
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microreactors to produce silver nanoparticles (Ag NPs) within
the shell region of microgels. Subsequently, these hybrid
systems were utilized as catalysts for the reduction of 4-nitro-
phenol (4NiP) to 4-aminophenol (4AmP) under various condi-
tions in an aqueous environment. The value of observed rate
constant (k) increased from 0.127 min ™" to 0.232 min~* with
increasing the temperature from 21 °C to 30 °C respectively. The
kobs value decreased after further increasing the temperature.
Initially, the kinetic energy (KE) of reactants increases with
increasing temperature. Therefore, the reactant molecules
rapidly reached the surface of Ag NPs. But after 30 °C, the
microgels start to deswelling. Therefore, the diffusion rate of
reactant molecules decreases and hence, the kg, value also
decreases. Gholamali et al.** have synthesized Ag nanoparticles
loaded carboxymethyl chitosan-poly(vinyl alcohol) CMCS-
P(VAl) microgels and applied for drug delivery. They loaded the
naproxen (anti-biotic) and studied their releasing effect under
various content of Ag nanoparticles and pH of medium. The
loading occurred at pH = 2.1 due to swelling state and released
at pH = 7.4 due to deswelling. The releasing effect of naproxen
decreased with increasing the content of Ag nanoparticles in
microgels due to hydrogen bonding between Ag nanoparticles
and naproxen.

Some of us have previously reported a review article on Ag-
based hybrid microgels up to the year 2015, focusing on
advancements in their synthesis, characterization, and appli-
cations.** Main challenges in this field have included regulating
the dimensions and shapes of both microgels and Ag nano-
particles, achieving control over the polydispersity of hybrid
microgels, managing potential aggregation of Ag nanoparticles
within microgels over time or during their application,
addressing the leakage of Ag NPs from the crosslinked poly-
meric network, and mitigating the loss of catalytic performance
upon their reuse. Over the past eight years, significant research
works have been reported to overcome these challenges and
obtaining Ag-based hybrid microgels characterized by excep-
tional stability, controlled shapes, and sizes, superior mono-
dispersity, and recoverability. To the best of our knowledge,
there is currently no comprehensive review summarizing the
advancements made in the field of Ag-based hybrid systems
over the last eight years.

According to scopus data, 86 articles are reported on Ag
nanoparticles decorated in microgels, but 66 articles have been
published after 2015. Therefore, a review article is required
containing the latest development on Ag-based hybrid micro-
gels. The objective of this article is to offer a critical overview of
the advancements made in the stabilization, fabrication, optical
properties, and applications of Ag nanoparticles encapsulated
crosslinked polymers over the past eight years. This review aims
to contribute to the ongoing progress in this field.

The review article covers various aspects of Ag nanoparticles
decorated in microgels. Sections 1 and 2 provide a brief intro-
duction and classifications of silver nanoparticles in smart
microgels, respectively. The synthetic approaches for Ag-based
hybrid microgels are discussed in Section 3 which have been
used for their synthesis. The information related to particles
size, structure, and morphology of Ag-based hybrid microgels is
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outlined in Section 4. The optical properties of Ag nanoparticles
and stimuli responsive behavior of hybrid microgels are high-
lighted in Section 5. The potential applications of hybrid
microgels are described in Section 6 along with enhancing
factors in catalysis. Lastly, Section 7 summarizes the conclu-
sions drawn from the discussed findings and suggests future
research directions.

2. Classifications of Ag NPs decorated
microgels

The morphology of hybrid microgels is very important with
respect to their applications. Therefore, Ag NPs encapsulated
microgels are categorized into various types depending on the
morphologies of hybrid microgels as shown in Fig. 1. These are
described below.

2.1. Homogeneous Ag NPs decorated in microgels

In these hybrid microgels, the cross-linking density and content
of Ag nanoparticles within the mesh area of the entire hybrid
polymeric network is uniform as shown in Fig. 1(a). Such types
of silver NPs encapsulated in crosslinked polymers are
commonly reported in literature.*** Such hybrid systems
exhibit swelling and deswelling behavior in response to
appropriate stimuli. These stimuli responsiveness of hybrid
microgels affect catalysis, drug delivery, and adsorption
capacity. The catalytic activity, adsorption capacity, and drug
delivery by such systems are very calm due to easy diffusion of
the reactant species. The stability of such systems is greater in
form due to surrounding the Ag nanoparticles by electron
donating groups. These hybrid systems are further classified
into two categories depending upon the one (monometallic) or
two (bimetallic) metal nanoparticles in microgels.

2.1.1. Monometallic NPs decorated in microgels. In such
classes, only silver nanoparticles are decorated in microgels

Morphologies
of Ag NPs in
microgels
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Fig. 1 Classifications of (a) homogeneous hybrid microgels, (b) Ag
nanoparticles in hollow tube, (c) microgel encapsulated with Ag
nanoparticles, (d) organic core encapsulated with Ag nanoparticles
decorated microgels, (e) silica—Ag nanoparticles encapsulated with
microgels, (f) bimetallic (Au@Ag) nanoparticles encapsulated with
microgels, (g) bimetallic (Au@Ag) nanoparticles encapsulated Ag
nanoparticles decorated microgels, (h) organic polymer encapsulated
with bimetallic nanoparticles decorated microgels.
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with uniform distribution and crosslinking density. Such
systems are also commonly described in literature.**>* Such
systems can easily be synthesized. These hybrid microgels have
excellent adsorption capacity, catalytic activity, and a greater
amount of drug loading and releasing. Such systems show
rapidly sensitivity under various conditions. One of use** have
synthesized such type of hybrid systems. They employed these
synthesized systems for catalytic reduction of congo red (CoR)
and methyl orange (MeO) dyes. Shu et al.>* have synthesized the
Ag NPs encapsulated poly(N-isopropylacrylamide-acrylic acid)
P(NIA-AcA) hybrid systems. They synthesized hybrid microgels
that showed excellent sensing property towards H,O,. Li et al.>*
have synthesized similar hybrid systems and employed for
reduction of 4NiP. They examined the catalytic efficiency of
these systems under different values of temperature. Initially,
the catalytic activity increased from 20 °C to 32 °C due to
increasing the KE of reactants which increases the diffusion of
reactants. After that the rate of reduction started to decrease
due to deswelling behavior till 39 °C and then start again due to
come out of silver nanoparticles on the surface of microgels.

Such systems require ultra-fast centrifugation for regaining
the hybrid microgels after catalysis. During this centrifugation
process, some content of Ag nanoparticles is leached from the
mesh area of crosslinked network of hybrid systems. Conse-
quently, the catalytic performance of these systems decreases
rapidly after recycling. Such hybrid systems are very rarely
employed for adsorption of pollutants and drug delivery. Such
systems can also be employed to reduce different types of
organic pollutants. Their adsorption capacity is also an empty
space for research.

2.1.2. Bimetallic NPs decorated in microgels. In these
hybrid microgels, one different metal along with silver NPs are
present uniformly in the crosslinked polymeric network. These
hybrid systems are applicable for catalytic reactions.*® The
catalytic performance of bimetallic NPs encapsulated microgels
is superior to monometallic NPs due to synergistic effect® Bhol
et al.®>® have synthesized Ag-, Ag/Au-, and Au-based hybrid
microgels and applied these synthesized systems for 4NiP
reduction. The catalytic reduction rate of Ag/Au-based hybrid
microgels was found to be greater than Ag-, and Au-based
hybrid microgels due to synergistic effect. This effect facili-
tates the transfer the electrons from reducing agent (NaBH,) to
oxidizing agent (4NiP). In one from my articles,* such bime-
tallic (Ag/Ni) nanoparticles encapsulated microgels has
synthesized and applied as catalyst for reduction of azo dyes.
The bimetallic hybrid systems were found to be stable under
several conditions of pH and temperature. These factors also
affect their catalytic performance.

Such systems have more catalytic effect than monometallic
but the justification of morphology of bimetallic systems is
difficult. For this justification, advanced techniques are used to
identify the morphology of bimetallic systems. They are re-
ported only for certain catalytic reactions while the adsorption,
drug delivery, and catalytic conversion of various other organic
compounds are available space for the new researchers.
Therefore, more research is required on such types of systems.

RSC Adv, 2024, 14, 19381-19399 | 19383
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2.2. Core-shell hybrid microgels

In such classes, the core region is made up of one type of
material and shell with other materials. The core-shell systems
have more importance due to their high density, dual behavior,
and beauty of designing.***” These hybrid systems are further
separated into various systems on the basis of constituting
materials of core-shell hybrid microgels.

2.2.1. Organic polymer core encapsulated with Ag NPs
decorated in organic shell. In these systems, the core particles
are initially generated using appropriate organic materials,
followed by the formation of a shell around the core to establish
a core-shell polymeric structure as shown in Fig. 1(d). Subse-
quently, silver (Ag) NPs are incorporated in shell region of core-
shell systems. In many instances, both the core regions and the
shell consist of crosslinked polymeric network or core consists
only organic polymer and shell contains crosslinked organic
polymeric network. These types of hybrid systems are further
separated into two categories based on mono- and bimetallic
NPs which are present into the shell of these core-shell systems.

2.2.1.1. Organic polymer core encapsulated with monometallic
NPs decorated in organic shell. In such systems, only silver NPs
are present in the shell of core-shell hybrid systems. Such types
of hybrid systems are applied for catalytic activity for reduction
of different pollutants. Their catalytic efficiency is similar to
monometallic homogeneous hybrid microgels, but their density
is greater than homogeneous hybrid microgels due to the
presence of solid organic core. Nseem et al.*® have synthesized
polystyrene@poly(N-isopropylmethacrylamide-acrylic acid)
P(StR)@P(NIA-AcA) core-shell microgels and then Ag nano-
particles were introduced into the shell region by in situ
reduction method. They applied these core-shell systems for
catalytic reduction/degradation of rhodamine-B (RAmB), bril-
liant blue (BrB), and methylene blue (MeB) dyes from aqueous
medium in separate and simultaneous conditions. The systems
showed excellent results for catalytic reduction. Such systems
are suitable for reduction of all types of organic pollutants from
aqueous medium. Hussain et al.>® have synthesized Ag NPs in
polystyrene@poly(N-isopropylmethacrylamide-methacrylic
acid) P(StR)@P(NIMA-MAcA) core-shell microgels and applied
the synthesized hybrid core-shell system for conversion of Cr®*
into Cr** ions. The temperature and pH of medium also affected
the catalytic performance of hybrid core-shell systems.

These systems are recycled easily by simple centrifugation
processes. Therefore, the leakage of Ag nanoparticles from shell
region of core-shell systems is less as compared to homoge-
neous systems. The Ag NPs are present only in shell of core-
shell systems. Therefore, small content of Ag nanoparticles is
used in these systems as compared to homogeneous hybrid
microgels. In homogeneous hybrid systems, the Ag NPs are
present in the center region of hybrid systems, but the reactant
molecules reduced by those Ag nanoparticles which are present
in outer region of homogeneous microgels. Therefore, inner Ag
nanoparticles are not used during catalysis. Such systems are
not used for sensing, adsorption, and drug delivery purposes.
Such systems have excellent potential for these purposes in the
near future.
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2.2.1.2. Organic polymer core encapsulated with bimetallic
NPs decorated another crosslinked organic polymer shell. In such
systems, the core region consists of organic material and shell
region also consists of organic polymer with crosslinked
network as shown in Fig. 1(h). Ag nanoparticles along with other
metal NPs exist in the shell of core-shell microgels. These
hybrid systems have more catalytic activity as compared to both
(monometallic and bimetallic) homogeneous hybrid microgels
and monometallic nanoparticles containing core-shell micro-
gels due to synergistic and easy approachable bimetallic nano-
particles. Such systems also have high density as compared to
homogeneous hybrid microgels. Such systems are further
classified in two types based on the morphologies of bimetallic
nanoparticles. One is bimetallic nanoparticles existing in the
shell of core-shell systems and other is core-shell bimetallic
NPs present in the shell of core-shell microgels. Both systems
have excellent catalytic activity due to synergistic effect. Zhang
et al.* have synthesized P(StR)@P(NIA) systems and then Ag/Pd
nanoparticles were loaded homogeneously in shell region of
synthesized systems. They applied these systems for 4NiP
reduction. The catalytic reduction by bimetallic nanoparticles
containing core-shell systems was very fast as compared to
monometallic. They also reported that the temperature effect on
the catalytic efficiency of hybrid systems. Tan et al®* have
synthesized bimetallic (Au@Ag) NPs loaded in poly(N-iso-
propylacrylamide)@ poly(ethyleneimine) P(NIA)@P(EtI) core-
shell hybrid systems and applied as catalyst for 4NiP reductions.

These systems are employed only for catalytic reduction of
4NiP. They can be used for other catalytic reduction reactions.
These systems are still not used for adsorption, drug delivery,
and sensing purposes. New researchers can work in these fields.
They are very important with respect to catalytic reduction
reactions due to fast catalytic performance and easy recycling
properties.

2.2.2. Inorganic core with Ag nanoparticles encapsulated
with organic polymers. In such systems, the core region consists
of inorganic materials (SiO,, Fe,O3, or Fe;O,) which is sur-
rounded by crosslinked organic polymer and Ag NPs are also
present in along with inorganic material in core region as
shown in Fig. 1(e). The catalytic efficiency of such hybrids is
lower than other systems of core-shell and homogeneous due to
the large distance between Ag nanoparticles and reactants. The
reactants slowly approach the surface of Ag NPs. Consequently,
the reduction rate is very slow. Mohan et al.®* have synthesized
such types of hybrid microgels and used for catalytic oxidation
reactions of alcohols. The oxidation of aromatic alcohols occurs
more rapidly than aliphatic alcohols due to easy electron
donating mesmeric effect of benzene ring. Similarly, the
oxidation of electron donating groups containing aromatic
alcohols happened faster than electron withdrawing containing
aromatic alcohols.

These hybrid systems can also be employed for adsorption as
well as drug delivery processes. The density of such systems is
very high and polar crosslinked network is present for adsorp-
tion. This shell region also shows the responsive behavior which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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is also an important factor for adsorption and drug delivery with
respect to loading and releasing effect.

2.2.3. Metal nanoparticles encapsulated crosslinked
organic polymers. In these systems, metal NPs lie in core
position which are surrounded with crosslinked polymers.
These systems are very important with respect to the stability of
metal NPs, but their catalytic efficiency is lower than other
systems because the reactants slowly reach to the surface of
metal NPs from the bulk region due to large distance. Such
hybrid systems are also separated into two types based on one
or two metal NPs as shown in Fig. 1(f). Alarcon-Fernandez
et al.*® have synthesized bimetallic (Au@Ag) NPs encapsulated
with crosslinked organic polymer microgels along with other
systems. They examined the swelling/deswelling behavior of
these systems. Tzounis et al.** have also synthesized bimetallic
(Au@Ag) NPs encapsulated with crosslinked organic polymer.
They examined that the catalytic efficiency of bimetallic hybrid
systems is superior to monometallic hybrid systems. Metal
nanoparticles can be synthesized into the shell region of these
core-shell systems as shown in Fig. 1(g). Such systems have
better catalytic results than formerly mentioned systems.

Metal NPs in such systems are highly stable but their cata-
lytic activity is very low due to more distance of Ag nanoparticles
for reactant molecules. These systems are very useful for drug
delivery and adsorption due to the presence of polar crosslinked
polymer network and the responsive behavior of this network
which helps the loading and releasing the substances. Such
systems also have low anti-bacterial activity due to not releasing
ability of Ag nanoparticles from hybrid systems.

2.2.4. Metal nanoparticles encapsulated silver NPs loaded
organic polymer. In these hybrid systems, the core region
consists of metal NPs which are encompassed with crosslinked
organic polymers. The shell region of these core-shells is
loaded with Ag nanoparticles. Such systems have more catalytic
performance than homogeneous hybrid systems and metal
nanoparticles encapsulated with organic polymers. Alarcon-
Fernandez et al.®® have synthesized such systems and examined
the Raman scattering effect of these hybrid systems. They did
not use these systems for other applications. Tzounis et al.**
also have synthesized such types of hybrid microgels. They
employed these synthesized systems as catalyst for 4NiP
reduction. The catalytic reduction of 4-nitropheon was occurred
as bimetallic nanoparticles encapsulated with Ag nanoparticles
loaded crosslinked organic polymer > bimetallic nanoparticles
encapsulated with crosslinked organic polymer > monometallic
nanoparticles encapsulated with crosslinked organic polymers.

Such systems have excellent catalytic efficiency along with
easy recyclable properties. Such systems are also very important
for anti-bacterial performance due to easy release of Ag nano-
particles. Such systems are less important for adsorption but
important for drug delivery.

2.3. Microgels encapsulated metal NPs

In these systems, microgel is present as core which is sur-
rounded with metal NPs as shown in Fig. 1(c). Such systems
have excellent catalytic performance due to the ease reactant

© 2024 The Author(s). Published by the Royal Society of Chemistry
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molecules approach on the surface of metal NPs. Porosity is
generated on the surface of microgels after the introduction of
Ag nanoparticles. Therefore, such systems can be used for
adsorption processes. Curtis et al.®* have synthesized the
crosslinked polymer microgels which is encapsulated with Ag
nanoparticles containing borate. The synthesized hybrid system
showed pH sensitivity due to the existence of basic groups
(amino groups) in their structures.

In this duration, a few articles are reported on such hybrid
microgels. These systems are not more appropriate for drug
delivery because of the less drug loading. The adsorption
capacity of such hybrid systems is low due to occupying the
polar surface with Ag nanoparticles. Such systems are more
effective for catalytic reactions. They should be applied to
reduce other organic pollutants.

2.4. Ag nanoparticles encapsulated with hollow-tube of
crosslinked network of organic polymer

In such systems, the silver nanoparticles are present in the mid
position which is surrounded by a hallow-tube like crosslinked
organic polymer as shown in Fig. 1(b). Such systems are unique
with respect to morphologies. Hong et al.®® have synthesized of
such type of hybrid systems. They employed these hybrid
microgel systems for degradation of toxic CO gas molecules.
The hybrid systems showed excellent results for reduction/
degradation of CO. These systems are very useful for reducing
smoke and flammability toxicity from the environment. These
hybrid microgels convert the CO (flammable) to CO,
(nonflammable) species. In this way, such systems are very
important in those places where the chance of flame is
maximum because these hybrid microgels reduce this affinity of
flame.

More work should be needed in this morphology. These
systems can be applied for adsorption, sensing, drug delivery,
and catalytic reduction reaction of toxic pollutants from water.
This morphology is very important and interesting for new
researchers.

3. Synthesis

Several methods have been reported in the literature for the
synthesis of hybrid microgels. The method chosen for synthesis
is contingent upon the architecture, design, and morphology of
the intended hybrid system. Diverse methods employed for the
synthesis of hybrid systems as given below.

3.1. Ag nanoparticles synthesis in the dispersion of
microgels

Ag nanoparticles can be generated within a dispersion of poly-
mer systems to produce Ag based hybrid systems. This
approach is commonly employed to synthesize hybrid systems
with a consistent distribution of Ag nanoparticles within the
polymer matrix. Initially, microgels are synthesized using a free
radical precipitation polymerization method (FRPPM) and then
Ag nanoparticles are incorporated either within or onto the
microgels through the reduction of salts of metals using an

RSC Adv, 2024, 14, 19381-19399 | 19385
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appropriate reducing agent like NaBH,. Microgel particles serve
as microreactors to produce NPs. By manipulating the dis-
persity and diameter of the pores of polymeric system which
control the size and size distribution of Ag nanoparticles.
Additionally, the metal content in crosslinked network can be
adjusted by varying the composition of the microgel feed.
Begum et al.** have synthesized Ag NPs decorated in poly(N-
isopropylacrylamide-co-acrylamide) P(NIA-AcAm) in two steps
as shown in Fig. 2. In the first step, microgel is synthesized by
FRPPM and then Ag nanoparticles incorporated by in situ-
reduction method. The N-isopropylacrylamide (NIA) (monomer),
acrylamide (AcAm) (comonomer), sodium-dodecyl-sulfate
(SoDS) (stabilizer), and N,N-methylenebisacrylamide (MeBA)
(crosslinker) were added along with deionized water. Then
a small amount of ammonium-per-sulfate (AmPS) (free radical
initiator) were added to start polymerization. The reaction
continued for 4 h under similar conditions. The appearance of
milky color indicates the formation of microgels. The product
was then dialyzed for purification. In the next steps, a specific
amount of Ag salt was added into the dispersion of synthesized
microgels under N, at room temperature (28 °C). The mixture
stirred for one hour and then freshly prepared NaBH, solution
was added to reduce the Ag' ions to form Ag nanoparticles.
Similar method was reported for synthesis of hybrid microgels
by Arif et al.*>* and Shahid et al.**

This method is very simple and easy. The size of Ag nano-
particles is also easily controlled by this method. Therefore, this
method is mostly reported in literature. But the drawback of
this method is that only homogeneous hybrid microgels can be
synthesized.

3.2. Synthesis of hybrid microgels by mixing of Ag NPs and
microgel

In such methods, both microgels and Ag NPs are prepared
separately, which are subsequently combined to generate Ag
nanoparticles-based hybrid microgels. Electrostatic interac-
tions and magnetic stirring play a vital role in the synthesis of
these hybrid microgels. The hydrophilic components of the
microgel interact with the Ag nanoparticles, allowing the
incorporation of Ag nanoparticles into the sieves of microgels
through electrostatic attraction. George et al.®” have synthesized

H CH,(CH,),,0SO;Na
NIA SoDS
+ O
HaN N
AcAm (NH,),S,04
ﬂ s ﬂ AmPS
A{ L \H/\
o] o]
MeBA
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hybrid microgels with this method as shown in Fig. 3. They
synthesized chitosan—poly(acrylic acid) CS-P(AcA) microgels by
using FRPPM. They added chitosan (CS) (monomer), acrylic
acid (AcA) (comonomer), N,N'-methylenebisacrylamide (MeBA)
(crosslinker) and deionized water. A small amount of
ammonium-per-sulfate (AmPS) (free radical initiator) was then
added. The reaction continued for 4 h to complete polymeri-
zation. The Ag nanoparticles were synthesized by reduction of
Ag salt in the presence of the extract of Euphorbia Maculate.
The extract of Euphorbia Maculate reduced the Ag" ions into Ag
nanoparticles. They can synthesize the Ag nanoparticles-based
hybrid microgels by using these Ag nanoparticles and CS-
P(AcA) microgels simply by mixing and stirring of both.

In this method, mostly the morphology of hybrid microgels
in which microgel encapsulated with Ag nanoparticles are
synthesized. The homogeneous hybrid microgels can also be
synthesized in microgels when the state of microgels is
swelling. In swelling state, the Ag nanoparticles come into the
mesh area of microgels. The morphology, in which Ag nano-
particles are present in core and microgels in shell region,
cannot be synthesized.

3.3. Microgel synthesized in the solution of Ag NPs

Hybrid microgels with a core-shell morphology in which
a metallic core encapsulated with a crosslinked polymeric shell
are normally designed by employing pre-existing metal nano-
particles as seed. This type of synthesis is also completed in two
steps. In the first step, Ag nanoparticles are synthesized. The
polymerization process is conducted within the dispersion of Ag
NPs, employing appropriate monomers, crosslinkers, co-
monomers, initiators, and surfactants at a specific temperature
in the second step. Alarcon-Fernandez et al.*® have synthesized
bimetallic (Au@Ag)@poly(N-isopropymacrylamide) (Au@Ag)-
P(NIA) hybrid microgels as shown in Fig. 4. They synthesized Au
nanoparticles first by using 3-butanoic acid (reducing agent),
benzyldimethylhexadecyl-ammonium-chloride (stabilizer), and
Au salts. Ag nanoparticles were synthesized by using Ag salt and
ascorbic acid (stabilizer and reducing agent). Then poly(N-iso-
propylacrylamide) microgels were synthesized by using N-iso-

propymacrylamide (NIA) (monomer), allylamine (AlAm)
(comonomer), N,N'-methylenebisacrylamide (MeBA)
~‘\gN()x N'JBH_‘

Ag-P(NIA-AcAm) hybrid
microgels

Fig. 2 Pictorial diagram for synthesis of Ag NPs in the presence of poly(N-isopropylacrylamide-acrylamide) microgels dispersion.3?
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Fig. 3 Synthetic pictorial diagram of Ag NPs decorated chitosan—poly(acrylic acid) hybrid microgels by mixing of Ag NPs and chitosan—pol-
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Fig. 4 Synthetic pictorial diagram of poly(N-isopropylacrylamide-allylic acid) microgels in the presence of bimetallic (Au@Ag) nanoparticles.®*

(crosslinker), and 2,2'-azobis(2-methylpropionamidine)
dihydrochloride (free radical initiator). Tzounis et al® have
synthesized bimetallic (Au/Ag) NPs encapsulated Au/Ag-P(NIA)
hybrid systems with similar method.

In this method, the core-shell hybrid microgels are synthe-
sized in which Ag nanoparticles are present in the core region.
The required size of Ag nanoparticles is difficult to control in

this method.

4. Characterizations

The investigation of the size, morphology, structure, and
composition of metal NPs decorated in microgels is conducted
using various techniques, as summarized in Table 1. These are
utilized to differentiate the characteristics of Ag NPs within
polymers from those of polymers alone. The analytical tech-
niques encompass Raman spectroscopy (RS),*® UV-Visible (UV-
Vis) spectrometry, "H Nuclear magnetic resonance spectros-
copy (H-NMR), Energy-dispersive X-ray spectroscopy (EDX),
Transmission electron microscopy (TEM), X-ray photoelectron

© 2024 The Author(s). Published by the Royal Society of Chemistry

spectroscopy (XPS),* Field emission transmission electron
microscopy (FE-TEM), Fourier transform infrared spectroscopy
(FTIR), High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), Differential scanning
calorimetry (DSC), Dynamic light scattering (DLS),*” Scanning
electron microscopy (SEM), Differential mechanical analysis
(DMA), and Atomic force microscopy (AFM).?* These techniques
are employed for the analysis of both the microgels and hybrid
microgels. Each characterization technique provides unique
insights into the distinct properties of Ag nanoparticles
encapsulated crosslinked polymers as compared to crosslinked
polymers without Ag nanoparticles. Microscopic technologies,
like SEM, HAADF-STEM, TEM, FE-TEM,* and AFM, are
employed to identify the physical characteristics of both
microgels and hybrid systems. SEM technique is utilized to
assess the morphology of surface area of both crosslinked
polymers and Ag NPs loaded polymers. The size distribution,
size, and morphology of microgels and Ag-based hybrid systems
are examined using HAADF-STEM, TEM, and FE-TEM tech-
niques. George et al.*” synthesized Ag-based hybrid microgels.

RSC Adv, 2024, 14,19381-19399 | 19387
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Table1l Ag NPs decorated smart crosslinked polymers with monomers, metal nanoparticles, morphology and used characterization techniques

Metal nano-
System particles Morphology Characterization techniques References
Ag-P(NIA-AcA) Ag Ag NPs in core region of core-shell microgels AFM, TEM, UV-Vis, PCS 29
@NNPA
(Au@Ag)@Ag-P(NIA) Ag, Au Bimetallic (Au@Ag) encapsulated with Ag TEM, TGA, UV-Vis-NIR, DLS 70
decorated P(NIA)
P(StR)@Ag/TiO,- Ag, TiO, P(StR) encapsulated with bimetallic (Ag/TiO,) EDS, TEM, TGA, XRD, FTIR, 69
P(NIA-MAcA) NPs decorated P(NIA-MAcA) UV-Vis, XPS
Ag-CS-P(AcA) Ag Homogeneous hybrid microgels FTIR, UV-Vis, DLS, XRD, TEM, 67
zeta potential
(Au@Ag)@P(HLNA)  Ag, Au Bimetallic (Au@Ag) encapsulated P(HLNA) RS, UV-Vis, TEM, WAXD 68
Ag-P(NIA-HEA) Ag Homogeneous hybrid microgels UV-Vis, FE-SEM, SEM, TEM 41
P(StR)@Ag/Pd-P(NIA) Ag, Pd P(StR) core encapsulated with bimetallic (Ag/Pd) DLS, ICP-AES, UV-Vis, SAXP 60
nanoparticles decorated P(NIA)
P(Et)@(Au@Ag)- Au, Ag P(EtI) encapsulated with bimetallic (Au@Ag) decorated AFM, TEM, XPS, zeta-potential, 61
P(NIA) P(NIA) UV-Vis, EDS
Ag-GL Ag Homogeneous hybrid microgels FE-SEM, XRD, EDX, TGA 71
Ag-P(NIA-MACA) Ag Homogeneous hybrid microgels UV-Vis, TEM, DLS, FTIR 72

The size of Ag nanoparticles was obtained at 9 nm with TEM,
and they are present in the structure of microgels. The stability
of these particles checked with UV-Vis spectrophotometer. They
found themselves to be stable after three months. Yan et al.*
also synthesized hybrid microgels with varying the content if
Ag' salt. The size of Ag nanoparticles increased from 5.8 to
10.8 nm with increasing the content of silver salts which are
characterized with TEM. Khan et al.** synthesized 10 nm sized
Ag nanoparticles in with d-spacing of 0.230 nm and in spherical
shape. The stability of Ag nanoparticles remained constant
during variation in temperature. The size of microgel and
hybrid microgels were found 300 nm and 320 nm respectively in
swelling state and these values reduced to 180 nm and 220 nm
in deswelling state respectively. Functional groups present in
both hybrid microgels and microgels are detected through
NMR, FTIR, and RS techniques. Furthermore, the EDX tech-
nique is used to find the elemental compositions. XRD is
utilized for finding the degree of crystallinity of both microgels
and hybrid systems. The influence of external stimuli on the de-
swelling/swelling behavior of polymers and hybrid polymers is
examined using DLS and UV-Vis techniques. The formation,
shape (whether spherical or rod-shaped) and stability of Ag NPs
in polymeric network are identified through UV-Vis analysis, in
conjunction with VFTT. The decomposition, thermal stability,
and the percentage of Ag NPs in polymers as compared to
crosslinked polymers are identified by DSC and TGA. Addi-
tionally, the elemental compositions are ascertained using
AFM. The characterization techniques employed to investigate
Ag NPs loaded into crosslinked polymers are summarized in
Table 1, along with details about the monomers and metal NPs
present in the hybrid microgels.

5. Properties of Ag-based hybrid
microgels

Hybrid microgels maintain the distinctive characteristics of
their constituent elements. As a result, the properties of

19388 | RSC Adv, 2024, 14, 19381-19399

crosslinked polymers containing Ag nanoparticles can be
categorized into two sets: properties stemming from the exis-
tence of Ag NPs and properties resulting from the microgel
network itself.

5.1. Properties of crosslinked polymeric network

The presence of various functional groups of monomers and co-
monomers within the structure of microgel imparts specific
characteristics to hybrid microgels. The properties of hybrid
microgels due to smart microgels is highlighted below.

5.1.1. Temperature sensitivity. The structure of microgels
is like a sponge and the interstitial spaces of these microgels
can be filled with water molecules. These hybrid microgels
display temperature sensitivity as elucidated in the investiga-
tions conducted by Arif****** and others.””*

The temperature sensitivity of hybrid microgels results due
to hydrophilic and hydrophobic interactions within the network
of hybrid microgel and with the surrounding water molecules.
Typically, hydrophilic interactions predominate over hydro-
phobic ones at lower temperatures while the reverse occurs with
hydrophobic interactions taking priority at higher tempera-
tures. The temperature at which a rapid change occurs in the
hydrodynamic diameter (HDD) of microgels is referred to as the
volume phase transition temperature (VPTT). A particular type
of microgels, which is composed from a single monomer, has
a fixed value of VPTT in pure form. For instance, N-iso-
propylacrylamide (NIA)-based systems have a VPTT value of 32 °©
C. However, this value can be increased by incorporating the
hydrophilic groups containing comonomers during the micro-
gel synthesis of microgels. By increasing the content of such
hydrophilic comonomers in microgels structure, the interac-
tions between the microgels and water molecules also increase,
leading to an elevated VPTT. For example, Yang et al.”® have
synthesized NIA-based microgels and determined a VPTT of 32 °©
C. Nigro et al.”® have investigated by adding the acrylic acid as
comonomer in the microgels during synthesis. The value of
VPTT raises after the introduction of acrylic acid (AcA). This

© 2024 The Author(s). Published by the Royal Society of Chemistry
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addition shifted the VPTT of the microgels from 32 °C to 37 °C,
which is approximately equal to human body temperature. This
second microgel system is well-suited for drug delivery within
the human body due to its VPTT of 37.5 °C. The impact of
temperature on the swelling and deswelling behavior of cross-
linked polymers is categorized into two distinct types, as
described below.

5.1.1.1. Negative temperature effect. In this temperature-
related phenomenon, there is an inverse relationship between
the value of HDD of microgels and temperature. As the
temperature increases, the hydrodynamic diameter of micro-
gels decreases, while it increases as the temperature decreases.
This specific temperature effect on the HDD of microgels is
referred to as a negative temperature effect. At lower tempera-
tures, strong interactions exist between the polar parts of
microgels and water molecules. These interactions start to
decrease as the temperature of the medium rises while the
hydrophobic interactions gradually become more prominent
with increasing temperature. Consequently, water molecules
come out from the structure of microgel resulting the decreases
in hydrodynamic diameter of microgels. For instance, Li et al.*
Ag nanoparticles loaded poly(N-isopropylacrylamide-acrylic
acid) Ag-P(NIA-AcA) hybrid systems. They observed the effect
of temperature on both microgels and hybrid microgels. The
value of HDD decreases as the temperature increases from 20 °C
to 50 °C. The value of hydrodynamic diameter is 980 nm at 20 °C
and 502 nm at 50 °C. The temperature effect on hybrid micro-
gels is monitored by UV-Vis spectrophotometer. The value of
Aspr shifts to longer wavelength as the temperature increases
from 20 °C to 50 °C due to swelling behavior. Similar trends in
hybrid microgels are reported by Haleem et al.”” and Tzounis
et al.**

5.1.1.2. Positive temperature effect. In this particular
phenomenon, the HDD of hybrid microgels increases as the
temperature rises. This occurs because hydrophobic interac-
tions become more pronounced with increasing temperature.
Consequently, the microgel particles begin to aggregate, form-
ing larger-sized microgels. Now, an increasing trend is observed
in the HDD value of both microgels and hybrid microgels. This
behavior of microgels (HDD increases with rising temperature)
is referred to as a positive temperature effect. Initially, the
hydrodynamic diameter of microgels decreases as the temper-
ature increases due to decreased hydrophilic interaction and
enhanced hydrophilic interactions. However, in certain micro-
gels, the HDD of both microgels and hybrid systems starts to
increase once again due to coagulation of microgel particles
through intermolecular hydrogen bonding. The temperature at
which microgel particles begin to coagulate is known as the
upper critical solution temperature (UCST). Shah et al.”® also
reported similar trend in Ag nanoparticles-based hybrid
microgels with increasing the temperature.

5.1.2. Effect of pH. The variations in the swelling and
deswelling behavior of microgels under various value of pH in
aqueous medium are collectively referred to as the “pH effect”.
Microgels can be categorized into following types of hybrid
microgels due to their acidic or basic nature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5.1.2.1. Acidic microgels. Such types of microgels possess the
ability to release protons from their structure in a basic
medium. They are considered acidic in nature because they
contain ~-COOH or -SO;H groups in their structure. These acidic
groups of hybrid microgels release their protons when the pH of
the medium is equal to or greater than the pK, value of the
acidic moiety. After releasing the protons from the structure of
acidic hybrid microgels, these groups of hybrid microgels
convert into their anion forms. HDD of increases owing to
electrostatic repulsion between like-charged components
within the microgel structure. For example, Ashraf et al.” have
synthesized ~Ag  nanoparticles encapsulated  poly(N-
isopropylmethacrylamide-methacrylic acid) Ag-P(NIMA-MAcA)
hybrid microgels. They studied the pH effects on both micro-
gels and hybrid microgels by varying the pH from 2 to 12.
Initially the HDD of both systems (microgels and hybrid
microgels) did not increase from 2 to 4 but after this pH value,
the HDD of hybrid microgels starts to increase rapidly. The pK,
value of methacrylic acid is 4.7. After increasing the pH of
medium from 4.7, the carboxylic groups start to convert into
carboxylate ions. Due to this conversion, electrostatic repulsion
takes place, and the HDD increases. At pH 8, all the carboxylic
groups are converted into carboxylate ions and hence maximum
repulsion takes place. Therefore, maximum hydrodynamic
diameter was obtained at this value. Haleem et al.”” have
synthesized Ag NPs decorated in poly(N-isopropylacrylamide-2-
acrylamido-2-methylpropane-sulfonic  acid)  P(NIA-AMSA)
microgels. They also reported similar effect of pH on the value
of hydrodynamic diameter of hybrid microgels due to presence
of -SO;H groups in hybrid microgels.

Hybrid microgels of this kind are highly effective for adsor-
bents and catalytic reduction of cationic pollutants. In alkaline
conditions, these hybrid microgels transform their structure
into anionic forms, and in this state, they exhibit the highest
attraction to cationic species. As a result, the maximum quantity
of cationic pollutants can be reached on the surface of micro-
gels and Ag NPs. However, these systems are less effective for
anionic pollutants in such conditions due to electrostatic
repulsion.

5.1.2.2. Basic microgels. Such types of hybrid microgels have
amino (-NH,) groups in their structures. These amino groups
can accept protons from the surrounding medium, trans-
forming their structures into cationic forms. Such hybrid
microgels can accept protons are referred to as “basic hybrid
microgels”. This conversion leads to strong electrostatic repul-
sion among the structure of hybrid microgels. Therefore, hybrid
microgels convert themself into a swelling state. In simple
words, these hybrid microgels are in swelling state in acidic
conditions and undergo deswelling in basic conditions. Reddy
et al.®*® have synthesized Ag nanoparticles loaded chitosan/
poly(dimethylaminoethylmethacrylate-hydroxyethylacrylate)
Ag-CS-P(DMAEMA-HEA) hybrid microgels. They examined the
loading and releasing effect on drug at pH 1.2 and 7.4.
Maximum drug released pH 7.4 and minimum at 1.2. At pH 1.2,
the amino (-NH,) groups of hybrid microgels are converted into
cationic forms. Therefore, electrostatic repulsion occurs,
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resulting in an increase in hydrodynamic diameter. Therefore,
maximum loading and minimum releasing effect was observed
at this pH value. But at high pH (pH = 7.4), the amino (-NH,)
groups are present in neutral form. Therefore, the value of
hydrodynamic diameter decreases in basic medium. Therefore,
maximum releasing and minimum loading of drug was
observed.

Such hybrid microgels carry positive charges in an acidic
environment, making them highly effective adsorbents and
catalysts for anionic pollutants under such conditions. This
efficiency of hybrid microgels is due to electrostatic interaction
between oppositely charged species. Additionally, these micro-
gels are in a swollen state in acidic conditions, which further
enhances their suitability as catalyst and adsorbents. However,
in these conditions, they exhibit limited adsorption and cata-
lytic capabilities for cationic pollutants due to electrostatic
repulsion.

5.1.2.3. Both acidic and basic groups containing hybrid
microgels. In such hybrid systems have both acidic (-COOH or -
SO;H) and basic (NH,) groups in their structure. Such type of
hybrid microgels are present in cationic form at low pH and
anionic form in high pH value. At low pH value, the amino
groups are present in protonated form due to basic nature and
therefore, electrostatic repulsion takes place. On the other
hand, the both acidic -COOH groups and ammonium ions
donate their protons. The ammonium ions transfer from posi-
tive charged to neutral and -COOH groups from neutral to
anionic forms. Due to this conversion, electrostatic repulsion
occurs due to the presence of anionic moieties in the structure
of hybrid microgels. In these both conditions, the swelling
behavior is not prominent due to decreasing the effect of one
species in both acidic (-COOH) and basic (NH,) conditions. Cao
et al.** have synthesized the Ag nanoparticles decorated micro-
gels and these hybrid systems have both -NH, and -COOH
groups in their structure. They studied their different physical
parameters such as hardness, elasticity, and deformation. They
did not study their optical property.

In the literature, very rarely data are reported on such
systems due to their less feasibility towards different reaction
such as catalysis and adsorption. This is due to the presence of
both acidic and basic groups which oppose the effect of each
other. More study is required in these systems for clear identi-

fication about their catalytic, adsorption, and optical
applications.
5.1.3. Ionic strength. The concentration of ions also has

a notable impact on the swelling and deswelling behavior of
hybrid microgels. Within the structure of hybrid microgels,
there are polar components that generate partial charges or
complete positive and negative charges after accepting or
donating the protons respectively. These polar and ionic
components exhibit affinities for both cations and anions
according to their structures. As a result, these regions can be
drawn closer to each other through electrostatic attraction when
they carry opposite charges, or they can move away from each
other due to electrostatic repulsion when they have the same
charge within the structure of hybrid microgels. Consequently,
the hydrodynamic diameter of the microgels can be influenced
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by the presence of ionic species. Additionally, charged micro-
gels are strongly affected by the introduction of salts, owing to
ion-ion interactions. Oppositely charged ions are attracted to
each other due to these ion-ion interactions, while ions with the
same charge strongly repel each other. Consequently, the
addition of ions of salts in the hybrid microgel dispersion
significantly changes the hydrodynamic diameter of the hybrid
microgels. The interactions between ionic species are more
powerful than those involving partial charges. Therefore, the
structure of charged hybrid microgels is profoundly impacted
by the addition of salts. Ashraf et al.”® have synthesized Ag NPs
loaded poly(N-isopropylmethacrylamide-co-methacrylic acid)
Ag-P(NIMA-MAcA) hybrid microgels. They examined the effect
of Na' ions by varying the concentration of NaOH. The hydro-
dynamic diameter of hybrid microgels starts to decrease after
pH 8 to 12. In this addition, the content of Na* ions increase
which strongly interact with the carboxylate ions. Due to this
ion-ion interaction, the carboxylation components come close
to each other. Therefore, HDD of hybrid systems starts to
decrease.

The existence of ionic salts decreases both the mobility and
the HDD of microgels. Consequently, the presence of ionic salts
leads to a reduction in the adsorption and catalytic efficiency of
hybrid microgels. Additionally, it also decreases the thermos-
responsive behavior of hybrid microgels, primarily because of
strong interactions with metal cations.

5.2. Optical properties of Ag-based hybrid hybrids

The identification of microgel formation is not confirmed by UV-
Visible spectrophotometer while the formation of Ag nano-
particles can easily be due to optically active metal nanoparticles
such as Ag nanoparticles. Ag nanoparticles in microgels exhibit
plasmonic properties. Ag nanoparticles show distinctive bands in
the UV-Vis/near-infrared spectrum, depending on the shape and
size of Ag NPs. The wavelength (at which the absorbance peak is
obtained) is called surface-plasmon-resonance (Aspg). The UV-
Visible spectra obtained by the dispersion of Ag nanoparticles
incapsulated microgel can provide valuable awareness about the
characterization of Ag nanoparticles.*®

The optical property of Ag nanoparticles helps to monitor the
presence of Ag nanoparticles in microgels by UV/Vis spectros-
copy. The loading of salt of silver ions into the microgels
initially shows no noticeable peaks, suggesting the absence of
Ag nanoparticles. But the UV-Visible spectra display peaks in
the visible to infrared range upon the introduction of a reducing
agent such as NaBH,, indicating the formation of Ag nano-
particles in microgels.>®

The increasing intensity of the Aspr peak over time signifies
a rising concentration of Ag nanoparticles as the reaction
progresses. The observed red shift in Aspr value during the
reduction process indicates the growth of Ag nanoparticles.
Precisely tuning the value of Aspr of Ag nanoparticles present in
the microgels is importance for the applications of hybrid
systems in diverse fields, specifically in photo-responsive drug
delivery. The key factors influencing the adjustment of Aspg are
discussed in the following sections.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The mole ratio of crosslinker to monomers in the feed
content of the microgel plays a critical role in controlling the
size of pores in the structure of microgels. A higher crosslinker-
to-monomer ratio leads to a denser polymeric network of
microgels with more crosslinks. A large quantity of small sized
Ag nanoparticles can be obtained, when the synthesis of Ag
nanoparticles is done within a highly crosslinked microgel
system. On the other hand, fewer large-sized Ag nanoparticles
are produced in a microgel system with lower crosslinking
density with larger pore sizes. Since the Aspr band depends on
the size of the Ag nanoparticles incorporated into the microgel.
Therefore, precise control of the crosslinking density allows for
achieving the desired position of the Aspg band of Ag
nanoparticles.

The value of Aspr band for Ag NPs incorporated in thermo-
responsive systems is notably influenced by variations in
temperature values. In the case of negative-temperature-
responsive hybrid microgels, the polymeric network of hybrid
microgels contracts at increasing the temperatures after VPTT.
In this way, a reduction occurs in the inter-nanoparticle
distance which results in an increase in the refractive index
around Ag nanoparticles. Consequently, the Aspr band value
increases. Khan et al** conducted a study on the impact of
temperature on the Aspr band value of Ag NPs within microgels.
They observed that as the temperature increased from 22 °C to
50 °C, the Agpr band shifted from 429 to 416 nm. This behavior
is attributed to the removal of water from the microgel network,
which raised the refractive index. Li et al.*® also examined the
effect of temperature by varying from 20 °C to 50 °C on hybrid
microgels. They observed a red shift in the Aspg band value.

Solvents are also affected on the Apsg value of Ag nano-
particles which exist in polymeric systems. The value of refrac-
tive index of each solvent is different. The value of Apgg band of
Ag NPs in microgels is obtained at longer wavelengths if the
refractive index of solvent is higher than others. On the other
hand, the value of Apsg band is achieved at shorter wavelengths
if the refractive index value of solvent is lower than others. Li
et al.®* have synthesized Ag based and Ag/Au-based hybrid
systems. They investigated the effect of solvents on Apsg band
value. They used acetone, water, tetrahydrofuran, and carbon
disulfide medium. Carbon disulfide has the highest refractive
index among all. Therefore, the value of Apsg band is obtained at
467 nm and 600 nm for Ag based and Ag/Au-based hybrid
systems respectively. On the other hand, water has the lowest
refractive index value. In this solvent, the value Apgg band is
achieved at 446 nm and 578 nm for Ag based and Ag/Au based
hybrid microgels respectively.

The content of other metal nanoparticles also effects on the
Apsg band value of Ag nanoparticles. The value of Apgg band
shows blue shift if non surface plasmon resonance active metal
nanoparticles are introduced along with the Ag nanoparticles in
microgels. And a red shift is achieved of surface plasmon
resonance active metal nanoparticles like Au NPs are added
along with Ag nanoparticles in microgels. The shifting band
peak can show two peaks or single broad peaks of bimetallic
nanoparticles. Melinte et al.®® have synthesized Ag based, Au
based, and Ag/Au based hybrid microgels. They observed that
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the Aspr band value of Ag nanoparticles shifted to the longer
wavelength. The value of Agpr band was found at 419 nm for
bare Ag nanoparticles-based hybrid microgels and this value
shifted from 419 nm to 437 nm in bimetallic (Ag/Au)
nanoparticles-based hybrid microgels. Similar trends were re-
ported through Li et al® by increasing the content of Au
nanoparticles along with Ag nanoparticles in microgels.

The swelling and deswelling behavior of hybrid systems can
be controlled with the help pf pH of the medium. This swelling
and deswelling behavior change the environment of Ag nano-
particles which affects the kspr band value of Ag nanoparticles.
Hussain et al.*® have studied the pH effect on kspr band value.
They increased the pH value of medium from 3.1 to 8.4. In this
condition, the -COOH groups are converted into carboxylate
ions. Due to this conversion, the Ag nanoparticles diffuse to
other sieves and then coagulation occurs. Therefore, the kspr
band value increased with increasing the pH of the medium.
Similar trends were reported in Ag based acid hybrid microgel
by Zahid et al.*® Siddiq et al.*” have synthesized Ag based acidic
hybrid microgels. The value of kspr band shifted from 394 nm to
403 nm when the pH of medium changed from 2 to 10.

Ag nanoparticles are typically synthesized within microgels
through the in situ precursor salt reduction approach. The size
of the resulting nanoparticles depends on the concentration of
the precursor and crosslinking density. Consequently, the
position of Aspr can be controlled by adjusting the feed
concentration of Ag nanoparticles in microgels. As the
concentration of Ag salt increases or decreases the crosslinking
density, larger Ag nanoparticles are generated which results to
a broader and longer-wavelength shift in the Aspr band. More-
over, the intensity of the Agpr band increases with the increased
content of Ag nanoparticles. Li et al> have synthesized Ag
nanoparticles encapsulated microgel systems with various
content of Ag salt during synthesis. As the content of Ag salt
increases the size of Ag nanoparticles increased. Therefore, the
Aspr band value shifts to longer wavelengths as the content of Ag
salt increases during synthesis.

6. Applications of Ag-based hybrid
microgels

Ag nanoparticles decorated microgels have different applica-
tions in various fields as shown in Fig. 5, which will be elabo-
rated on individually in the following sections.

6.1. Adsorption of pollutants

Hybrid microgels can also be used as adsorbent for adsorption
of various pollutants from water. The structure of hybrid
microgels have some polar functional groups such as -COOH, -
SO;H, -CONH-, and -NH,. These groups can make dipole-
dipole interaction or ion-dipole interaction or hydrogen
bonding with different dyes, metal cation, and other pollutants.
Therefore, the pollutants can easily be attached on the surface
of hybrid microgels due to these interactions. Pandey et al.®
have synthesized Ag nanoparticles decorated in microgels. They
used these hybrid microgels for adsorption of crystal violet dye
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from water. They obtained 99% removal of this dye from water
at pH 8. Similarly, Atta et al.*® have synthesized and used the Ag
nanoparticles decorated hybrid systems for adsorption of
methylene blue dye from water. The percentage removal of dye
was increased with increasing the pH of the medium. As the pH
of the medium increases, the acidic groups release their protons
and become in anionic form. These anions have more affinity
towards the cationic methylene blue dye. Therefore, the
percentage removal of dye increases with increasing the pH of
the medium.

6.2. Catalysis

Ag NPs decorated microgels are widely utilized as catalysts for
a range of organic reactions. The combined property of both
smart microgels and Ag NPs make the hybrid microgels excel-
lent for catalytic reactions. The Ag-based hybrid systems offer
several advantages over conventional catalytic systems.

(1) The strong acceptor-donor interactions between Ag NPs
and the different functionalities of polymer microgels render
the Ag NPs highly stable within the crosslinked polymeric
network. They remain securely within the network, even during
catalytic processes.*®

(2) The open structure of the polymeric network facilitates
the easy access of reactant molecules to the surface of Ag NPs,
enabling efficient catalysis.

(3) The catalytic activity of hybrid systems can be modulated
by altering the environmental conditions such as pH* and
temperature®® of medium.

(4) Hybrid systems can be easily detached after converting
reactants into products, simply through centrifugation or by
employing a magnet in the case of magnetic hybrid systems.

(5) The structure of polymer is typically chemically inert and
does not actively participate in the catalytic conversions.*

(6) In certain instances where chemical reactions are cata-
lyzed by Ag-based systems, the polymeric network provides
a supportive environment that enhances the approaches of
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reactants from the bulk to the Ag surface, thereby contributing
to rate enhancement.

The subsequent sections provide an exploration of the
organic reactions catalyzed by Ag NPs decorated in microgels.

6.2.1. Reduction of nitroarenes. Ag NPs decorated micro-
gels find extensive application as catalysts for the reduction of
nitroarenes with NaBH, in water. The catalytic reduction of
nitroarenes using Ag NPs decorated microgels primarily
comprises four sequential steps. Initially, the hydrogen from
NaBH, and nitroarene are adsorbed onto the Ag NPs surface.
Subsequently, the interactions are generated between the
adsorbed materials in the second step. In the third step,
nitroarenes are transformed into amino-arenes on Ag NPs
surface. Finally, the products (amino-arenes) are detached from
the surface of Ag NPs in the fourth step. During this conversion,
there are two possibilities of reaction mechanism as shown in
Fig. 6. The reaction which occurred very fast followed route-II
for reaction and those which take some time for completion
followed route-I.

The catalytic reduction of 4NiP into 4-aminophenol (4AmP)
is widely employed as a model reaction to assess the catalytic
performance of Ag NPs decorated systems. The choice of this
model reaction is motivated by the toxicity of 4NiP, which is
transformed into the relatively less toxic 4AmP. 4AmP is
commonly used in the preparation of numerous pigments and
dyes, and the reduction of 4NiP can be easily monitored using
a UV/Vis spectrophotometry. When 4NiP begins to undergo
conversion into 4AmP, there is a decrease in the absorbance of
the peak at 400 nm, while another peak starts to emerge around
300 nm. The decline in the absorbance at 400 nm over time
serves as a means to monitor the advancement of the reaction.
As the entire quantity of 4NiP is transformed into 4AmP, the
400 nm peak vanishes, leaving a single peak at approximately
300 nm in a slightly basic medium. Mao et al.* have synthesized
Ag NPs decorated microgels and employed for conversion of
4NiP into 4AmP. Similar results are obtained in the decline of
absorbance (at 400 nm) and appearance at 300 nm. The effect of
temperature and pH is also studied in this conversion. Similar
trend has also been reported by Sarkar et al.®® and Feng et al.>*
for the reduction of 4NiP in the presence of Ag NPs decorated
systems.

Several factors influence the catalytic reduction performance
of Ag NPs decorated microgels for nitroarenes. These factors are
given below.

The quantity of Ag NPs in crosslinked network of polymer is
a crucial factor that significantly impacts the reduction rate of
nitroarenes as shown in Fig. 7. The catalytic reduction rate of
nitroarenes increases with increasing the content of Ag NPs in
microgels. Li et al* have synthesized Ag nanoparticles in
microgels. They found that the content of Ag NPs in microgel
systems was higher, leading to better catalytic performance in
those hybrid systems. As the content of Ag nanoparticles is
greater in hybrid microgels then the surface area of Ag NPs also
increases. Therefore, the catalytic efficiency of hybrid microgels
increases.

Temperature also has an impact on the rate of nitroarene
reduction catalyzed by Ag NPs containing hybrid systems as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. 7. However, the temperature dependence of the
reaction rate deviates from the typical Arrhenius behavior. The
value of HDD of hybrid microgels decreases as the temperature
of the medium rises. The value of temperature, at which the
value of HDD of hybrid microgels rapidly decreases, is known as
the Volume Phase Transition Temperature (VPTT). At temper-
atures below VPTT, reactants can efficiently access the surface
of Ag NPs with significant diffusion, leading to rapid conversion
into products. However, as the temperature exceeds VPTT, the
rate of the catalytic reaction decreases due to the shrinkage of
hybrid microgels and the reduction in HDD, making it chal-
lenging for reactants to reach the surface of catalyst.

The application of the Arrhenius equation offers a quantita-
tive approach to analyze the impact of temperature on the

© 2024 The Author(s). Published by the Royal Society of Chemistry

reaction rate. It has been studied that the natural logarithm of
kobs is not a linear function of 1/T within a temperature range
that encompasses the Volume Phase Transition Temperature
(VPTT). The kops value decreases with increasing temperature,
reaching a minimum at VPTT, and subsequently starts to
increase beyond VPTT. This complex temperature-dependent
behavior has been investigated by Shah et al.®> and Naseem
et al.”® in the context of the reduction of 4NiP catalyzed by Ag
NPs decorated microgels.

The catalytic performance of Ag-based hybrid systems can
also be controlled by adjusting the pH of the medium as shown
in Fig. 7. This pH-dependent effect is attributed to the existence
of acidic (-COOH, -SO;H) and basic (NH,) groups in the
structure of hybrid systems. The pH impact on these acidic and
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basic groups is opposite for the reason that one group can
release a proton due to its acidic property, while the other group
accepts a proton due to its basic property. Hybrid systems,
which contain -COOH or -SO;H groups, exhibit swelling on
increasing the pH. When the pH = pK,, then all -SO;H or -
COOH groups are changed into -SO;~ or -COO~ groups
respectively. These anionic groups repel each other because of
electrostatic repulsion, leading to an increase in the HDD of the
microgel particles. In the swollen state of hybrid microgels,
a large quantity of reactants can easily access the Ag NPs
surface, resulting in the conversion of a significant number of
reactants into products with a high observed rate constant. On
the other hand, if pH =< pK,, the hybrid systems are in a desw-
elling state, and only a few numbers of reactants can come to
the Ag NPs surface, resulting to the formation of a few numbers
of products. Rahman et al.*>® investigated the impact of pH on
the catalytic activity of hybrid systems. They observed that the
value of ks at pH 2.01 was 0.149 min~ ', while at pH 10.0, it
increased to 0.350 min~". Haleem et al.”” also reported similar
trend for catalytic reduction of nitroarenes at various pH values.
They used -SO;H groups containing hybrid microgels.

When hybrid systems contain -NH, groups within their
structure, the catalytic activity of these hybrid systems can be
modulated by adjusting the pH of medium as shown in Fig. 7.
The -NH, groups are present in protonated form at low pH
level, leading to electrostatic repulsion by reason of cationic
forms present in the structure. Consequently, the HDD of
hybrid systems is high at lower pH values and decreases as the
pH is increased. Such systems are not suitable for catalytic
reduction in this duration.

The introduction of Ag NPs in microgels loaded with other
metal nanoparticles has a significant impact on the catalytic
efficiency of hybrid systems for reduction of nitroarenes. The
catalytic efficiency of hybrid systems can be enhanced either by
incorporating Ag NPs into other metal NPs containing systems
or by introducing other metal NPs into Ag NPs containing
systems. When NPs of one metal are introduced into hybrid
systems that already contain NPs of another metal, an interface
is formed between the other metal NPs and the Ag NPs, leading
to an increase in catalytic efficiency. The work function values of
other metal NPs and Ag NPs play a key role in the generation of
a depletion region. Electrons flow from the side with a lower
work function to the side with a higher work function, leading
to interactions between electron-rich sodium borohydride and
electron-deficient reactants such as 4NiP and vice versa. This
interaction allows a large quantity of reactant to access the
surface of the nanoparticles, resulting in rapid reduction.®®®**
Li et al.*> conducted the synthesis of bimetallic hybrid systems
by incorporating Au NPs with varying contents into microgels
that already contained Ag nanoparticles. They investigated the
catalytic performance of each of these hybrid microgels. The
findings revealed that the value of ks increased as the content
of Au NPs in the hybrid systems was augmented, representing
the catalytic rate for the reduction of 4NiP. In a similar manner,
Velpula et al.®* also reported an enhancement in the catalytic
efficiency of Ag-based systems by introducing Au or Pd nano-
particles into hybrid systems.
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The NaBH, concentration also has an impact on the reduc-
tion rate of nitroarene. When the quantity of NaBH, is
increased, the value of k,ps also increases resulting in a shorter
reaction time. At higher concentrations of NaBH,, a greater
amount of the reagent molecules is adsorbed on the surface of
the Ag nanoparticles and subsequently released in the form of
the greater product molecules. Mustafa et al** conducted
a study on the catalytic performance of Ag NPs containing
microgels at various NaBH, concentrations. The reaction rate
increases with higher concentrations of NaBH,.

The kops value is also dependent on the number of nitro
groups which are directly bonded with benzene ring. As a result,
the k.s value of tri-nitroarene reduction is lower than that of
mono-nitroarene under similar conditions. Arenes containing
mono-nitro groups are reduced more rapidly than nitroarenes
with more than one nitro group. Raza et al.®® performed
reduction reactions on 4NiP, and 2,6-dinitrophenol (2,6-DNiP)
and calculated k., values for each reaction. The k., value was
found greater for 4NiP than 2,6-DNiP.

6.2.2. Dyes reduction/degradation. Dyes are significant
water pollutants, and their elimination from water sources is
a worthy environmental task. The -catalytic degradation/
reduction of toxic dyes from water has emerged as an effective
method for eliminating such harmful substances from aqueous
environments. Ag NPs containing microgel systems have been
frequently employed for the catalytic degradation/reduction of
dyes. During the reduction of azo dyes, the azo dye and
hydrogen from sodium borohydride come on the surface and
both reactants adsorbed on the surface of metal NPs. These azo
groups of azo dyes are converted into two amino groups in the
form of product. Then the products are detached from the
surface of metal nanoparticles. The proposed mechanism for
reduction of azo dyes is shown in Fig. 8.

Naseem et al.®® have synthesized the P(StR)@P(NIMA-AcA)
core-shell microgel systems and then Ag NPs were fabricated
in shell region of these systems. The synthesized systems were
employed for reduction of CoR dye from water. Shah et al.®> have
also synthesized a microgel system. Both Ag and Au NPs were
separately introduced in the synthesized microgel systems to
make Ag containing microgels and Au containing microgel
systems. These hybrid microgels were then used for the catalytic
reduction/degradation of CoR and MeB from water. Addition-
ally, Shahid et al** have synthesized and utilized the Ag
nanoparticles-based hybrid microgels for the catalytic reduction
of CoR and MeO dyes. The reduction of MeO was found to be
fast as compared to the reduction of CoR dye. This is because
only one azo group is present in MeO dye while two in CoR.
Therefore, the reduction of CoR dye takes more time than MeO.
The reduction of organic dyes is faster as compared to nitro-
arenes. Generally, the dyes have charge in their structure and
string electron withdrawing groups. Due to these factors, dyes
rapidly reach the surface of the Ag nanoparticles which provides
the electron from reducing agent like NaBH,. On the other
hand, mostly nitroarenes have no charge and no electron
withdrawing groups in their structures. Therefore, their affinity
towards electrons is less than organic dyes. Therefore, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Most probable catalytic reduction mechanism for azo dyes.>®

catalytic reduction reactions of nitroarenes are slower than
organic dyes. Similar trends were observed by Parida et al.””

6.2.3. Reduction of metal ions. Ag nanoparticles encapsu-
lated microgels can also be used for catalytic reduction of toxic
metal cations such as Cr®" ions. Chromium metal exists in two
oxidation states: Cr®" and Cr*" ions. Both ions are commonly
involved in biological processes and are essential for insulin
function. Cr®" ions containing compounds are generally more
reactive and toxic than their trivalent compounds. Cr®" ions are
frequently associated with environmental pollution and health
concerns due to their carcinogenic properties. The stark
differences in stability and reactivity between Cr*" and Cr®* ions
underscore the importance of understanding their distinct roles
in various contexts. Therefore, it is very important to convert the
Cr®" ions into Cr’" ions. Hussain et al.*® have synthesized the
core-shell microgel system and then Ag NPs were introduced in
the shell region of this core-shell system. They used these
hybrid systems to reduce Cr®" ions into Cr** ions in the presence
of formic acid and Ag nanoparticles encapsulated core-shell
microgel systems. This study also included an examination of
the stability of Ag NPs in core-shell system across a wide range
of pH and temperature conditions. Raza et al®® have also
synthesized bimetallic (Ag/Ti) nanoparticles encapsulated
microgel systems and then employed for reduction of Cr®* ions.
They also reduced different other compounds along with Cr®*
ions from water.

6.3. Application of hybrid microgels for sensing

Ag NPs encapsulated microgels have the properties of sensing.
This property of hybrid microgels is very important for aware-
ness related to other species. One most important property of
Ag nanoparticles encapsulated microgels is the detection of
humidity from environment. The hybrid microgels absorb the
water molecules from the environment due to presence of polar
moieties in their structure and their swelling behavior. Li et al.*®
have synthesized Ag NPs containing hybrid microgels and used
these for detection of humidity. Hybrid microgels can also be
used for detection of H,0,. During this detection the absorption

© 2024 The Author(s). Published by the Royal Society of Chemistry
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band of hybrid microgels changes resulting in a change in color.
In this way, the detection of H,O, can easily be monitored by
naked eye. Shu et al.”* have synthesized Ag nanoparticles loaded
poly(N-isopropylacrylamide-acrylic acid) Ag-P(NIA-AcA) hybrid
microgels. They employed these hybrid microgels for detection
of H,0,. They observed a red shift in the reflectance peak after
the addition of H,O, in the dispersion of hybrid microgels. This
dual position of signal of peaks is obtained due to the oxidative
breakdown of Ag nanoparticles, increases in reflection of lights
by expansion of hybrid microgels. George et al.*” have also
synthesized the Ag nanoparticles containing chitosan—poly(-
acrylic acid) CS-P(AcA) microgels. They applied these hybrid
systems for sensing H,0,. They also detect H,O, from samples
of real milk.

6.4. Applications in biological field

Ag nanoparticles-based hybrid microgels are used in different
types of biological fields. Let us now discuss them one by one.

6.4.1. Use of Ag NPs decorated microgels for drug delivery.
Smart microgels containing Ag nanoparticles find extensive
application as drug delivery systems due to their ability to
respond to changes in temperature, pH, and electromagnetic
radiation. These parameters are adjusted to maximum loading
and releasing the drug from hybrid microgels. These factors
control the swelling and deswelling behavior of microgels with
stimuli. Generally, the drug is loaded at low temperature
(swelling) and released by increasing the temperature (deswel-
ling). During this conversion of swelling state to deswelling
state, the drug comes out from the hybrid microgels along with
water molecules. But the releasing of this loaded drug is not
hundred percent. Some amount of loaded drug remains into the
crosslinked network of microgels due to large interactions
(present more inner side of microgels). The drug which is
present on the surface or near outer surface easily come out
during deswelling, but the more inner drug cannot come out.
On the other hand, more drug is released from the swelling
state of microgels than deswelling state during centrifugation
due to easy diffusion rate in swelling state than deswelling state.
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Gholamali et al.** have synthesized pH responsive hybrid
microgels and used these hybrid microgels for releasing of drug
at various pH of the medium. The releasing effect is monitored
due to deswelling behavior of hybrid microgels. Batool et al.*®
have also synthesized Ag NPs based hybrid microgels and used
for drug delivery. They applied ciprofloxacin for loading and
releasing from hybrid microgels.

6.4.2. Antibacterial activities. To assess the biocompati-
bility of the developed composites, outstanding compatibility
has been reported in various articles in literature.*>'**'** This
biocompatibility is maintained due to the stability of Ag nano-
particles in microgels. Silver nanoparticles (Ag NPs) possess
excellent antibacterial properties due to their capability to
release Ag" ions into an aqueous solution through the porous
microgel network, outperforming bulk silver. Remarkably, Ag
NPs exhibit antibacterial activities without releasing toxic
agents.’ Furthermore, they can bind to electron-donating
groups like thiol, carboxylate, and phosphate groups present
in DNA, leading to the disruption of normal cellular processes
in bacterial cells.® Consequently, they serve as highly effective
bactericidal agents against a range of bacteria, including
Escherichia coli,"** Staphylococcus aureus,"**'*> Candida albi-
cans,'® and Pseudomonas aeruginosa.*”’

El-Aassar et al.*® have synthesized Ag nanoparticles based
crosslinked polymer microgels. These hybrid microgels were
employed against human pathogenic bacteria. The hybrid
microgels showed excellent results against these bacteria. Sal-
ama et al'® have also synthesized Ag nanoparticles-based
hybrid microgels. They obtained 15% to 26% killing of
different types of bacteria. The Ag nanoparticles decorated
microgel systems are more suitable for antibacterial due to their
high efficiency."*

6.4.3. Anti-cancer. Hybrid microgels based on Ag nano-
particles have shown promise in the field of cancer treatment,
offering a contribution from their organic portion of hybrid
microgels. The anti-cancer drug is loaded in hybrid microgels
and released by applying radiation at the target place. The anti-
cancer drug is released due to deswelling behavior of hybrid
microgels. Capanema et al."™ have synthesized Ag based hybrid
systems. They used doxorubicin for loading and cancer treat-
ment. The efficiency of crosslinked polymer alone is very small.
The efficiency rapidly increases by loading doxorubicin in Ag
nanoparticles loaded crosslinked polymer systems. This effi-
ciency is due to both Ag nanoparticles and drug. The toxicity of
doxorubicin also decreased in both crosslinked polymer and
hybrid systems.

7. Conclusion and future directions

We have provided an overview of recent advancements in the
synthesis, categorization, and characteristics of smart polymer
microgels containing silver nanoparticles. This review briefly
outlines the characterization techniques employed for assess-
ing microgels fabricated with silver nanoparticles. The stimuli
responsive behavior, optical study, and various applications of
Ag nanoparticles encapsulated microgel systems in the fields of
biomedical science, catalysis, and environmental science have
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been explained critically in this review article. The fabrication of
silver nanoparticles within smart polymer microgels holds
significant importance due to the interesting optical properties
of silver nanoparticles and the responsive behavior of the
microgels.

Identification of biomolecules is a major challenge now-a-day.
This challenge can be achieved by using Ag-based hybrid
systems. These systems are used as optical biosensors in this
regard. But this behavior is limited to a specific content of Ag
nanoparticles in microgels below which these systems are not
applicable. Ag nanoparticles encapsulated can be considered an
ideal platform for catalytic applications. The catalytic perfor-
mance of this hybrid system can be adjusted through external
factors such as temperature, pH, and ionic strength. The interest
of researchers has been steadily growing in this field, as evi-
denced by this review. The catalytic performance of these systems
can be controlled by controlling the condition of the medium. In
this way, they can cover all types of pollutants (cationic, ionic,
and neutral) and reduce the selective reducing time. This review
article outlines recent advances in the fabrication of Ag nano-
particles in smart microgels, which is expected to pave the way for
further research in this domain. Additionally, it anticipates
potential areas for future investigation. From a biological
perspective, it is priority that these hybrid microgels are non-
carcinogenic, non-toxic, and exceptionally stable to prevent any
adverse effects within the body. The controlled or complete
prevention of silver nanoparticles leaching from the crosslinked
polymeric network of microgel is a crucial aspect that has not yet
received adequate attention in the literature. Consequently, drug
delivery systems must be designed to function effectively under
physiological pH and temperature conditions.

These Ag nanoparticle-based hybrid microgels serve as
effective anti-bacterial and drug carriers, with some from these
drug delivery systems based on the treatment for tumor and
cancer. However, a significant portion of the drug delivery and
anti-bacterial systems reported in the past eight years relies on
N-isopropylacrylamide which is a thermo-responsive monomer
that is not readily biodegradable. In forthcoming research, it
could be advantageous to consider substituting this with
a biodegradable monomer like 4-vinylcaprolactam.

Furthermore, Ag-based polymer systems have found utility
as catalysts in specific organic reactions. The catalytic potential
of these hybrid systems in several organic transformations
warrants further exploration in future considerations. Notably,
the catalytic reduction/degradation of pollutants (nitroarenes
and dyes) with Ag NPs containing microgels has been a focal
point of interest over the last eight years, although most studies
have concentrated on catalytic reduction of a model reaction,
specifically for 4NiP. To make this hybrid system more practical,
it is essential to investigate a broader range of substrates for
catalytic transformation in future research.
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Acrylic acid
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NIA N-Isopropylacrylamide

NPs Nanoparticles

P(NIA) Poly(N-isopropylacrylamide)

EtI Ethyleneimine

MeB Methylene blue

CoR Congo red

4NiP 4-Nitrophenol

DLS Dynamic light scattering

SoDS Sodium dodecyl sulfate

MeO Methyl orange

EDX Energy dispersive X-rays

HDD Hydrodynamic diameter

FTIR Fourier transformed infrared spectroscopy
FRPPM  Free radical precipitation polymerization method
HRTEM  High resolution transmission electron microscopy
MACcA Methacrylic acid

UCST Upper critical solution temperature

HEM 2-Hydroxyethylmethacrylate

CS Chitosan

MeBA N,N'-Methylene-bisacrylamide

AmPS Ammonium persulfate

BrB Brilliant blue

AcAm Acrylamide

AMSA 2-Acrylamido-2-methylpropane sulfonic acid

AlAm Allylamine

SEM Scanning electron microscopy

StR Styrene

SPR Surface plasmon resonance

CMCS Carboxymethyl chitosan

TGA Thermo gravimetric analysis

DMAEMA Dimethylaminoethylmethacrylate

CL Cellulose

UV-Vis UV/Visible spectroscopy

HLNA Hyaluronic acid

VPTT Volume phase transition temperature

P(EtI) Poly(ethyleneimine)

XPS X-ray photoelectron spectroscopy

NNPA N-n-Propylacrylamide

XRD X-ray diffraction

HEA Hydroxyethylacrylate

ICP-AES Inductively coupled plasma-atomic emission
spectroscopy

FRPPM  Free radical precipitation polymerization

RAmMB Rhodamine B
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