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nthesis, characterization, and
applications of metal nanoparticle-containing
hybrid microgels: a comprehensive review
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In the last ten years, there has been significant interest in the integration of metal nanoparticles (MNPs) in

smart microgels (SMGs). These combined structures of metal nanoparticles and smart microgels possess

unique behaviors that make them suitable for a wide range of applications in catalysis, environmental

and biological fields. The intrinsic responsiveness of microgels within these hybrid systems shows

significant potential for application across multiple fields. Extensive literature provides diverse insights

into the morphologies and compositions of metal nanoparticles in microgels. The design of these hybrid

microgels plays a crucial role in determining their applicability, leading to tailored solutions for specific

purposes under specific conditions. This review aims to summarize the latest advancements in the

classification, synthesis, responsiveness, characterizations, and applications of hybrid microgel systems.

Additionally, it explores the recent advancements in the applications of metal nanoparticle-decorated

microgels in catalysis, adsorption, sensing, biomedical and environmental fields.
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1. Introduction

Crosslinked networks that have the capacity to absorb a suitable
solvent and thereby transform them from a deswelling state to
a swelling state are called gels.1 If the swelling/deswelling
behavior occurs in an aqueous medium, the gel is called
Hamid Raza
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a hydrogel.2,3 Further, gels falling in the three-dimensional
micro-range diameter are termed microgels4,5 and have
emerged as a focal point of research interest over the past
decade owing to their versatile applications.6–8 Furthermore,
microgels that show deswelling and swelling behaviors under
external stimuli are termed smart microgels (SMGs).9–11 This
stimuli-responsive behavior of microgels creates a potential in
their structure, which is essential for various applications in
catalysis,12–14 adsorption,15,16 biomedicine,17–19 and
nanotechnology.20–22 These applications are greatly affected by
the rapid response of smart microgels to external stimuli, such
as the ionic strength,23,24 temperature,25–27 and pH28,29 of the
medium, through their swelling/deswelling behavior. Moreover,
extensive research has been conducted on microgels as micro-
reactors, focusing on their ability to fabricate and stabilize
inorganic particles (IPs).30–32 These inorganic particles such as
metal oxides, including SiO2 and Fe2O3; metal suldes; and
metal nanoparticle-containing microgels are called hybrid
microgels (HMGs). Among these hybrid microgels, metal
nanoparticle (MNP)-containing microgels are an important type
due to the easy identication, high catalytic performance, very
small size, and large surface area of the metal nanoparticles in
the microgels.

MNPs have various applications in different elds,33–36 but
their poor stability limits their long-term usage. To address this
limitation, different types of stabilizers have been reported in
the literature, such as microgels,37 dendrimers,38 block poly-
mers,39 and surfactants.40 Among these, microgels have
demonstrated signicant potential in maintaining the stability
of MNPs over prolonged periods41–43 in addition to enhancing
their performance.44,45 Consequently, they are suitable candi-
dates for the production and stabilization of MNPs. In this
review article, hybrid microgels represent microgels incorpo-
rated with MNPs. Hybrid microgels are very important with
respect to their superior catalytic activity.46 These systems have
the properties of both the metal nanoparticles and crosslinked
polymer microgels. As they possess the properties of both
components, hybrid microgels can be used for various appli-
cations, including drug delivery,47 anticancer,48 antibacterial,49

adsorption,50 sensing,33 and catalysis.51
Toheed Akhter

Dr Toheed Akhter, PhD, is Assis-
tant Professor at Gachon Univer-
sity, South Korea, specializing in
polymer and porous materials.
He completed his PhD jointly at
KIAST, South Korea, and Quaid-i-
Azam University, Pakistan. Dr
Akhter has held postdoctoral
positions at KAIST and UNIST,
South Korea, and previously
served as Assistant and Associate
Professor at UMT, Pakistan. His
research focuses on synthesizing
and characterizing innovative

materials for diverse applications.

© 2024 The Author(s). Published by the Royal Society of Chemistry
A lot of research work has been done on these hybrid
systems. As part of this, some researchers have published some
reviews on single-metal-nanoparticles-loadedmicrogels,52–55 but
to the best of our knowledge, no review article has yet provided
all the information on all types of metal nanoparticles-loaded
microgel systems that have been developed in the last decade.
Therefore, this review article is very important to new
researchers because it provides all the information related to
metal nanoparticles-decorated microgel systems.
2. Classifications

Metal nanoparticles embedded within microgels are catego-
rized into different classes based on (i) the nature of the metal
nanoparticles present in the microgels, and (ii) the morphol-
ogies of the hybrid microgels. Further information related to
these classications is given below.
2.1. Types of metal nanoparticles in smart microgels

On the basis of the metal nanoparticles incorporated in the
system, the hybrid microgels can be classied into two classes
as: (i) noble metal nanoparticles integrated into microgels (ii)
non-noble metal nanoparticles integrated into microgels. These
two classes of metal nanoparticles have a signicant inuence
on the applications of hybrid systems. We discuss these classes
below.

2.1.1. Noble metal nanoparticles integrated into microgels.
Based on the Scopus database, it appears that there has been
more work on noble metal nanoparticles integrated into
microgels than non-noble metal nanoparticles integrated into
microgels, likely due to the higher performance of noble metal
nanoparticles than non-noble metal nanoparticles. Regarding
noble metal nanoparticles, Ag and Au nanoparticles-containing
hybrid systems have been frequently reported in the literature,
while there are less reports on other noble metal nanoparticles-
containing hybrid systems. The reason for the frequent reports
on these two noble metal nanoparticles is their interesting
surface plasmon resonance property. Due to this property, the
identication of these two metal nanoparticles can easily be
achieved and they can be monitored using a spectrophotom-
eter. Their surface plasmon resonance wavelengths (lSPR) also
provide information related to the shape and size of the parti-
cles; where the lSPR value for Ag nanoparticles occurs at
approximately at 430 nm (ref. 56) and for Au nanoparticles it is
approximately at 520 nm.57 If a hybrid microgel shows a single
peak in its UV-Vis spectrum, then spherical nanoparticles are
present; while if two peaks appear in the spectrum, then the
shape of the nanoparticles is rod-like. For example, Arif et al.43

synthesized Au nanoparticles-based core–shell hybrid micro-
gels. They obtained a single peak for lSPR at 521 nm, which
indicated the presence of spherical-shaped Au nanoparticles.
For clarication of this point, they also performed TEM anal-
ysis, which conrmed that the Au nanoparticles in the core–
shell systems were spherical in shape. Similarly, Naseem et al.58

also synthesized Ag nanoparticles-based core–shell hybrid
microgels and investigated their optical properties. They
RSC Adv., 2024, 14, 24604–24630 | 24605
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observed a single peak for lSPR at 440 nm, which together with
the TEM results, indicated that the Ag nanoparticles were
spherical in shape.

Noble metal nanoparticles-containing hybrid systems have
frequently been used as catalysts due to their high catalytic
activity,59–61 which is due to their small size, high surface area,
and easily oxidizing ability. Their catalytic activity can also be
tuned under various stimuli conditions.56 These conditions
affect the swelling and deswelling behavior of the hybrid
microgels. In the swelling state, reactant molecules can easily
reach the surfaces of the nanoparticles, which are the actual
catalytic materials in the hybrid microgels. Therefore, reduction
or degradation or transformation reactions occur rapidly.
Conversely, the reactant diffusion rate decreases in the desw-
elling state, and therefore less reactant molecules reach the
surface of nanoparticles, which is why the reaction rate
decreases. The factors that can tune this catalytic performance
are the temperature,62 pH,63 and ionic strength.64

These hybrid systems are also used as adsorbent for
pollutants.65–67 The adsorption capacity of these hybrid systems
depends on the nature of the polymer components. Specically,
the nature of the monomers and comonomers determines their
selectivity for the adsorption of pollutants. This selectivity can
be tuned by the pH of the medium for acidic and basic hybrid
microgels. In a low pH medium, acidic hybrid microgels are
present in protonated forms and are deprotonated at high pH
values. In the deprotonated form, negative charge is present in
the structure of the hybrid microgels. Therefore, hybrid
microgels can attract positively charged pollutants but remove
anionic pollutants via electron static interactions and repul-
sions, respectively. Similarly, basic hybrid microgels can also be
produced selectivity for the adsorption of pollutants by varying
the pH value of the medium.

Hybrid microgels are also used for drug delivery.47 This
behavior also depends on the swelling and deswelling behavior
of the crosslinked networks of microgels.21 Typically, the drug is
loaded into the hybrid microgels in their swelling state and
released by transforming them into their deswelling state.
During this conversion, the loaded drug comes out along with
water molecules. This conversion is done on the basis of the
stimuli conditions. Au-based hybrid microgels are the best in
this regard due to the ability of Au nanoparticles to convert light
into heat. This property facilitates the release of the loaded drug
from hybrid systems.68 For Au-based hybrid microgels, an
anticancer drug could be loaded into the system and injected
into the body. When the drug-loaded hybrid microgels reach the
target place, then laser light is applied to this drug-loaded
hybrid system. The Au nanoparticles absorb the laser light
and convert it into heat. Due to this conversion, the temperature
of the medium rises and the hybrid microgels transform from
the swelling state to the deswelling state and release the loaded
drug. In this way, no surgery is required for the patent and the
maximum release of the loaded drug occurs at the target place
only. Au-based hybrid microgels are mostly the ones used for
anticancer treatment.

Typically, such hybrid systems also have efficient antibacte-
rial activity.69,70 Therefore, these hybrid systems are used for
24606 | RSC Adv., 2024, 14, 24604–24630
different biological elds. This property generally depends on
the nature of the metal nanoparticles. These nanoparticles can
kill bacteria to control certain diseases. The efficiency of such
hybrid systems can be controlled by controlling the release or
approach of bacteria to the surface of the noble metal
nanoparticles.

These hybrid microgels can also be used as sensors for the
identication of different pollutants in water.71–73 During the
sensing process, the oxidation state of the metal nanoparticles
varies, or complexation takes place with the crosslinked
network of the hybrid microgels. For example, Au-based hybrid
microgels have been used for sensing albumin, mercuric ions,
glucose levels, and some others. Similarly, other noble metal
nanoparticles-based hybrid microgels can also be used for
sensing different types of pollutants.

Noble metal nanoparticles-based hybrid systems are the
most effective systems compared to the others due to their high
performance and high stability. However, one limitationmay be
the cost effect of noble metal nanoparticles-based hybrid
microgels. This issue can be resolved by using bimetallic
nanoparticles-based hybrid systems. In these systems, cheaper
metal nanoparticles are mixed with noble metal nanoparticles
to reduce the cost. Another limitation is that the identication
of noble metal nanoparticles (except Ag and Au) in microgels
cannot be done with simple characterization techniques, such
as FTIR, UV-Visible spectrophotometry, and their conrmation
instead requires more costly instruments and techniques, such
as TEM and HR-TEM. This issue can also be resolved by using
bimetallic systems, in which Au or Ag nanoparticles are just one
component. These systems have been reported for the trans-
formation of some reactants, while others can also be converted
into other suitable molecules by these hybrid systems. There are
very limited adsorption studies on these systems reported in the
literature, and more research work will be needed on these
systems in the near future.

2.1.2. Non-noble metal nanoparticles integrated into
microgels. Besides noble metals, there are other transition
metal nanoparticles-based hybrid microgels, which are called
non-noble metal nanoparticles. These types of hybrids contain
cheaper metal nanoparticles, where the price of these metals is
very low. However, the stability of these metal nanoparticles is
also typically very low. There is less research work on non-noble
metal nanoparticles-based hybrid microgels than noble metal
nanoparticles due to their poor performance and low
stability.74,75 The most study has been done on Fe and Cu
nanoparticles-based hybrid microgels compared to other non-
noble metals.

These metal nanoparticles do not show lSPR values in UV-
Visible spectrophotometry because they do not have surface
plasmon resonance frequency. Therefore, the presence of these
metal nanoparticles cannot be conrmed by simple
instruments.

Also, while these systems show good catalytic performance,
their efficiency is low compared to noble metal nanoparticles
due to their high surface area, low oxidizing property, and large
particles sizes.43,50 Further, the catalytic performance of these
hybrid microgels can also be tuned under different stimuli
© 2024 The Author(s). Published by the Royal Society of Chemistry
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conditions similar to noble metal nanoparticles-based hybrid
microgels. However, their catalytic performance rapidly
decreases with increasing the storage time of hybrid microgels
aer synthesis, but can be increased from days to weeks with
the help of the crosslinked networks of microgels, though even
then their stability is still less than that of noble metal
nanoparticles-based hybrid microgels. Further, coagulation can
occur in metal nanoparticles, which decreases the surface area
of the metal nanoparticles of hybrid microgels.

These hybrid microgels can be used for the adsorption of
pollutants, but their adsorption capacity is less than that of
microgels.76,77 Basically, the adsorption capacity depends on the
empty space present in the crosslinked network of the micro-
gels. This space decreases aer the incorporation of metal
nanoparticles, and therefore, the adsorption capacity decreases.

Non-noble metal nanoparticles do not have the ability to
convert light into heat, as Au nanoparticles have. Therefore,
they are less applicable for drug delivery, but their tuning
behavior still makes these hybrid microgels suitable for certain
drug delivery.78 The coagulation of metal nanoparticles is the
main drawback for this application due to it reducing the empty
space. These hybrid microgels can also be used for antibacterial
activity. This property of these hybrid microgels is helpful for
treatment against different diseases.

Less research work has been done on these hybrid microgels
with respect to drug delivery, antibacterial applications, and the
adsorption of pollutants. Therefore, more research work is
needed to gain more information on these, such as research
work on the stability of these metal nanoparticles. This further
work could help to overcome their current drawbacks. Also, as
their performance can be controlled by controlling the size of
Fig. 1 Morphological classifications of hybrid microgels (metal nanopar
and organic polymers by green, blue and yellow colors). (a) Metal nanop
sulated MNPs decorated with crosslinked polymers, (c) inorganic-encaps
encapsulated bimetallic NPs decorated with polymer microgels, (e) MNP
(f) organic polymer-encapsulated MNP layer encapsulated in another or
(h) MNPs in hollow microspheres and (i) homogenous hybrid microgels.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the particles, if such conditions could be obtained, then these
systems may be a superior option to noble metal nanoparticles-
based hybrid systems due to their lower cost and higher surface
area. Further, their performance can be enhanced by using
bimetallic nanoparticles-based hybrid microgels, as reported in
our previous review article.79
2.2. Morphology-based classications of hybrid microgels

Various designs of hybrid microgels have been reported in the
literature, and hybrid microgels can be classied into various
classes based on their morphology, as given below.

2.2.1. Core–shell hybrid microgels. Much current research
is focused on core–shell hybrid microgels. These can be further
categorized into sub-classes based on the species and their
positions within the structure of the hybrid microgels.

2.2.1.1. Metal nanoparticles encapsulated by polymer micro-
gels. In such categories, metal nanoparticles (MNPs) are present
at the center (core), surrounded by polymer microgels (shell), as
shown in Fig. 1(a). These core–shell hybrid microgels (HMGs)
typically exhibit low catalytic activity. The diffusion rate of the
reactant molecules from the outer region to the surface of MNPs
through the crosslinked polymeric network is notably slow due
to the long distance between them. Therefore, the approach of
reactant molecules takes more time.75,80 Consequently, the
catalytic efficiency of these HMGs is very low compared to other
classes of HMGs. However, the stability of MNPs is greater in
these systems, and the leaching of metal nanoparticles is not
possible in these systems during their recovery by centrifuga-
tion aer their catalytic application. Such systems can also be
used for drug delivery due to the polymeric network. Polymeric
ticles are represented by red color; inorganic materials by black color;
article-encapsulated polymer microgels, (b) organic polymer-encap-
ulated MNPs decorated with polymer microgels, (d) organic polymer-
-decorated organic polymer encapsulated in another organic polymer,
ganic polymer, (g) organic polymer-encapsulated metal nanoparticles,

RSC Adv., 2024, 14, 24604–24630 | 24607
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networks have polar functional groups in their structure, and
these polar components interact with the water molecules as
well as the drug. If the interaction between the drug and the
HMG is strong, then more drug can be loaded in these systems.
Conversely, these systems are highly advantageous for drug-
delivery purposes due to their high drug-loading capacity.
Similarly, these systems show adsorption properties for various
pollutants due to interactions between the crosslinked network
and certain pollutants. They can be further categorized into two
classes based on the use of (i) monometallic nanoparticles81 or
(ii) bimetallic nanoparticles.82 Bimetallic nanoparticles-based
HMGs show greater performance than monometallic systems
due to the synergistic effects the bimetallic components.

Only gold (Au)44,83 and silver (Ag)84 nanoparticles encapsu-
lated in microgels have been reported for monometallic nano-
particles encapsulated within microgels. Additionally, Au,80

Ag,75 and Co/Ni85 have also been reported as bimetallic nano-
particles within microgels, exhibiting identical morphologies.
To date, both variants of these categories have been utilized
solely for their catalytic activity, and their potential for appli-
cations in drug delivery and other biological aspects have not
yet been reported in the literature. Moreover, they can be
utilized as adsorbents for various pollutants found in water and
the environment. These classes and potential application
represent viable opportunities for further research on these
types of hybrids.

2.2.1.2. Organic polymer-encapsulated MNPs decorated by
crosslinked polymers. In these categories, an organic core is
encased within another crosslinked polymer shell and themetal
nanoparticles are located in the shell region of the core–shell
microgels, as shown in Fig. 1(b). Organic polymer-encapsulated
MNPs decorated by crosslinked polymer systems have greater
signicance than MNPs-encapsulated microgel systems due to
their superior catalytic activity86,87 and greater density of HMGs.
Actually, the distance between the reactant molecules and the
surface of metal nanoparticles is minimized in the former
scenario compared to in the lateral HMGs. However, the lateral
systems tend to exhibit a higher drug-loading capacity than the
former systems due to the occupation of the space by the metal
nanoparticles, resulting in a low empty space for drugs in the
former HMG systems. The catalytic efficiency and drug-loading
capacity of both types of systems can be enhanced by altering
the environment of the medium. The crosslinked network of
HMGs can transform from a deswelling state to a swelling state
with the aid of stimuli. Additionally, the easy recyclability (due
to greater density) of these systems is another advantage. These
systems can be further classied into two categories based on
the incorporation of (i) monometallic nanoparticles88 or (ii)
bimetallic nanoparticles89 in the core–shell microgels, as shown
in Fig. 1(e). Bimetallic systems yield superior results for catal-
ysis and surface-enhanced Raman scattering due to synergistic
effects of the bimetallic components.

Monometallic (Au,43 Cu,50 Pd,86 Ni,90 Ag,91 and Pt92)
nanoparticles-based core–shell hybrid microgels have been
documented in the literature. Similarly, the incorporation of
bimetallic nanoparticles (Pt,89 Au,93 Ag,94 and Pd95) within core–
shell microgel systems has also been documented in the
24608 | RSC Adv., 2024, 14, 24604–24630
literature. Only Cu-based monometallic nanoparticles-based
hybrid microgels of this class have been reported to date,
while bimetallic systems of non-noble metal nanoparticles-
based HMGs have not been reported yet. This thus represents
an available space for further research work. These systems are
commonly employed as catalysts, but their potential as adsor-
bents for various pollutants or in biological applications has not
yet been reported. Additionally, the inuence of the core on the
leaching of metal nanoparticles in these hybrid systems has not
been studied yet, presenting another area for further research.

2.2.1.3. Inorganic-encapsulated MNPs decorated by polymer
microgels. In these classes, the core is composed of inorganic
materials, like Fe2O3, SiO2, or Fe3O4, which is encapsulated with
a metal nanoparticles-containing microgel shell, as shown in
Fig. 1(c). These hybrid microgels in which a paramagnetic
inorganic core is surrounded by metal nanoparticles within
microgels have signicant importance due to their enhanced
recyclability compared to other systems. These HMGs can be
efficiently recycled using magnetic elds96 or centrifugation
processes.97 During this recycling (e.g., recycling by a magnetic
eld), the issue of the leaching of metal nanoparticles from the
crosslinked network can be solved by these hybrid microgels.
Additionally, they can serve as catalysts for various catalytic
reactions. However, the stimuli-responsive behavior of such
systems slightly is diminished compared to that of pure
microgel systems due to the presence of solid inorganic species;
whereby these solid species decrease the effects of pH,
temperature, and ionic strength on these hybrid microgels due
to the formation of an interface between the solid inorganic
core and the crosslinked organic polymer microgels.9 Despite
their signicance, such systems have not been frequently
documented in the literature. However, they can be used for
drug delivery and the adsorption of pollutants, where their easy
recyclable property makes these HMGs suitable for these
applications. They can also be applicable for antibacterial
applications. Further, these types of HMGs can be divided into
a further two classes: (i) mono-inorganic material-encapsulated
MNPs decorated by crosslinked polymers30 and (ii) bi-inorganic
material-encapsulated MNPs decorated by crosslinked poly-
mers.98 Bi-inorganic materials containing core–shell hybrid
microgels are better than monometallic ones due to their high
density, easy recyclable property, and the synergistic effect of
the bi-inorganic components.

Mono-inorganic material-encapsulated MNPs-decorated
crosslinked polymer systems have been reported with
different noble metal nanoparticles-based hybrid systems, such
as Au,96 Ni,30 Ag,97 and Pd,99 but not reported for non-metal
nanoparticles-based hybrid microgels, while bi-inorganic
material-encapsulated MNPs-decorated crosslinked polymer
systems have been reported with monometallic Co100 nano-
particles only. Controlling the size of the core is the main issue
in these types of hybrids. This issue can be controlled by adding
a stabilizer along with the formation of crosslinked polymers.
Hybrid microgels of these types are mostly applied for catalytic
reactions, while the other environmental and biological elds
seem to have no research performed yet. Furthermore, these
hybrid microgels have not been synthesized with bimetallic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles, and so this may be a good option for further
research. Further research efforts could thus be directed toward
exploring and developing these types of hybrid microgels.

2.2.1.4. MNPs-decorated organic polymer encapsulated by
another organic polymer. In systems of MNPs-decorated organic
polymers encapsulated by another organic polymer, both the
core and shell systems of the hybrid microgels consist of
crosslinked organic polymers, and metal nanoparticles are
present in the core region of these hybrid core–shell systems, as
shown in Fig. 1(e). These types of HMGs are very effective for
controlling the leaching of metal nanoparticles during the
centrifugation recycling process. These hybrid microgels can be
used for catalytic reactions, but their catalytic activity is lower
than other classes. However, their catalytic efficiency can be
tuned with the help of external stimuli conditions.13,101 These
conditions control the swelling and deswelling behavior of the
shell region, which can permit the entrance of reactant mole-
cules. These reactant molecules reach the metal nanoparticles
through the shell region. Therefore, their swelling behavior is
very important for the catalytic efficiency of these types of core–
shell systems. The shell region can also be used for the
adsorption of other pollutants. In this way, these types of HMGs
are excellent candidates for both adsorption as well as catalysis.
They can also be employed for drug delivery and the loading
and release of a drug can be controlled by the stimuli-
responsive shell region. Also, if the nanoparticles are based
on Au nanoparticles, then it is an excellent drug carrier system,
because Au nanoparticles can control the deswelling behavior of
the shell region by converting applied light into heat. Also,
during this conversion, the shell region or core region trans-
forms from a swelling to deswelling state. If the drug is loaded
in the core region, then the deswelling of the shell region
controls the release of the drug, and if the drug is present in the
shell region, then it comes out along with the water molecules
during this transformation. The antibacterial activity of these
hybrid microgels is lower than in previous classes due to their
low diffusion rate and possible leaching of metal nanoparticles.

Systems of MNPs-decorated polymers encapsulated by
another organic polymer have been documented with only Pd13

and Au102 nanoparticles, and bimetallic nanoparticle-based
hybrid systems of this class have not been reported yet.
Furthermore, these hybrid microgels along with non-metal
nanoparticles have also not been reported in the literature yet.
Hence, there is a need for further research in these categories,
as they are excellent candidates with cores for controlling the
drug loading/release, catalytic reactions, and adsorption of
pollutants. Additionally, there is available research space for
exploring the synthesis of these kinds of hybrid microgels with
other noble and non-noble metals with monometallic and
bimetallic systems.

2.2.1.5. Organic polymer-encapsulated MNPs layer encapsu-
lated by another organic polymer. In systems with an organic
polymer-encapsulated MNPs layer encapsulated by another
organic polymer, a core–layer–shell system of hybrid microgels
are formed in which both the core and shell regions contain
organic polymers and metal nanoparticles are present in-
between these core and shell regions in the form of a layer, as
© 2024 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 1(f). This class of hybrid microgels has greater
catalytic efficiency than MNPs-encapsulated crosslinked poly-
mer systems and MNPs-decorated organic polymers encapsu-
lated by another crosslinked organic polymer systems, but less
than other classes of hybrid microgels due to the approaches of
the reactant molecules to the MNPs' surface. Their catalytic
activity can also be tuned by the stimuli conditions. The leaking
capacity of MNPs in these hybrid microgels is minimum during
recycling, which is performed by a centrifugation process. The
adsorption capacity of these hybrid systems is high due to the
direct contact of pollutants with the crosslinked networks. The
adsorption capacity of these hybrid microgels depends on the
nature of the adsorbate and the nature of monomers and
comonomers in the structure of hybrid microgels, because the
strength of interactions between pollutants and the hybrid
microgels depends on the nature of both the pollutants and
hybrid microgels. They are also applied for drug delivery,
similar to the adsorption of pollutants. The loaded drug can be
released during the conversion from the swelling state of the
hybrid microgels to the deswelling state. This drug release can
be controlled by altering the interaction strength between the
drug and hybrid microgels via the stimuli conditions.103

Very limited research work has been done on systems
involving an organic polymer-encapsulated MNPs layer encap-
sulated by another organic polymer. Only Au nanoparticles-
based hybrid microgels are detailed in the literature.104 There
is thus an opportunity for further research to explore the
synthesis of these types of hybrid systems with both types of
metal (noble and non-noble) nanoparticles. Thus investigation
into the adsorption, drug loading/release, and catalytic activity
of these hybrid systems offers new ground for research.

2.2.1.6. Organic polymer-encapsulated metal nanoparticles. In
organic polymer-encapsulated metal nanoparticles, the cross-
linked network of the organic polymer is surrounded by metal
nanoparticles, as shown in Fig. 1(g). These types of hybrid
microgels are synthesized through electrostatic interactions
between the microgel and metal nanoparticles.71,105 The degree
of coverage of the microgel surface with the metal nanoparticles
depends on various factors, such as the charge density of the
microgels, the crosslinking density, the polarity of the structure,
and the porosity of the microgels. Modulating the concentra-
tion of ionic radical initiators or content of crosslinkers or
content of charged comonomers during the polymerization
process can facilitate the design of microgels with a high
adsorption capacity of metal nanoparticles at their surface.
Organic polymer-encapsulated metal nanoparticles exhibit the
highest efficiency in catalytic reactions than other hybrid
microgels due to the easy access of the reactant molecules to the
metal nanoparticle surface. However, their catalytic efficiency
rapidly diminishes during the recycling process, due to the
detachment of metal nanoparticles from the surface of the
microgels. Aer recycling, the content of metal nanoparticles on
the surface of microgels decreases. Therefore, their catalytic
activity decreases sharply aer recycling. Moreover, these types
of hybrids are not ideally suited to drug delivery due to the
decrease in drug loading caused by the coverage of metal
nanoparticles. Nonetheless, a few studies on drug delivery using
RSC Adv., 2024, 14, 24604–24630 | 24609
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such systems have been published.106 Karg et al.107 reported
a coating of P(NIPAM) microgels with gold nanorods. The
resulting core–shell hybrid systems were obtained through
electrostatic interactions between the gold nanorods and the
microgels. Surface modication of both the gold nanorods and
the microgels was necessary to induce these interactions, which
could be conveniently achieved by increasing the concentration
of free radical initiators or incorporating charged comonomers.
Similarly, the gold nanorods needed to carry an opposite charge
to the surface functionalities of the microgels. This was
accomplished through the introduction of a polyelectrolyte
bilayer to enhance the colloidal stability and create a positive
charge on their surface. Mixing positively charged gold nano-
particles with negatively charged microgels resulted in the
formation of core–shell hybrid microgels. Wong et al.108 re-
ported the synthesis of P(NIPAM) microgels modied with
magnetic nanoparticles. These were obtained by surface modi-
cation of the microgels to enable the adsorption of magnetic
nanoparticles via electrostatic interaction. In a study by Karg
et al.,109 it was demonstrated that copolymer microgels with
charged surfaces could be efficiently coated with gold nanorods,
leading to signicant surface coverage. These charged micro-
gels consisted of the poly(N-isopropyl acrylamide-allyl acetic
acid) (P(NIPAM-AAAc)) system. A negative charge was created on
the surface of these microgels at specic pH levels (in basic
medium) due to the conversion of COOH groups into COO−

ions. This creation of charge established a strong electrostatic
interaction between the surface-modied gold nanorods and
anionic microgel surface. These hybrid microgels exhibited
remarkable optical properties that were also responsive to
external stimuli. The antibacterial activity of these hybrid
microgels was also high due to the direct contact of bacteria
with the metal nanoparticles.

Organic polymer-encapsulated monometallic (Pd,71 Cu,110

Au,111 and Ag105) nanoparticles and bimetallic (Au,112 and Pd95)
systems have been documented in the literature. However, few
articles are available on systems involving organic polymers
encapsulated with bimetallic nanoparticles. The catalytic effi-
ciency of organic polymer-encapsulated bimetallic nano-
particles is the highest among all other systems of hybrid
microgels. Aer these systems, organic polymer-encapsulated
monometallic nanoparticles are ranked in second place with
respect to their catalytic performance. The catalytic activity and
recycling properties of such systems thus warrant further
investigation in the near future. The leakage and coagulation of
metal nanoparticles is the main issue of these hybrid microgels.
More study is needed on controlling the size of the metal
nanoparticles as well as their application in adsorption and
drug delivery.

2.2.2. MNPs in hollow microspheres. In systems
comprising MNPs in hollow microspheres, the hollow micro-
sphere is made with an organic crosslinked polymer and metal
nanoparticles are present in these hollow microgels, as shown
in Fig. 1(h). The hollow microsphere is formed by removing the
core from core–shell polymer microgel systems. MNPs are then
introduced into these hollow microspheres to form hollow
microsphere hybrid systems.113 The catalytic activity of these
24610 | RSC Adv., 2024, 14, 24604–24630
hybrid systems is greater than that of the previously discussed
hybrid microgels. In these hybrid systems, pollutants can easily
diffuse into the hybrid systems from both the interior and
exterior sides. Therefore, there is a rapid diffusion rate.
Consequently, the pollutants can rapidly reach the surface of
theMNPs. The leaching of metal nanoparticles is themain issue
with these types of hybrids. This issue can be resolved by using
some paramagnetic nanoparticles along with MNPs in the
hybrid systems. Aer the introduction of these (paramagnetic)
nanoparticles, the MNPs in hollow microsphere can easily be
recycled by using a magnetic eld. These types of hybrids have
high efficiency for the adsorption of pollutants. Therefore,
MNPs in hollow microspheres are excellent for the adsorption
of pollutants. Moreover, the hollow sphere hybrid microgels
exhibit superior swelling/deswelling capacities compared to
other core–shell hybrid microgels, making them effective for the
loading and release of drugs from both the outer surface and
the inner sides. Li et al.114 described the synthesis of
temperature-dependent hollow microspheres. They synthesized
core–shell microgels with a poly(methylmethacrylic acid)
(P(MMAAc)) core and a varying thickness shell based on
P(NIPAM) at rst. The P(MMAAc)-based core could be selectively
removed from this core–shell system by a simple continuous
stirring due to the high solubility of the core in the medium. He
et al.113 prepared hollow hybrid gold-based nanospheres by
synthesizing a silica core and then introducing a shell
composed of poly(2-(1-methylimidazolium 3-ethyl)-
ethylmethacrylate chloride) (P(MIEEMACh)) rst, followed by
the production of gold nanoparticles by an in situ reduction.
Aer that, the silica core was removed from the hybrid core–
shell system by treatment with hydrouoric acid. The resulting
hollow hybrid temperature-dependent microspheres exhibited
efficient catalytic efficiency toward the reductive reaction of
4NiP.

Hollow hybrid microspheres have been documented only
with Au-113 or Ag114-based hybrid microgels, and no work on
non-noble metal nanoparticles in hollow microspheres has
been reported in the literature. Therefore, further research
could explore the utilization of other metal (both noble and
non-noble) nanoparticles in these systems and their applica-
tions, such as in catalysis, drug delivery, and for the adsorption
of various pollutants from water. Additionally, investigating the
potential leaching of metal nanoparticles in such hybrid
microgels is an area for future study. A comparison study of
these hollow hybrid microgels would also be warranted
comparing among themselves and with other core–shell hybrid
systems.

2.2.3. Homogenous hybrid microgels. In homogenous
hybrid microgels, metal nanoparticles are uniformly located
within the meshes of the crosslinked polymer network of the
microgels, as shown in Fig. 1(i). Homogenous hybrid microgels
have been extensively documented in the literature.61,115–121

These hybrid systems can serve as catalysts for various catalytic
reactions. The synthetic approach of these hybrid microgels is
easy compared to other hybrid microgels, like hollow micro-
spheres, microgel-encapsulated metal nanoparticles, and all
types of core–shell hybrid microgels. Consequently, numerous
© 2024 The Author(s). Published by the Royal Society of Chemistry
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studies have been reported on these classes of hybrid microgels.
These hybrid microgels systems may also be applicable in drug
delivery,47,120,122 water pollutant adsorption,123 sensing,33 and
antibacterial applications.70,124,125 For instance, Zhang et al.126

synthesized Ag NPs decorated by poly(N-isopropylacrylamide-
maleate carboxymethylchitosan) (P(NIPAM-MCMCS)) micro-
gels, and reported achieving a uniform dispersion of Ag NPs in
the microgels. They used these hybrid systems for the catalytic
reduction of nitroarenes. Liu et al.127 synthesized a crosslinked
structure of P(NIPAM) microgels by interpenetrating linear
poly(acrylic acid) (P(AAc)) within them. The Ag nanoparticles
were uniformly introduced into the crosslinked microgel
network via an in situ reduction method. Additionally, Zhou
et al.128 reported the synthesis of Au-based hybrid microgel
systems. They synthesized different samples with varying sizes
of gold nanoparticles within the microgels by employing
different concentrations of gold salts. These hybrid systems
were then applied for the catalytic reduction of nitroarenes in
aqueous media, with the reduction process observed to follow
a pseudo-rst-order kinetics.

Monometallic hybrid systems based on Au,57 Co,129 Pt,130

Ni,131 Ag,59 Cu,132 Rh,133 Pd,121 Fe,134 and Ru135 have been docu-
mented in the literature. Additionally, bimetallic systems
incorporating Ag,74 Fe,136 Au,137 Ni,138 Pd,13 Cu,139 Pt,140 and Co141

nanoparticles have also been reported. These systems nd
extensive applications in catalysis, drug delivery, cancer treat-
ment, adsorption, and antibacterial applications. Typically, the
monomers and comonomers used in these hybrid systems are
non-biodegradable. Hence, researchers can now focus on the
further exploration of these systems by incorporating biode-
gradable monomers. Addressing the leaching of metal nano-
particles from these hybrid microgels is also an important area
of research.
Fig. 2 Synthesis of hybridmicrogels. (A) Synthesis of metal nanoparticles
nanoparticles, and (C) hybrid microgel formation by simultaneously mix

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

Several methods have been documented in the literature for the
preparation of metal nanoparticles in microgels.32,96,142–144

Specic synthetic methods may be applied based on the desired
particular architecture, design, and morphology of the hybrid
microgels. These synthetic approaches are outlined in
Fig. 2(A)–(C).
3.1. Synthesis of metal nanoparticles in a microgel
dispersion

A method commonly employed to synthesize metal nano-
particles in microgels is via the insertion of metal ions into the
crosslinked network of microgels, followed by an in situ reduc-
tion these ions into their atomic forms, as shown in
Fig. 2(A).56,124,145–151 These atoms then start to coagulate up to the
nano-range. The coagulation of metal atoms is controlled by the
crosslinked network of the microgels. Control of the size
distribution and dimensions of the metal nanoparticles can be
achieved by adjusting the uniformity and pore size of the
polymer network, whereby the size of the particles is controlled
by the crosslinking density. If the crosslinking density of
microgels is high, then small-sized metal nanoparticles are
formed due to the low available space. While if the crosslinking
density is low, then large sized particles are formed due to large
available spaces in the structure of the microgels. In this
approach, the structure of the microgels acts as a micro-reactor
for nanoparticle synthesis. Whereby, the synthesized hybrid
microgels can obtain a uniform distribution of metal nano-
particles throughout the structure. The content of monomers
and comonomers are also controlled the size of MNPs. In this
way, the composition of the microgels controls the incorpora-
tion of the metal content within their pores.
in amicrogel dispersion, (B) synthesis of microgels in a solution of metal
ing microgels and metal nanoparticles.

RSC Adv., 2024, 14, 24604–24630 | 24611
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Shah et al.152 applied this methodology to produce Au
nanoparticles within poly(N-isopropyl acrylamide-acrylic acid)
P(NIPAM-AAc) microgels. The size and size distribution of the
Au NPs were inuenced by the ratio of AAc to NIPAM in the
P(NIPAM-AAc) microgel composition. Additionally, they
observed that the size of the Au nanoparticles could be
manipulated by varying the stimuli conditions during
synthesis. Furthermore, another study98 reported on the
synthesis of silver nanoparticles within poly(N-
isopropylacrylamide-arylamide-methacrylic acid) P(NIPAM-
AAm-MAAc) microgels. The synthesis involved two steps. In
the rst step, P(NIPAM-AAm-MAAc) microgels were synthesized
by a free radical precipitation polymerization method. In this
step, NIPAM (monomer), AAm (comonmer), MAAc (comonmer),
N,N-methylenebis(acrylamide) (NMBA) (crosslinker), and
sodium dodecyl sulfate (SDS) (stabilizer) were mixed and heated
at 70 °C under nitrogen with vigorous stirring. Aer 30 min,
ammonium persulfate (APS) (free radical initiator) solution was
added and the reaction was continued for another 5 h under
similar conditions. Silver salt solution was poured into the
dispersion medium of P(NIPAM-AAm-MAAc). In the second
step, these incorporated silver ions were subsequently trans-
formed into silver nanoparticles via an in situ reduction method
utilizing NaBH4 as the reductant.

This method is simple and easy. It can be used for the
synthesis of uniformly distributed MNPs in microgels. The size
and distribution of the MNPs can be perfectly controlled by this
method. Both monometallic (such as Au,43 Ni,153 Pt,130 Co,123

Ag,119 Cu,154 Pd,155 Rh,133 Fe,156 Ru135) and bimetallic (including
Pd,139 Ni,76 Pt,89 Co,157 Ag,94 Cu,158 Au82) hybrid microgels have
been synthesized using similar approaches, as documented in
the literature. The drawback of this approach is that core–shell
hybrid microgels are not prepared.
3.2. Synthesis of microgels in a solution of metal
nanoparticles

In this synthetic approach, a core–shell hybrid microgel system
is formed, in which the core consists of metal nanoparticles and
the shell of crosslinked organic polymers. This synthesis also
proceeds via two steps. In the rst step, metal nanoparticles are
synthesized and stabilized using a stabilizer. In the second step,
these synthesized metal nanoparticles are then used as seeds
for the synthesis of the microgels, as shown in Fig. 2(B).159–162

The surface of the metal nanoparticles can also be modied to
produce polarity on the surface of the metal nanoparticles. This
modied surface facilitates size control of the MNPs and the
formation of microgels around these nanoparticles. The poly-
merization process occurs within a dispersion of metal nano-
particles, utilizing appropriate monomers, surfactants,
initiators, comonomers, and crosslinkers under specic
conditions. Li et al.82 developed core–shell hybrid microgels
with a bimetallic core and a shell based on N-iso-
propylacrylamide (NIPAM) using a slightly modied seed
emulsion polymerization method. They applied silver nano-
particles stabilized with sodium citrate as seeds. The surface of
the synthesized Ag nanoparticles was modied with NIPAM.
24612 | RSC Adv., 2024, 14, 24604–24630
Subsequently, Ag@poly(N-isopropylacrylamide-3-
methacryloxypropyltrimethoxysilane) (Ag@P(NIPAM-
MAPTMSi)) hybrid microgels were obtained by adding an
aqueous solution of ammonium persulfate and 3-methacrylox-
ypropyltrimethoxysilane. Furthermore, Ag-Au@P(NIPr-
MAPTMSi) hybrid microgels were synthesized through
a galvanic reaction (GRe) by utilizing the Ag-based hybrid
system as a sacricial template in an aqueous medium in the
presence of aqueous ammonia. The by-product (AgCl) was
removed from the reaction mixture using ammonia. Similarly,
Bandyopadhyay et al.144 employed a comparable approach to
fabricate Au@P(NIPAM-AAc) hybrid microgels with a core–shell
morphology, in which the core was composed of Au and the
shell was made of P(NIPAM-AAc). They used polyethylene glycol
P(EGl) to modify different morphologies of Au nanoparticles,
which served as core particles for the copolymerization of
NIPAM and acrylic acid (AAc), resulting in the formation of
hybrid microgels.

This system is applicable for the synthesis of core–shell
hybrid microgels only but not for homogenous hybrid micro-
gels. More control of the performance and time are required in
this method. This synthetic approach also has a drawback
related to the size control of the metal nanoparticles, which is
critical as the size of MNPs is the most important parameter for
many their applications. Therefore, this method is less
commonly used than the previously discussed methods.
Monometallic (such as Au,144 Ag100) hybrid microgels and
bimetallic (Ag, Co, Ni, and Au27) hybrid systems are synthesized
using similar approaches. Other hybrid systems based on metal
nanoparticles (both monometallic and bimetallic) can be
synthesized using this method.
3.3. Hybrid microgel formation by simultaneously mixing
microgels and metal nanoparticles

In the third method, both microgels and metal nanoparticles
are synthesized separately and are later combined to generate
hybrid microgels, as shown in Fig. 2(C). Before the formation of
hybrid microgels, the surface of MNPs must be modied to
create polarity. These hybrid microgels are then synthesized
through electrostatic interactions. The hydrophilic components
of the microgels interact electrostatically with the metal
nanoparticles.33,163–168 This interaction facilitates the fabrication
of the microgels system with the metal nanoparticles. During
this fabrication, MNPs come into or onto the crosslinked
network of the microgels. If the size of metal nanoparticles is
greater than the sieves of the microgels, then they attach on the
surface of the microgels to form hybrid systems; whereas if the
size of the MNPs is slammer than the sieve area, then they fall
into the crosslinked network. Liu et al.96 described the forma-
tion of gold nanoparticles-based core–shell hybrid microgels
through simultaneously mixing their solutions. They synthe-
sized core–shell microgels with a core of Fe3O4 and a shell of
a crosslinked network of P(NIPAM-DMAEMA). First, gold
nanoparticles were synthesized, stabilized, and functionalized
with trisodium citrate. Next, the separately synthesized and
functionalized gold nanoparticles were loaded into the shell
© 2024 The Author(s). Published by the Royal Society of Chemistry
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region of the core–shell system through the aid of the electro-
static attractions between the functionalized Au nanoparticles
and the polar network of the microgels. Similarly, Gu et al.165

achieved a hybrid system by mixing a dispersion of microgels
with gold nanoparticles. Mutharani et al.71 reported a similar
method for synthesizing hybrid systems consisting of microgels
covered with palladium nanoparticles. The P(NIPAM)-CS
microgel system was synthesized rst. For this, a solution of
CS along with a small amount of acetic acid and deionized water
(DW) was prepared in a beaker and stirred for 24 h. The mixture
was then transferred to a ask and stirred (25 min) under N2.
The mixture was further stirred for 30 min in the presence of
NIPAM at room temperature (26 °C) and then the temperature
was raised to 70 °C. A small amount of APS solution was added
to the reaction mixture for polymerization. Meanwhile, the Pd
nanoparticles were synthesized in a separate beaker. Here,
PdCl2, trisodium citrate, and DW were added to a beaker and
stirred. Aer 30min, NaBH4 solution was added to the beaker to
reduce the Pd2+ ions.

This approach, however, is also not ideal for controlling the
size of the nanoparticles and results in a wastage of nano-
particles in the medium. This method is applicable for core–
shell (in which microgels are present as the core and metal
nanoparticles as the shell) and homogenous hybrid microgels.
Core–shell hybrid systems in which metal nanoparticles are
present as the core and microgels as the shell cannot be
synthesized by this method. Monometallic (Ag,169 Cu,164 Pd,71

Au96)-based hybrid systems have been synthesized using this
Fig. 3 Characterization techniques (A) FTIR, (B) DLS (reproduced from
(reproduced from ref. 91 with permission from Elsevier, copyright 2019
Elsevier, copyright 2019),151 and (F) EDX (reproduced from ref. 15 with pe

© 2024 The Author(s). Published by the Royal Society of Chemistry
method. Bimetallic (Pd,167 Ag,112 and Au170) nanoparticles-based
hybrid microgels have also been reported using this approach.
This method can also be used to synthesize bimetallic and other
metal nanoparticle-based hybrid microgels.

4. Characterization techniques

Various techniques can be utilized to examine the size, struc-
ture, composition, behavior, and appearance of metal
nanoparticle-based hybrid microgels, as well as to distinguish
them from their corresponding smart microgels, as shown in
Fig. 3(A)–(F). These techniques include scanning electron
microscopy (SEM), wide-angle X-ray scattering (WAXS), polar-
izing optical microscopy (POM), energy-dispersive X-ray spec-
troscopy (EDX), dynamic light scattering (DLS), attenuated total
reectance spectroscopy (ATR), 1H-nuclear magnetic resonance
spectroscopy (NMR), laser light-scattering spectrometry (LLS),
photoluminescence spectroscopy (PL), Raman spectroscopy
(RS), UV-Visible spectrometry (UV-Vis), inductively coupled
plasma mass spectrometry (ICP-MS), transmission electron
microscopy (TEM), photo correlation spectroscopy (PSC),
Fourier-transform infrared spectroscopy (FTIR), differential
mechanical analysis (DMA), atomic force microscopy (AFM),
inductively coupled plasma-optical emission spectrometry (ICP-
OES), inductively coupled plasma atomic emission spectroscopy
(ICP-AES), differential scanning calorimetry (DSC), and Bru-
nauer–Emmett–Teller (BET) measurements.171 Each character-
ization technique can provide specic information about both
hybrid microgels and their corresponding microgels.
ref. 15 with permission from Elsevier, copyright 2023),15, (C) TEM
),91, (D) XRD, (E) TGA (reproduced from ref. 151 with permission from
rmission from Elsevier, copyright 2023).15
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Advanced microscopic techniques, like AFM, TEM, FE-
SEM,158 and SEM, can be employed to analyze microgel particles
and their hybrids as well as their physical appearances. TEM
can be used to investigate the size distribution, morphology,
and size of both hybrid microgels and pure microgels, as shown
in Fig. 3(C). It can provide information about the size and shape
of polymer microgels and metal nanoparticles within the
crosslinked polymer networks. SEM and AFM can be utilized to
study the surface morphology of both metal nanoparticles and
organic polymers.

FTIR (as shown in Fig. 3(A)), NMR,172 and RS techniques are
widely employed to investigate the functionalities of the resul-
tant organic polymers and to identify interactions within the
polymeric networks of microgels and metal nanoparticles in the
form of hybrid microgels. EDX and XRD techniques can be used
to verify the presence and properties of the metal nanoparticles
in the crosslinked networks. XRD can also be used to determine
the crystalline nature of both systems, as shown in Fig. 3(D).
WAXS,173 particle size analysis, and DLS (as shown in Fig. 3(B))
can be utilized to measure the diameter, size distribution, and
size of particles. UV/Vis/NIR spectroscopy can be used to
Table 1 Hybrid microgels and their monomers, comonomers, metals, a

System
Metal
nanoparticles Monomers Appli

Ag-P(MAc), Co-P(MAc) Ag, Co MAc Catal

Au-P(NIPr-AAc) Au NIPr, AAc Color
Ag-P(NIPr-AAc-HEAc) Ag HEAc, NIPr,

AAc
Drug
biose

Au/Cu-P(AN) Au + Cu AN Catal

Cu-P(AAc) Cu AAc Catal
Cu-P(AMPSAc),
Co-P(AMPSAc),
Ni-P(AMPSAc)

Cu, Co, Ni AMPSAc —

Pt-P(NIPr) Pt NIPr Catal
Cu@Pd-P(NIPr-AAc) Cu + Pd AAc, NIPr Catal

Cu-P(AAm-AAc) Cu AAm, AAc Antib
Ag/Co-P(NIPMe) Co + Ag NIPMe Catal
Ni-P(AAm-AAc) Ni AAm, AAc Catal
Mg/Pt-P(NIPr) Pt + Mg NIPr Drug
Ni-P(AAMPSA) Ni AAMPSA Catal
Au-P(NIPr-DMAEMA) Au DMAEMA, NIPr Sensi
Co-P(NipaM)/P(HemA) Co NIPAM, HEMA Catal
Co-P(EI) poly(ethylene imine)
P(EI)

Co EI Catal

Ni/Ag-P(NIPMe-MAAc) Ni + Ag NIPMe, MAAc Catal
Fe@Pd-P(NIPr-MMAc) Fe + Pd NIPr, MMAc Catal

Rh-P(NIPMe-AAc) Rh NIPMe, AAc Catal
Pd-P(NIA-AA) Pd NIA, AA Catal
Fe/Pd-P(AAc) Fe + Pd AAc Catal

Ag/Pt-P(VA), Pt/In-P(VA),
Pd/Fe-P(VA),
Cu/Pd-P(VA), Pt/Fe-P(VA),
Pt/Pd-P(VA)

Ag + Pt, Pt + In,
Pd + Fe,
Cu + Pd, Pt + Fe,
Pt + Pd

VA —

sPd-P(NIA-MeAA) Pd NiA, MeAA Catal

24614 | RSC Adv., 2024, 14, 24604–24630
determine the volume phase transition temperature (VPTT) of
both microgels and hybrid systems by measuring their
turbidity. It can also be employed to conrm the stabilization
and formation of plasmonic metal nanoparticles loaded in
microgels. EDS can be used to nd the elemental composites of
the systems, as shown in Fig. 3(F).

TGA, DMA, and DSC174 techniques can be employed to
examine the thermal stability and decomposition of both
microgels and hybrid systems. TGA can also be utilized to
determine the content of metal nanoparticles in microgels, as
shown in Fig. 3(E).146 DLS/Photon correlation spectroscopy
(PCS) can be applied to assess the size distribution and hydro-
dynamic sizes of microgels and hybrid microgels. WAXS can be
employed to characterize the structure and consistency of the
synthesized hydrogels, providing insights into the network
topology, and ensuring reproducibility of the structures. Rheo-
logical measurements can be conducted to understand the
viscoelastic properties of hydrogels.

Drug-release studies include evaluating the cytotoxicity of
microgel and hybrid microgel systems using MTTS assays and
quantifying the drug-release amount using the HP-LC31
pplications, and characterization techniques

cations Characterization techniques References

ysis FTIR, TEM, XRD, TGA,
UV-Vis, EDX

146

imetric imaging DLS, XPS, SEM, UV-Vis 174
delivery and
nsing

TEM, UV-Vis, XRD 177

ysis UV-Vis, TGA, FTIR, XPS,
FE-SEM, EDX

158

ysis UV-Vis, TEM, WAXD, IR 173
SEM, TEM, XRD, TGA, EDX 141

ysis TEM, ICP-AES, EDX, UV-Vis, DLS 130
ysis SEM, UV-Vis, XPS, XRD, FTIR,

TEM, TGA
139

acterial FTIR, UV-Vis, PS, SEM, XRD, DLS 178
ysis FTIR, XRD, UV-Vis, STEM, TGA 32
ysis XPS, FTIR, TGA, XRD, TEM 179
delivery EDX, SEM, PL, CLSM 175
ysis TEM, ICP-AES, TGA 180
ng DLS, TEM, TGA, UV-Vis 72
ysis TEM, 1H NMR, FTIR, SEM, EDS, UV-Vis 172
ysis FTIR, SEM, DLS, TGA, zeta potential 181

ysis FTIR, EDX, TGA, DLS, STEM, UV-Vis 61
ysis EDXS, ED-XRD, ICP-OES, DLS, SEM,

FIB-SEM
176

ysis UV-Vis, XRD, FTIR 133
ysis FTIR, FE-SSEM, XRD, AFM, ICP-AES 182
ysis BET, ATR-FTIR, FE-SEM, XPS,

ICP-AES, EDS
171

TEM, FTIR, SEM, UV-Vis,
digital camera photography

140

ysis HP-LC, PCS, NMR, LC-MS 31

© 2024 The Author(s). Published by the Royal Society of Chemistry
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technique. Confocal laser scanning microscopy (CLSM)175 can
be utilized to monitor drug loading and release. ICP-OES,176

ICP-MS, and ICP-AES130 can be employed to determine the
content of noble metal nanoparticles decorated by the micro-
gels. Table 1 provides a summary of some microgels with metal
nanoparticles, the characterization techniques used on them,
and their applications.
5. Sensitivity properties

Microgels with and without metal nanoparticles both can show
prompt responses to alterations in certain stimuli conditions,
including pH,183 ionic strength of a medium,184 temperature,185

and glucose level,84 as shown in Fig. 4(a)–(f). These stimuli
trigger abrupt changes in the hydrodynamic radius of the
systems. The physical chemistry of this responsive behavior of
these hybrid systems is explored in the following sections.
5.1. Temperature sensitivity

The change in hydrodynamic radius (HDR) of both microgels
and hybrid microgels under different conditions of temperature
is known as “temperature sensitivity”. The temperature sensi-
tivity of both systems can be assessed by monitoring the HDR
relative to temperature changes, as shown in Fig. 4(a). The value
of HDR can either decrease or increase with rising temperature,
depending on the specic temperature-sensitive components in
the microgel structure. Based on the temperature-sensitive
components in hybrid microgel systems, their sensitivity can
be classied as positive or negative temperature sensitivity.

Hybrid systems that swell at low temperatures and shrink at
high temperatures are called negative-temperature-sensitive
hybrid systems.172,182,186–189 The temperature at which a sudden
change occurs in the HDR of both microgels and hybrid
microgels is known as the “Volume Phase Transition
Fig. 4 Stimuli-responsive behaviors of hybrid microgels upon change
in the (a) temperature, (b) pH of acidic hybrid microgels, (c) pH of basic
hybridmicrogels, (d) ionic strength of themedium, (e) laser light, and (f)
glucose levels.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Temperature (VPTT)”. Above this VPTT, the polymeric network
is hydrophobic in nature. Therefore, water molecules can come
into the crosslinked networks and expulsion takes place in
these systems. The VPTT value can vary with alteration of the
composition of the crosslinked polymer systems. This value is
slightly higher in hybrid microgels than pure microgels, due to
the occupation of some space by the metal nanoparticles in
hybrid microgels, which slightly decreases the temperature
sensitivity.44

The presence of MNPs makes it more challenging to heat
these structures effectively, requiring a slightly higher temper-
ature to remove water molecules from the polymer structure.
Manikas et al.190 reported that the VPTT of Au-P(NIPAM) hybrid
microgels was higher than that of P(NIPAM) microgels. The
temperature versus HDR curve shape for the hybrid systems
closely resembled that of the original microgels, with a slight
increase in the VPTT. Park et al.174 studied the temperature-
sensitive behavior of a core–shell system composed of gold
nanoparticles as the core and poly(N-isopropylacrylamide-
acrylic acid) P(NIPAM-AAc) as the shell. They showed that the
VPTT could be adjusted by varying the acrylic acid (AAc)
content. This adjustment was made to match with normal body
temperature to aid drug delivery. Fernández-López et al.188

described the development of Au-based hybrid microgels with
longitudinal surface plasmon resonance in the near-infrared
region. They achieved this by integrating Au nanorods into
P(NIPAM) microgels, resulting in a photothermal effect trig-
gered by the absorption of radiation in the water window region.

The positive temperature sensitivity of microgels and hybrid
systems refers to their swelling behavior with the temperature
increasing. In these systems, the moieties of the hybrid
microgels/microgels are hydrophobic at low temperatures and
hydrophilic at high temperatures. Consequently, the value of
the HDR increases with increasing temperature.139,191–193

Acrylamide-based systems typically exhibit a positive tempera-
ture sensitivity. These hybrid microgels also have an upper
critical solution temperature (UCST), which is seldom reported
in the literature. For example, Zhang et al.192 synthesized Au
nanorods loaded in hydrogels. These hybrid systems contained
a triblock copolymer micelle with a poly(acrylamide-co-acrylo-
nitrile) core and a poly(dimethylacrylamide) corona (water-
soluble) at temperatures below the UCST. Upon exposure to
near-infrared radiation, the gold nanorods absorbed light and
converted it into heat. Therefore, the temperature of the
medium would rise. This rise in temperature caused a transi-
tion in the solution by dissolving the micelles. Such a system
shows potential as a light-triggered protein-delivery system.

Like temperature, laser light can also affect the swelling and
deswelling behavior of hybrid microgels, as shown in Fig. 4(e).
Such a swelling and deswelling behavior under laser light is
more useful for drug delivery than others, and has been mostly
used to date for drug delivery in cancer treatment.
5.2. pH sensitivity

Hybrid systems are pH-sensitive because of the presence of
acidic or basic components within the structures of the
RSC Adv., 2024, 14, 24604–24630 | 24615
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Table 2 VPTT and pKa values of different monomers and comono-
mers of hybrid microgels

Stimuli-responsive
monomers/comonomers

Values of
VPTT

Values of
pKa References

NIPAM 32 190
NIPMAM 45 133
AAc 4.5 174
MAAc 5.5 152
AAMPSAc 2.3 63
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crosslinked polymers. These components can undergo proton-
ation or deprotonation by changing the pH of the medium. Due
to the presence of acidic and basic components in the structure,
hybrid systems can be categorized into three classes: (i) acidic
hybrid microgels,194 (ii) basic hybrid microgels,195 and (ii) hybrid
microgels with both acidic and basic natures.196

Hybrid systems that have acidic groups, such as –

COOH46,197,198 or –SO3H,63 in their structures are classied as
acidic hybrid microgels. In these hybrid microgels, the HDR
increases as the pH of the medium rises, as shown in Fig. 4(b).
This behavior arises because these functional groups shi from
an uncharged state to an anionic form as the pH of the medium
increases (at pH $ pKa). In the uncharged state, hydrogen
bonding occurs due to the hydrogen being attached directly to
a more electronegative atom (O). However, when protons are
removed from these groups to form anionic species (–COO−, –
SO3

−), electrostatic repulsion occurs between the anionic
components due to their like charges. This conversion occurs
when the pH of the solution exceeds the pKa value. As a result of
the increased hydrophilicity (electrostatic repulsion), water
molecules diffuse rapidly into the crosslinked network.
Conversely, these groups exist in the protonated (neutral) form
(–COOH, –SO3H) when the pH of the medium decreases (at pH
# pKa).74 In this condition, hydrophilicity (electrostatic repul-
sion) dominates. Thus, the HDR decreases with decreasing the
pH of the medium and increases with increasing the pH of the
medium. For example, Shah et al.152 reported the pH respon-
siveness of gold nanoparticles in P(NIPAM-MAAc) microgels at
room temperature in an aqueous medium. They observed that
the HDR of the hybrid microgels increased with increasing the
pH (pH = 2–6) due to the deprotonation of the –COOH groups
of MAAc.

Hybrid microgels containing basic components, such as
amino (–NH2) groups, within their structure are called basic
hybrid microgels. The amino groups are present in a neutral
(deprotonated (–NH2)) form at a high pH of the medium (pKa $

pH), as shown in Fig. 4(c). In this scenario, amino groups form
hydrogen bonding with other amino groups and with water
molecules. However, at low pH (pKa # pH), the neutral amino
groups are protonated into ammonium (cationic (–NH3

+)) ions,
leading to electrostatic repulsion between the ammonium ions
and causing the hybrid microgels to swell.98,132,199–203 Hydrogen
bonding is present between the ammonium ions and water
molecules, but electrostatic repulsion occurs between the
ammonium ions themselves due to their like charges. Conse-
quently, more water molecules can enter into the pores of the
microgels in the cationic structure (protonated form, swelling
state) compared to the neutral structure (deprotonated form,
deswelling state). Tang et al.72 conducted a study on the pH-
sensitive properties of gold nanoparticles loaded in poly(N-
isopropylacrylamide-2-(dimethylamino)ethylmethacrylate)
P(NIPAM-DMAEMA) hybrid microgel systems at room temper-
ature (25 °C) in an aqueous medium. They measured the HDR
when varying the pH within the range of 3–9 and observed
a gradual decrease in the values with increasing the pH from 3
to 9. This decrease was attributed to the amino groups shiing
from a protonated form to a deprotonated form in the structure
24616 | RSC Adv., 2024, 14, 24604–24630
of the microgels. The presence of both DMAEMA and NIPAM
functionalities within a single system made the system
responsive to both pH and temperature variations.

Hybrid microgels that have both acidic (–COOH or –SO3H)
and basic (–NH2) groups within their structures are called
acidic/basic hybrid microgels.71,204 Acidic/basic hybrid micro-
gels exhibit swelling behavior upon decreasing or increasing the
pH of the medium from the zero-charge-point (ZCP). The ZPC is
the pH at which both acidic (–COOH or –SO3H) and basic (–
NH2) groups have zero net charge. When the pH is reduced
below the ZCP, the basic (–NH2) groups become protonated,
leading to repulsion among the components of the structures of
hybrid systems, causing them to swell. While if the pH is greater
than the ZCP, the acidic groups (–COOH or –SO3H) undergo
deprotonation, leading to electrostatic repulsion among the
groups. In both these conditions, swelling occurs due to elec-
trostatic repulsion and the HDR increases. While, at pH = ZCP,
both the acidic and basic groups have zero net charge, and there
is no electrostatic repulsion among the groups. There is thus no
electrostatic repulsion, although hydrogen bonding is present.
Therefore, the HDR decreases in this case compared to at other
pH conditions. A pH-sensitive acidic/basic hybrid microgel
system was reported by Zheng et al.205 They studied the pH effect
on the HDR of hybrid microgels at pH levels from 3 to 12. The
maximum HDR value was observed at pH 8, attributed to elec-
trostatic repulsion resulting from the negatively charged
components. The HDR value reached aminimum at pH= 7, but
started to increase once more as the pH was decreased further
from 7 to 3, which could be attributed to protonation of the
basic (–NH2) groups. The pKa and VPTT of some monomers and
comonomers are given in Table 2.
5.3. Glucose sensitivity

Hybrid microgels that have phenyl-boronic acid in their struc-
tures and exhibit a swelling/deswelling behavior in the presence
of glucose are called glucose-sensitive hybrid microgels, and
their swelling and deswelling behavior is shown in Fig. 4(f).
They are very important materials for the detection and quan-
tication of glucose levels in blood samples.206–208 During the
detection, the –OH of boronic acid forms covalent bonds with
the OH of glucose, leading to the reversible formation of ether.
In the absence of glucose, the phenyl-boronic acid of the hybrid
microgels exist in a dynamic equilibrium between the charged
and uncharged forms in aqueous medium, as shown in Fig. 5.
However, the presence of glucose shis this equilibrium toward
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Mechanism of glucose sensitivity.
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the formation of a complex between the charged hybrid
microgels and the components of the phenyl-boronic acid.
Consequently, the charged content increases with a rising
glucose concentration. Sensing using hybrid microgels has
recently gained signicant interest for optical glucose sensing.
Zhang et al.206 developed a Ag-based glucose-sensitive core–shell
hybrid system, in which Ag nanoparticles served as the core and
poly(3-acrylamidophenyl boronic acid-acrylic acid) P(AAPBAc-
AAc) was the shell. When glucose interacts with AAPBAc, it
increases the negative-charge density within the structure of the
hybrid microgel. This leads to repulsive forces between the
negatively charged functional groups, causing them to expand.
In the absence of glucose, the size of the Ag-P(AAPBAc-AAc)
hybrid microgels was reported to be 38 nm. However, as the
concentration of glucose was increased from 0 mM to 30 mM,
the size of the hybrid systems expanded from 38 nm to 53 nm.
However, further increasing the glucose concentration did not
result in a further size increase, as the hybrid microgels reached
their maximum swelling limit. In this scenario, all the active
sites (phenyl-boronic acids) of the hybrid microgels were bound
with glucose. Ye et al.84 developed glucose-sensitive Ag@poly(3-
vinylaminophenylboronic acid-diethylaminoethyl acrylate)
Ag@P(VAPBAc-DEAEAc) core–shell hybrid microgels,
comprising silver nanoparticles at the core, with varying
contents of DEAEAc (0.000501–0.0522 mol), which were used to
explore the effect of the DEAEAc content on the glucose-
sensitive behavior. At functional pH 7.4, the introduction of
glucose to the hybrid microgels containing a high proportion of
DEAEAc generated negatively charged boronated groups. These
groups then formed bonds with the positively charged nitrogen
of DEAEAc through electrostatic interactions, leading to
a decrease in the HDR. A small quantity of DEAEAc could create
negative charge upon exposure to glucose by its swelling
behavior. While the pure microgels were not uorescent, the
hybrid microgels were so, even with the incorporation of a small
number of nanoparticles. Basically, the physicochemical
microenvironments around the Ag nanoparticles changes
during the swelling/deswelling behavior. In other words, the
refractive index of these hybrid microgels alters during their
swelling/deswelling. Therefore, the optical property of Ag
© 2024 The Author(s). Published by the Royal Society of Chemistry
nanoparticles affected these hybrid microgels, but such optical
property was not present in the pure microgels. Therefore,
a change in photoluminescence (PL) intensity occurred when
different concentrations of glucose were added during the
investigation of glucose sensitivity due to the transformation
from the swelling state to the deswelling state. The adsorption
of glucose increased with increasing the content of DEAEAc,
which decreased the PL intensity and vice versa. Zhang et al.209

reported the glucose-sensitive behavior of Au-poly(N-
isoproylacrylamide-3-acrylamidophenylboronic acid) Au-
P(NIPAM-AAPBAc) hybrid microgels. They examined the
swelling behavior of both the pure microgels and hybrid
systems by varying the concentrations of glucose in the range of
0–30 mM. They observed a linear increase in the size of both
systems with the increase in the concentration of glucose from
0 to 10 mM. However, no further increase in the size was
observed upon further increasing the concentration of glucose
from 10 to 30 mM, due to the unavailability of active sites
(boronic acid groups) in the structures. These results suggested
that boronic acid was an essential constituent of the structure
for the detection and sensing of glucose.
5.4. Sensitivity to ionic strength

Hybrid microgels that show a swelling and deswelling behavior
under various contents of ionic salts (metal salts) in a medium
are called ionic strength-sensitive hybrid microgels, as shown in
Fig. 4(d). The concentration of ionic salts affects the swelling
and deswelling behavior of hybrid microgels.170,210–213 When
salts dissolve in a dispersion of hybrid microgels, they ionize
due to the presence of water molecules. The structure of the
hybrid microgels contains polar or ionic groups that interact
with the produced ions. As a result, these ions penetrate the
pores of hybrid microgels and decrease the diffusion rate of
water molecules. This swelling/deswelling behavior depends on
the nature of both the hybrid microgels and the salts. Das
et al.214 investigated the ionic-strength sensitivity of amphoteric
silver-poly(N-isopropylacrylamide-N,N-dimethyl-N-(3-meth-
acrylamidopropyl)-N-(3-sulfopropyl) ammonium betaine) Ag-
P(NIPAM-DMSABe) hybrid microgels. These hybrid systems
RSC Adv., 2024, 14, 24604–24630 | 24617
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showed a responsive behavior when a salt such as KCl or CdCl2
was added to a dispersion of hybrid microgels. It was observed
that the VPTT shied to lower values as the salt concentration or
oxidation state of the metal ions increased.

6. Applications

Hybrid microgels have potential and are already used in various
applications in different elds, as shown in Fig. 6. A discussion
about these applications is given below.

6.1. As an adsorbent

Microgels have polar components in their structures, which can
interact with metal cations. Therefore, ions can penetrate into
the crosslinked networks of microgels, where these ions are
reduce into their corresponding atoms. However, these atoms
are unstable, and thus they start to coagulate to obtain stability
due to the atomic bonds. This coagulation is controlled by the
crosslinked network as well as by stabilization of the
particles.126,215–217 In the presence of these metal nanoparticles,
the structure of hybrid microgels also has an affinity to interact
with other materials. In this way, the crosslinked network of
hybrid microgels are responsible for this adsorption. Therefore,
the adsorption of pollutants depends on the nature of the
hybrid microgels (nature of the monomers, comonomers) and
the nature of the adsorbents. More content will be absorbed if
opposite charges are present on both the adsorbate and
adsorbent.66,76,77,138,218–223

In this way selectivity can also be created in the hybrid
microgel systems for the adsorption of specic pollutants,
because the hybrid microgels will repel pollutants if the same
charge is present on both. Mostly, the adsorption of pollutants
by hybrid microgels is monitored by UV-Visible spectropho-
tometry (for all types of pollutants) or atomic adsorption spec-
trophotometry (only for metal ions). The adsorption of
pollutants can be performed by mixing both the pollutants and
Fig. 6 Applications of hybrid microgels in different fields.
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hybrid microgels in an aqueous medium and stirring for some
time. Aer that, the pollutant-loaded hybrid microgels are
separated from the mixture by centrifugation or magnetic eld
(for magneto-sensitive hybrid microgels) and analyzed.224

The sample pollutant solution before adding the hybrid
microgel and aer removing the hybrid microgels will be placed
in a UV-Visible spectrophotometer or atomic adsorption spec-
trophotometer for analysis. The difference in the initial and
nal values indicates the removal percentage of pollutants. For
example, Mizuno et al.66 studied the adsorption of 4NiP by
palladium nanoparticles-based hybrid microgels. The polar (–
OH) functional groups in the hybrid microgels formed
hydrogen bonds with the polar 4NiP. Therefore, 4NiP could be
easily extracted by the crosslinked network of the hybrid
microgels. Wang et al.65 also used microgel systems to sorb
palladium ions and simultaneously catalyze the reduction of
3NiP. The sorption of palladium ions occurred through ion–
dipole interactions, followed by their reduction to palladium
nanoparticles for the catalytic reduction of 3NiP. In this way, the
metallic ion pollutants could be converted into metal nano-
particles, which are powerful catalysts for the reduction/
degradation of pollutants.
6.2. Catalysis

The most important property of hybrid microgels is their cata-
lytic behavior. They can be applied as catalysts for
transformation/reduction/degradation reactions.167,225–230

Hybrid microgels have several advantages over conventional
catalytic systems, including:

(1) Nanoparticles have high stability within microgels due to
the strong donor–acceptor interactions that are present
between these nanoparticles and various functionalities of the
microgels. These interactions can effectively prevent the leach-
ing of MNPs from microgels during catalysis.231,232

(2) The porosity of hybrid microgels facilitates the approach
of reactant molecules to the surface of MNPs.233

(3) The catalytic efficiency of hybrid microgels can be tuned
by external stimuli, such as temperature,185 ionic strength,234

and pH.183

(4) The nanoparticles can be easily separated from the
reaction product aer completion of the reaction by centrifu-
gation32,51 or by applying a magnetic eld.96

(5) The chemically inert nature of microgels ensures that
they do not actively participate in the catalytic process.43

(6) In some instances, the polymeric network in hybrid
microgels establishes a supportive environment that promotes
the diffusion of reactant molecules from the bulk to the surface
of metal nanoparticles, thereby enhancing the rate of the
chemical reaction.

Various catalytic reactions can be done with hybrid micro-
gels, with some common catalytic organic reactant conversions
described below.

Hybrid microgels are frequently utilized as catalysts for the
reduction of nitroarenes in aqueous media along with reducing
agents like NaBH4.93,146,229,235–238 Four steps are involved in the
catalytic reduction of nitroarenes, which can occur via either
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04128c


Fig. 7 Mechanism for the reduction of nitroarenes by hybrid microgels and NaBH4.
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route I or route II as shown in Fig. 7. Route II is preferred when
the reaction proceeds rapidly, while route I is favored for slower
reactions. In route I, H2 gas is produced, which is highly stable
and consequently less reactive; while nascent hydrogen is
generated in route II that is extremely unstable and had high
reactivity. As a result, the nascent hydrogen rapidly reacts with
other molecules, leading to a faster product conversion, as
depicted in route II.43

The catalytic reduction of 4NiP to 4-aminophenol (4AmP) is
commonly employed as a model reaction to assess the catalytic
efficiency of hybrid systems. This reaction was oen selected
due to the detoxication of 4NiP into the less toxic 4AmP, which
can further be converted into various organic compounds.
Another reason is the easy monitoring of the 4NiP reduction
Fig. 8 Catalytic reduction of nitroarenes by hybrid microgels under diffe
metal nanoparticles in the microgels.

© 2024 The Author(s). Published by the Royal Society of Chemistry
process. The progression of the reduction reaction can be
monitored using a UV/Vis spectrophotometer, where a decrease
in the absorbance at 400 nm and the appearance of a new peak
around 300 nm indicate the conversion of 4NiP to 4AmP.
Similar trends in absorbance have been reported by Alda-
bergenov et al.,239 Ulker et al.,240 and Tatykhanova et al.241

Numerous factors inuence the catalytic efficiency of hybrid
systems during the reductive reduction of nitroarenes, as shown
in Fig. 8(A)–(C). The quantity of metal nanoparticles present in
the hybrid microgels is a key factor determining the reduction
rate,63,82 whereby increasing their content in hybrid systems
enhances the reduction rate of nitroarenes. Gancheva and Vir-
gilio241 synthesized both porous and non-porous microgels
loaded with different amounts of Au nanoparticles. The
rent (A) temperatures, (B) pH levels of the medium, and (C) contents of

RSC Adv., 2024, 14, 24604–24630 | 24619

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04128c


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 8
/3

/2
02

5 
8:

24
:1

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
catalytic activity of the porous hybrid systems with a greater
content of Au NPs (2.7 wt%) surpassed that of the non-porous
systems. Similarly, Zhou et al.128 investigated the effect of the
content of MNPs on the catalytic reductive reactions and re-
ported similar catalytic trends.

The catalytic efficiency can be tuned by varying the temper-
ature, as shown in Fig. 8(A). The temperature dependence
deviates from t normal Arrhenius behavior in the case of
temperature-sensitive hybrid microgels. The HDR of hybrid
microgels decreases as the temperature of the medium rises.
The HDR exhibits its maximum derivative at the VPTT. Below
the VPTT, the hydrogels are present in a swelling state, allowing
reactant molecules to easily access the MNPs surface; therefore
facilitating a rapid conversion of the reactants to products.
Conversely, the catalytic reductive reaction rate decreases at
temperatures above the VPTT due to the shrinkage and the
resulting decrease in the HDR. This shrinkage makes it more
challenging for reactants to reach the catalyst surface.57,74,75,242

The use of the Arrhenius equation provides a quantitative
method to analyze the temperature impact on the reaction rate
catalyzed by hybrid systems. The relationship between the
natural logarithm of the reaction rate constant (ln kapp) and the
reciprocal of temperature (1/T) within the temperature range
encompassing the VPTT has been observed to be non-linear.
Further, it has been found that the kapp value increases with
temperature, reaches a minimum at the VPTT, and then starts
to rise again. The temperature effect on the kapp value for the
catalytic reductive reaction of 4NiP in the presence of hybrid
microgels and NaBH4 was investigated by Hussain et al.243 and
Rehman et al.152

The catalytic efficiency of hybrid microgels can readily be
controlled by adjusting the pH of the medium during the
catalytic reductive reactions, as shown in Fig. 8(B). This pH
sensitivity is present if the structures of the hybrid microgels
have basic (–NH2)244 or acidic (–COOH,46,245, –SO3H63) groups.
The pH effect on these acidic (–COOH, –SO3H) and basic (–NH2)
groups is opposite in nature, as one group (–NH2) is basic in
nature while the other (–COOH, or –SO3H) is acidic. Acidic
hybrid microgels have –COOH or –SO3H groups in their struc-
ture. These groups exhibit a swelling behavior when the pH of
the medium increases above the pKa value. Once the pH exceeds
the pKa value of the ionic portion, all the acidic (–SO3H or –

COOH) groups will convert into anions (–SO3
− or –COO−).

These negatively charged groups repel each other electrostati-
cally, leading to an increase in the HDR. In this swollen state,
a greater number of reactant species can easily access the MNPs
surface, resulting in a higher conversion of reactants into
products, together with an increased apparent rate constant. In
contrast, at pH values # pKa, the hybrid microgels undergo
deswelling, limiting the number of reactants that cab reach the
MNPs surface and consequently yielding a smaller amount of
product. Shah et al.152 investigated the impact of pH on the
catalytic efficiency. They noted that at pH 2.78, the kapp value
was 0.196 min−1, which increased to 0.321 min−1 at pH 8.36.
Additionally, they observed that higher concentrations of
monomers containing acidic groups resulted in an improved
catalytic performance, likely due to the greater swelling.
24620 | RSC Adv., 2024, 14, 24604–24630
The catalytic performance can be impacted by the presence
of basic (–NH2) groups in the hybrid microgel structure, which
can be regulated by adjusting the pH of the medium, as shown
in Fig. 8(B). At low pH values, the basic (–NH2) groups exist in
a protonated (–NH3

+) form, leading to electrostatic repulsion
caused by the cationic functionalities within the structure. As
a result, the HDR value is lowered at high pH and increases with
decreasing the pH value. Tan et al.93 studied the catalytic activity
for the reduction of 4NiP over a pH range of 3 to 11. They
observed that the value of kapp was highest at pH 3 and gradually
declined as the pH increased. For example, at room tempera-
ture, the kapp value was 7.3 × 10−3 s−1 at pH 3 and 7.4 × 10−4

s−1 at pH 7.
The catalytic efficiency of bimetallic nanoparticles-

containing hybrid systems exceeds that of monometallic
nanoparticles systems for the reduction of nitroarenes.94,146,163

The addition of metallic nanoparticles to systems containing
other metallic nanoparticles can enhance each other's perfor-
mance due to a synergistic effect. The interface formed between
one type of MNPs and another type of MNPs in the hybrid
microgels enhances the catalytic performance. The work func-
tion values of both types of MNPs play a role in creating
a depletion region, causing electron transfer from the lower
work function side to the higher work function side. This
interaction between electron-decient reactants (nitroarenes)
and electron-rich nanoparticles allows a greater number of
reactant molecules to reach the nanoparticles' surface, resulting
in a faster reduction reaction.246 Li et al.82 reported the synthesis
of bimetallic (Ag + Au) hybrid microgels. They loaded gold NPs
with varying concentrations in Ag-based hybrid microgels and
observed that the kapp value for the catalytic reductive reaction
of 4NiP in the presence of each hybrid system increased with
increasing the amount of Au NPs. Similarly, Tan et al.93 inves-
tigated the catalytic activity of a bimetallic (Au + Ag) hybrid
system in which Ag nanoparticles were loaded into Au-based
hybrid microgels.

The content of the reductant (NaBH4) and the content of
metal nanoparticles in the microgels (as shown in Fig. 8(C)) also
impacted the catalytic efficiency;43,61,115 whereby a higher
reductant concentration increased the kapp value, leading to
a faster completion of the reaction. Essentially, the higher
reductant content resulted in more of the compound being
adsorbed onto the catalyst surface, leading to increased
hydrogen release, which in turn affected the rate of product
formation. Hussain et al.243 studied the catalytic performance of
Ag nanoparticle-encapsulated core–shell microgel systems
under various NaBH4 concentrations and noted that the reac-
tion rate increased with higher NaBH4 concentrations.

The number of nitro groups in nitroarenes also inuences
the catalytic performance of hybrid microgels. Therefore, the
kapp value for the reduction of tri-nitroarenes is smaller than
that for mono-nitroarenes under similar conditions. Mono-
nitroarenes can thus be reduced more rapidly compared to di-
and tri-nitroarenes. Melinte et al.247 investigated the catalytic
reduction of 2,6-dinitrophenol (di-nitroarene), 4NPh (mono-
nitroarene), and picric acid (tri-nitroarene) under similar
conditions and calculated the kapp values for each reductive
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reaction as 16.52 × 10−3, 34.35 × 10−3, and 12.31 ×

10−3 min−1, respectively.
The rate of reduction can be signicantly inuenced by the

presence of specic gases dissolved in the aqueous dispersion
of the reaction mixture. The catalytic performance of hybrid
microgels is different in N2 and CO2 gaseous environments. CO2

gas purging in hybrid microgel dispersions leads to the trans-
formation of carboxylic (–COOH) groups, which thus alters the
interfacial interactions between the functionalities of the
microgels and MNPs. Thus, the catalytic activity can be signif-
icantly affected by purging with CO2. In one study,44 the impact
of introducing N2 and CO2 gases into the reaction mixture was
examined in relation to the catalytic efficiency of Au-P(NIPAM-
MAAc) for 4NiP reduction. It was found that the kapp values
were 2.1 × 103 and 3.2 × 103 min−1 for N2 and CO2 gas purging,
respectively, at T # 29 °C. At T $ 35 °C, the kapp values were 1.3
× 104 and 1.4 × 1012 min−1 for N2 and CO2 purging,
respectively.

The reduction rate of nitroarenes also depends on the
substituent and position of the attached substituent on the
nitro-benzene ring.43,58,151,248 If the substituent is an electron-
donating species, then the reduction rate is low; while if an
electron-withdrawing group is attached directly to the ring, then
reduction can rapidly take place.43 Basically, nitro groups are
electron decient, and their deciency can be reduced by elec-
trons provided by the metal nanoparticles. If the electron-
donating group is directly attached to the ring, it donates
some electronic cloud to the nitro group. Therefore, the electron
deciency is minimized by electron-donating groups, and their
capacity to obtain electrons from metal nanoparticles is also
reduced, resulting in reduction rated. On the other hand, an
electron-withdrawing group would further decrease the elec-
tronic cloud from the ring. Therefore, rings do not donate their
electronic cloud to nitro groups. Therefore, they rapidly gain
electrons from MNPs and reduce them rapidly.

Dyes are a major source of water pollution, and are used in
textile industries on a large scale. These industries discharge
these dyes as waste material. These dyes are very toxic to human
health. Therefore, it is a very important task to remove these
dyes from contaminated water. To address this problem,
various catalytic systems are used to degrade or reduce the toxic
dyes into harmless compounds. Hybrid microgels are consid-
ered the best materials for rapid catalytic reduction or degra-
dation.14,67,139,215,216,249 Shah et al.250 investigated the catalytic
performance of Au- or Ag-based hybrid microgels for the
reduction of Congo red (CR), 4-nitrophenol (4NiP), and meth-
ylene blue (MB). They showed excellent results for industrial
wastewater treatment. Their catalytic efficiency in wastewater
was slightly lower than pure water, due to the presence of
various metallic and nonmetallic ions in wastewater, which
interact with the polar components of hybrid microgels and
resist the approach of dyes to the surface of MNPs. Han et al.251

studied the catalytic performance of Au-based hybrid microgels
for the reduction of MB, rhodamine B (RAB), and 4NiP. They
observed that 4NiP and organic dyes were adsorbed onto the Au
nanoparticle surface and then desorbed as products. The cata-
lytic efficiency of the hybrid system followed the order: MB >
© 2024 The Author(s). Published by the Royal Society of Chemistry
RAB > 4NiP. Similarly, Cao et al.252 investigated the catalytic
activity of gold nanoparticles encapsulated in core–shell hybrid
systems for the reduction of 4NiP and RAB. They found there
was no signicant decrease in the catalytic performance of the
hybrid systems aer recycling.

Hybrid microgels show excellent catalytic performance for
coupling reactions conducted under various conditions.
Increasing the temperature can enhance the reaction rate,
leading to the formation of more products in a shorter time.
With higher temperature, a greater fraction of reactant mole-
cules have kinetic energy (KE) equal to or greater than the
activation energy (Ea), resulting in more collisions and a higher
reaction rate. The choice of solvent also affects the catalytic
efficiency of hybrid microgel systems in coupling reactions.
Among the organic solvents, ethanol has been found to be the
most effective. Eyimegwu et al.253 utilized hybrid microgels for
various homocoupling reactions under different solvents in
aerobic conditions. Albino et al.,254 Wang et al.,65 and Hong
et al.255 investigated coupling reactions in the presence of Pd
nanoparticle-decorated microgels. Pourjavadi et al.256 used
core–shell hybrid microgels for the reduction of 4NiP and for
Suzuki–Miyaura coupling reactions. They conducted coupling
reactions between substituted iodo/bromobenzenes and
phenyl-boronic acid under different solvents, temperatures,
and bases, and found that a higher product yield was obtained
in water compared to in other solvents under similar condi-
tions. Additionally, they noted that the presence of an electron-
withdrawing group attached to the iodo-/bromobenzene resul-
ted in a higher yield, whereas the presence of an electron-
donating group led to a lower yield.
6.3. Detection

Hybrid microgels show excellent performance for the detection
(sensing) of various materials, like toxic metal ions in
water.184,257–259 Tang et al.72 explored the sensing properties of
gold nanoparticles incorporated into poly(N-
isopropylacrylamide-2-(dimethylamino)ethylmetharylate)
P(NIPAM-DMAEMA) for the detection of Hg2+ ions. They
observed a linear relationship between the uorescence inten-
sity and the concentration of mercuric ions aer adding
a mercuric ions solution in to a dispersion of 1-pyrenebutyric
acid (PBA) containing hybrid microgels. This behavior was
attributed to replacing the PBAc with Hg2+ ions from the hybrid
microgels. As the concentration of Hg2+ ions increased from
0.16 to 1.60 mM, there was an increase in the uorescence
intensity, which could be used to accurately quantify the Hg2+

ions in the samples. Similar experiments were conducted under
similar conditions with other metal ions. The results showed
that metals other than Hg2+ did not induce signicant changes
in the uorescence intensity. This indicated that the hybrid
microgels could be used selectively for sensing Hg2+ ions.

Hybrid microgels can also help in detecting thrombin, which
is an enzyme responsible for converting brinogen into brin in
the human body. Gui et al.73 devised an electro-
chemiluminescent aptasensor by combining a ruthenium (Ru)
complex with hybrid microgels to sense thrombin using an
RSC Adv., 2024, 14, 24604–24630 | 24621
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electro-generated chemiluminescence method. Upon adding
thrombin to the hybrid microgels containing Ru, the peak
intensity increased. This peak intensity exhibited a direct
correlation with the concentration of thrombin, spanning from
1.0 fM to 10 pM, with a detection limit of 0.54 fM.

Different substances can also be detected by hybrid micro-
gels. The sensing/detection abilities of the hybrid microgels are
usually evaluated using cyclic voltammetry, which is a tech-
nique that tracks the oxidation and reduction positions of the
sensor. The sensing ability is determined by observing any shi
in the oxidation or reduction potential of the sensor in the
presence of a specic substance, enabling the detection of even
minute quantities of substances. Mutharani et al.71 investigated
the detection of organophosphorus pesticide paraoxon-ethyl by
using hybrid microgels at various concentrations (0.01 mM to
1.3 mM), and demonstrated remarkable results. Tang et al.260

studied the sensing ability of Pd-P(AAc) for H2O2. They observed
a reduction peak at 0.1 V for H2O2. A similar reduction peak was
obtained with Au/Pd2+-P(AAc), albeit with a signicantly lower
intensity. However, no such reduction peak was observed with
Au/P(AAc) in the presence of H2O2.
6.4. Drug delivery

Smart microgels with metal nanoparticles have attracted
signicant attention as drug-delivery systems owing to their
sensitivity under different pH, temperature, and electromag-
netic radiation conditions.132,261–266 These hybrid systems can be
used for the delivery of drugs into the body, as shown in Fig. 9.
Upon reaching the target site, laser light (in the water window or
near-infrared spectrum) is applied and directed toward the
designated area. Au-based hybrid systems can absorb the light
and convert it into heat energy, which increases the tempera-
ture. This temperature rise triggers a phase transition in the
hybrid microgels, facilitating the release of the drug at the tar-
geted location. Solorzano et al.266 conducted a study on a photo-
responsive drug-delivery system utilizing hollow gold
nanoparticles-incorporated P(NIPAM) systems. The hybrid
microgels were loaded with bupivacaine hydrochloride mono-
hydrate drug. The researchers investigated the drug-release
kinetics under near-infrared irradiation, and demonstrated
the potential of the Au-P(NIPAM) hybrid system as a promising
photothermally triggered drug carrier.
Fig. 9 Loading and release of a drug by hybrid microgels.

24622 | RSC Adv., 2024, 14, 24604–24630
The loading and release of a drug may be studied in different
pH conditions. Hybrid microgels show a swelling and deswel-
ling behavior in different pH conditions and it is this swelling
and deswelling behavior that control the loading and release of
the drug. In this way, the pH of themedium is also an important
parameter for drug-delivery systems. The controlled release
behavior of hybrid microgels can be obtained by adjusting the
content of monomers, comonomers, and crosslinkers during
the formation of hybrid microgels. The naturalness of the
monomers, comonomers, and crosslinkers is also an important
aspect for drug delivery. They also have an effect on loading and
release of the drug in the systems through variations in the
polarity. Therefore, the interactions that occur between the drug
and structure of the hybrid microgels during the loading and
release of the drug depend on the nature of both the hybrid
microgels and the drug.
6.5. Anticancer/antitumor treatment

Hybrid microgels can be used in tumor/cancer
treatment.47,267–269 For these applications, both the MNPs and
the organic components of hybrid systems play pivotal roles in
cancer therapy. Specically, Au nanoparticles possess the ability
to absorb light within the wavelength range of 500–1200 nm and
convert this absorbed light into thermal energy through a radi-
ation-less relaxation process. Consequently, the temperature of
the local environment increases when near-infrared light is
applied at the target area of the body aer the injection of
hybrid microgels. This rise in temperature facilitates tumor
treatment through a photothermal mechanism. Wang et al.270

developed Au-based gelatin for photothermal therapy. This
hybrid system demonstrated notable characteristics, like
excellent stability, a high content of Au NPs, and low degrad-
ability, making it suitable for effective photothermal therapy.

The combination of photothermal therapy and chemo-
therapy presents a favorable approach for cancer treatment with
high potential efficiency. The temperature sensitivity of hybrid
microgel systems plays a critical role in controlling the release
of loaded anticancer drugs, as discussed earlier. Zhou et al.68

developed a hybrid microgels system and used this for the
loading and release of the anti-inammatory drug diclofenac
sodium (DS) and the anticancer drug doxorubicin (DR). The
gold nanoparticles in the hybrid microgel served several func-
tions: they can absorb DR on their surface, which can then be
© 2024 The Author(s). Published by the Royal Society of Chemistry
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replaced by glutathione (GT) present within tumor cells, and
they have the ability to convert absorbed light into heat, trig-
gering a volume phase transition in the microgels, resulting in
the release of the DS.
6.6. Antibacterial activities

Hybrid microgels exhibit excellent antibacterial properties by
releasing metal ions into an aqueous medium through a porous
microgel system, surpassing the antibacterial efficiency of bulk
metals. Unlike toxic agents, metal nanoparticles demonstrate
antibacterial activity without releasing harmful
substances.70,122,125,226,271,272 By penetrating bacterial membranes,
Ag+ ions have the ability to replace various other metal cations,
such as Ca2+, in biological systems.273 Additionally, they can
attach to electron-donating groups, like carboxylate, phosphate,
and thiol groups, present in DNA. They can interrupt normal
cellular processes, leading to the death of bacterial cells.274

Consequently, they are effective at eradicating bacteria such as
Staphylococcus epidermidis (S. epidermidis),214 Staphylococcus
aureus (S. aureus),275–277 Pseudomonas aeruginosa (P. aerugi-
nosa),276,278 and Escherichia coli (E. coli).70,122,271,279–281 For
example, Hantzschel et al.276 examined the antibacterial activity
of Ag-based hybrid microgels by observing the growth of
bacterial colonies of S. aureus and P. aeruginosa over time with
varying the content of Ag NPs in the hybrid microgels. They
observed there was a notable reduction in bacterial growth, and
the antibacterial activity was enhanced with increasing the Ag
NPs content. Microgels containing 11.2% Ag nanoparticles
exhibited more effective antibacterial properties against P. aer-
uginosa compared to S. aureus. This difference was attributed to
the thinner murein layer of P. aeruginosa compared to S. aureus,
allowing for a faster diffusion rate of the antibacterial agent into
the bacterial cells, resulting in a quicker eradication. The
researchers demonstrated that as the content of Ag nano-
particles increased, the antibacterial effectiveness of the hybrid
microgels also increased. In a separate study, Thomas et al.282

investigated the antibacterial activity of hybrid systems against
E. coli. They examined the effects of the hybrid microgel particle
size, Ag NPs loading, and the content of AAc present in the
hybrid systems on the antibacterial activities of the hybrid
microgel. They found that hybrid systems with a size of 100 mm
showed a superior inhibition of bacterial colony growth
compared to those with a size of 200 mm in an aqueous medium
due to the reduction in the surface area of larger particles. The
antibacterial performance against E. coli increased with
a higher content of Ag NPs within the microgels. The study
highlighted that the feed composition of the microgels signi-
cantly inuenced their antibacterial properties, with hybrid
systems containing 5.55 mM of AAc demonstrating greater
efficiency compared to those with no AAc content (0.00 mM
AAc).
7. Conclusion and future directions

The integration of metal nanoparticles into smart microgels
creates unique and intriguing hybrid systems. These hybrids
© 2024 The Author(s). Published by the Royal Society of Chemistry
exhibit responsive behaviors, leading to a diverse range of
hybrid microgels with distinct shapes, compositions, and
structures. These systems have demonstrated remarkable
performance in catalytic reactions and their performance can
be controlled by varying their size and morphology. Conse-
quently, these systems are predominantly used in catalytic
reactions over other applications. Their catalytic efficiency can
be tuned with external stimuli conditions, like pH, temperature,
solvent nature, and ionic strength of themedium.Moreover, the
potential applications of hybrid microgels in various elds,
such as drug delivery, adsorption, antibacterial, and anticancer,
are inuenced by their morphology, which can be customized to
specic requirements using suitable synthetic techniques. The
morphologies, functional hierarchy, and crystallinity of
synthesized hybrid systems can be identied using diverse
characterization techniques.

Some metal ions (like palladium ions) exhibit signicant
environmental toxicity, limiting their direct applicability.
However, these ions can be converted into valuable substances,
as demonstrated by their incorporation in nanocomposites
such as palladium nanoparticle-based hybrid microgels. These
composite materials with palladium nanoparticles present in
the microgels have diverse applications across various elds.
However, the toxicity of palladium metal hinders the use of
palladium-based hybrid microgels in drug-delivery applica-
tions, highlighting a notable drawback of these hybrid
microgels.

Another drawback observed in previously reported hybrid
microgels is the use of non-biodegradable monomers during
their synthesis. For instance, N-isopropylacrylamide has been
widely utilized in the synthesis of hybrid systems, but leads to
the formation of non-biodegradable microgels. This limitation
could be addressed by employing biodegradable monomers,
like N-vinyl caprolactam. Metal nanoparticle-decorated micro-
gels have shown the best performance involving catalyst trans-
formation for specic organic reactions, notably in the
reduction of 4-nitrophenol. Thus, investigating the catalytic
potential of hybrid microgels across a range of organic trans-
formations could provide valuable insights for future research.
Bimetallic nanoparticles-containing hybrid microgels have
demonstrated signicantly enhanced performance for many
catalytic reduction and degradation reactions compared to
monometallic hybrid systems. Therefore, a more comprehen-
sive examination of bimetallic hybrid systems is warranted.
Moreover, the high cost of noble metals, excluding palladium
(which is toxic), presents a challenge that can be addressed by
combining these metals with less expensive ones in bimetallic
hybrid systems. Additionally, recycling hybrid systems aer
catalysis offers a potential solution to this challenge. Further
research is needed to explore the leaching effect and catalytic
performance of recycled hybrid microgels. Moreover, the factors
directly inuencing the catalytic efficiency of bimetallic hybrid
microgels, such as temperature, solvent nature, pH levels, and
ionic strength of the medium, require thorough exploration in
future studies. Furthermore, forthcoming research should
evaluate the compatibility of hybrid polymers with various
substrates to assess their potential applications.
RSC Adv., 2024, 14, 24604–24630 | 24623
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Metal nanoparticles have found expanded applications
within microgels, which can contain both polar and non-polar
components in their structure. Consequently, hybrid micro-
gels present potential uses in catalysis (noble metal nano-
particles) as well as in adsorption processes (microgel
component). Although only a few hybrid microgel systems have
been employed in adsorption processes thus far, there is an
opportunity to explore these as alternative systems for the
removal of various water pollutants, including heavy metal ions
and harmful organic dyes. These hybrid systems may prove to
be the best option for the purication of industrial wastes
through a combination of adsorption and catalytic reactions.
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and R. Contreras-Caceres, ACS Appl. Nano Mater., 2020, 3,
8247–8256.

81 M. Wei and M. J. Serpe, Part. Part. Syst. Charact., 2019, 36,
1800326.

82 L. Li, R. Niu and Y. Zhang, RSC Adv., 2018, 8, 12428–12438.
83 B. Tadgell, E. Ponomareva, M. Karg and P. Mulvaney, J.

Phys. Chem. C, 2022, 126, 15336–15347.
84 T. Ye, X. Jiang, W. Xu, M. Zhou, Y. Hu and W. Wu, Polym.

Chem., 2014, 5, 2352–2362.
85 K. Rajar and E. Alveroglu, J. Mol. Struct., 2017, 1146, 592–

599.
86 M. Zhang and W. Zhang, J. Phys. Chem. C, 2008, 112, 6245–

6252.
87 K. Naseem, Z. H. Farooqi, R. Begum, W. Wu, A. Irfan and

A. G. Al-Sehemi,Macromol. Chem. Phys., 2018, 219, 1800211.
88 I. Hussain, M. Shahid, F. Ali, A. Irfan, R. Begum and

Z. H. Farooqi, Environ. Technol., 2023, 44, 1679–1689.
89 Y. Lu, J. Yuan, F. Polzer, M. Drechsler and J. Preussner, ACS

Nano, 2010, 4, 7078–7086.
90 P. Boonying, S. Martwiset and S. Amnuaypanich, Appl.

Nanosci., 2018, 8, 475–488.
91 K. Naseem, R. Begum, W. Wu, A. Irfan, A. G. Al-Sehemi and

Z. H. Farooqi, J. Cleaner Prod., 2019, 211, 855–864.
92 Y. Lu, S. Proch, M. Schrinner, M. Drechsler, R. Kempe and

M. Ballauff, J. Mater. Chem., 2009, 19, 3955–3961.
93 N. Tan, C. Lee and P. Li, Polymers, 2016, 8, 105.
94 T. Zhang, L. Li, Z. Ye, Q. Yang, Y. Tian and X. Guo, RSC Adv.,

2018, 8, 18252–18259.
95 B. Hu, T. Wu, K. Ding, X. Zhou, T. Jiang and B. Han, J. Phys.

Chem. C, 2010, 114, 3396–3400.
24626 | RSC Adv., 2024, 14, 24604–24630
96 G. Liu, D. Wang, F. Zhou and W. Liu, Small, 2015, 11, 2807–
2816.

97 A. Mohan, J. Peter, L. Rout, A. M. Thomas, S. Nagappan,
S. Parambadath, W. Zhang, M. Selvaraj and C.-S. Ha,
Colloids Surf., A, 2021, 611, 125846.

98 M. R. Nabid, Y. Bide and M. Niknezhad, ChemCatChem,
2014, 6, 538–546.

99 J. Yang, D. Wang, W. Liu, X. Zhang, F. Bian and W. Yu,
Green Chem., 2013, 15, 3429–3437.

100 N. Sahiner and A. O. Yasar, Fuel Process. Technol., 2016, 144,
124–131.

101 Y. Mei, Y. Lu, F. Polzer, M. Ballauff andM. Drechsler, Chem.
Mater., 2007, 19, 1062–1069.

102 R. J. Rauschendorfer, K. M. Whitham, S. Summer,
S. A. Patrick, A. E. Pierce, H. Se-Cyr, S. Tadjiki,
M. D. Kra, S. R. Emory, D. A. Rider and M. D. Montaño,
Front. Toxicol., 2021, 3, 1–14.

103 T. Kureha, Y. Nagase and D. Suzuki, ACS Omega, 2018, 3,
6158–6165.

104 D. Suzuki and H. Kawaguchi, Langmuir, 2005, 21, 12016–
12024.

105 T. Curtis, A. K. Taylor, S. E. Alden, C. Swanson, J. Lo,
L. Knight, A. Silva, B. D. Gates, S. R. Emory and
D. A. Rider, ACS Omega, 2018, 3, 10572–10588.

106 M. Bradley and B. S. Garcia-Risueño, J. Colloid Interface Sci.,
2011, 355, 321–327.

107 M. Karg, I. Pastoriza-Santos, J. Pérez-Juste, T. Hellweg and
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J. Pérez-Juste, L. M. Liz-Marzán and T. Hellweg, Langmuir,
2009, 25, 3163–3167.

110 S. Mohammed Saullah, K. Abdul Wasi and K. Anver
Basha, Appl. Surf. Sci., 2015, 357, 112–121.

111 J. Su, S. Wang, Z. Xu, G. Wu, L. Wang and X. Huang, Chem.
Commun., 2019, 55, 10760–10763.

112 A. C. Manikas, A. Papa, F. Causa, G. Romeo and P. A. Netti,
RSC Adv., 2015, 5, 13507–13512.

113 X. He, Z. Liu, F. Fan, S. Qiang, L. Cheng and W. Yang, J.
Nanopart. Res., 2015, 17, 74.

114 G. Li, X. Yang, B. Wang, J. Wang and X. Yang, Polymer, 2008,
49, 3436–3443.

115 R. Begum, K. Naseem, E. Ahmed, A. Sharif and
Z. H. Farooqi, Colloids Surf., A, 2016, 511, 17–26.

116 S. Iqbal, N. Iqbal, S. Musaddiq, Z. H. Farooqi, M. A. Habila,
S. M. Wabaidur and A. Iqbal, Heliyon, 2024, 10, E25385.

117 M. Riaz, M. Ajmal, A. Naseem, N. Jabeen, Z. H. Farooqi,
K. Mahmood, A. Ali, L. Rasheed and A. N. S. Saqib, Z.
Phys. Chem., 2022, 236, 1441–1460.

118 Z. H. Farooqi, H. Sultana, R. Begum, M. Usman, M. Ajmal,
J. Nisar, A. Irfan and M. Azam, Int. J. Environ. Anal. Chem.,
2022, 102, 4104–4120.

119 J. Ambreen, F. F. Al-Harbi, H. Sakhawat, M. Ajmal,
H. Naeem, Z. H. Farooqi, N. Batool and M. Siddiq, J. Mol.
Liq., 2022, 355, 118931.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04128c


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 8
/3

/2
02

5 
8:

24
:1

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
120 A. Yoshida, Y. Kitayama, K. Kiguchi, T. Yamada,
H. Akasaka, R. Sasaki and T. Takeuchi, ACS Appl. Bio
Mater., 2019, 2, 1177–1183.

121 A. Contin, A. Biffis, S. Sterchele, K. Dörmbach,
S. Schipmann and A. Pich, J. Colloid Interface Sci., 2014,
414, 41–45.

122 S. Li, X. Wang, J. Chen, J. Guo, M. Yuan, G. Wan, C. Yan,
W. Li, H.-G. Machens, Y. Rinkevich, X. Yang, H. Song and
Z. Chen, Int. J. Biol. Macromol., 2022, 202, 657–670.

123 T. M. Ansari, M. Ajmal, S. Saeed, H. Naeem, H. B. Ahmad,
K. Mahmood and Z. H. Farooqi, J. Iran. Chem. Soc., 2019,
16, 2765–2776.

124 S. Rahman, F. F. Al-Harbi, M. Ajmal, A. Naseem,
Z. H. Farooqi and M. Siddiq, J. Mater. Sci., 2022, 57,
6763–6779.

125 A. M. Al-Enizi, T. Ahamad, A. B. Al-hajji, J. Ahmed,
A. A. Chaudhary and S. M. Alshehri, Int. J. Biol.
Macromol., 2018, 109, 803–809.

126 J. T. Zhang, G. Wei, T. F. Keller, H. Gallagher, C. Stötzel,
F. A. Müller, M. Gottschaldt, U. S. Schubert and
K. D. Jandt, Macromol. Mater. Eng., 2010, 295, 1049–1057.

127 X. Liu, C. Zhang, J. Yang, D. Lin, L. Zhang, X. Chen and
L. Zha, RSC Adv., 2013, 3, 3384–3390.

128 X.-J. Zhou, H.-P. Lu, L.-L. Kong, D. Zhang, W. Zhang,
J.-J. Nie, J.-Y. Yuan, B.-Y. Du and X.-P. Wang, Chin. J.
Polym. Sci., 2019, 37, 235–242.

129 F. Naseer, M. Ajmal, F. Bibi, Z. H. Farooqi and M. Siddiq,
Polym. Compos., 2018, 39, 3187–3198.

130 T. Nakao, D. Nagao, H. Ishii andM. Konno, Colloids Surf., A,
2014, 446, 134–138.

131 Z. Shaq, M. Ajmal, S. Kiran, S. Zulqar, G. Yasmeen,
M. Iqbal, Z. H. Farooqi, Z. Ahmad, N. Sahiner,
K. Mahmood, H. B. Ahmad and A. Al-Harrasi, Pure Appl.
Chem., 2019, 91, 1567–1582.

132 S. Sharma, Deepak, A. Kumar, S. Afgan and R. Kumar,
ChemistrySelect, 2017, 2, 11281–11287.

133 S. Iqbal, S. Musaddiq, R. Begum, A. Irfan, Z. Ahmad,
M. Azam, J. Nisar and Z. H. Farooqi, Z. Phys. Chem., 2021,
235, 1701–1719.

134 S. ur Rehman, M. Siddiq, H. Al-Lohedan and N. Sahiner,
Chem. Eng. J., 2015, 265, 201–209.

135 B. Mutharani, T.-W. Chen, S.-M. Chen and X. Liu, Sens.
Actuators, B, 2020, 316, 128103.

136 K. Wiemer, K. Dörmbach, I. Slabu, G. Agrawal, F. Schrader,
T. Caumanns, S. D. M. Bourone, J. Mayer, J. Steitz, U. Simon
and A. Pich, J. Mater. Chem. B, 2017, 5, 1284–1292.

137 N. A. Nemygina, L. Z. Nikoshvili, I. Y. Tiamina, A. V. Bykov,
I. S. Smirnov, T. Lagrange, Z. Kaszkur, V. G. Matveeva,
E. M. Sulman and L. Kiwi-Minsker, Org. Process Res. Dev.,
2018, 22, 1606–1613.

138 S. Afridi, L. A. Shah, M. Khan, S. A. Khan and D. Ye, Polym.
Bull., 2023, 80, 8259–8281.

139 M. U. Kakar, K. Khan, M. Akram, R. Sami, E. Khojah,
I. Iqbal, M. Helal, A. Hakeem, Y. Deng and R. Dai, Sci.
Rep., 2021, 11, 14759.

140 M. N. Nadagouda and R. S. Varma, Macromol. Rapid
Commun., 2007, 28, 465–472.
© 2024 The Author(s). Published by the Royal Society of Chemistry
141 N. Sahiner, Colloid Polym. Sci., 2006, 285, 283–292.
142 A. Basu, I. Tolbatov, A. Marrone, A. Vaskevich and

L. Chuntonov, J. Phys. Chem. C, 2024, 128, 3438–3448.
143 M. Chen, G. Bolognesi, R. Begum, Z. H. Farooqi and
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