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ABSTRACT: The size of microgels ranges from 10 nm to 100 um making them small intra-molecular
crosslinked macromolecules that have been exploited as carriers for drug delivery with targeted delivery
at a specific part of the body. Fabrication of stimuli responsive drug delivery systems for a drug provides
a chance for increased patient compliance, better safety profile and efficacy. In recent times,
biocompatible polymer based carriers are investigated widely and have found applications as controlled
and sustainable release systems in pharmaceutical industry. Microgels can encapsulate drugs and respond
to environmental cues such as pH, temperature, or ionic strength. When triggered, they release the drug
payload precisely where needed, minimizing side effects. Controlled release applications have seen
extensive studies of microgels made from thermally responsive polymers. In addition to drug delivery,
poly-(N-isopropylacrylamide) (PNIPAM) based microgels possess special responsiveness and combine
both nanoparticle and hydrogel benefits thus become very useful in various biomedical areas. We
therefore aim at highlighting some recent advancements in the development of drug delivery vehicles
based on thermoresponsive PNIPAM microgels.

Keywords: Thermoresponsive microgel, biocompatible, drug delivery, stimuli-responsive.

Article History: Received: Sept 18, 2024; Revised: Sept 24, 2024; Accepted: Sept 27, 2024.

Corresponding Author: Dr. Kranthikumar Tungala, Ph.D.
Department of Chemistry, Ewing Christian College, University of Allahabad, Prayagraj, Uttar
Pradesh-211003, INDIA. Email Address: drkktungala@gmail.com

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 Sept — Oct RILBPCS 10(5) Page No.27


http://www.rjlbpcs.com/

Akhtar et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications
1. INTRODUCTION

A variety of biomedical applications have demonstrated the usefulness of hydrogels, a type of
biomaterial that consists of three-dimensional polymeric networks that can absorb substantial
volumes of water or biological fluids. Hydrogels are a promising class of materials for tissue
engineering, pharmaceutical applications, and biomaterials science due to their swelling property as
well as their biocompatibility, good mechanical properties, tunable chemical structure, and three-
dimensional physical structure [1]. Hydrogels that range in size from tens of nanometers to several
microns are known as microgels [2,3]. The nano- and micro-gels are among the various types of
particles that offer numerous benefits, such as strong mechanical qualities, stability, high water
content, huge flexible surface area for conjugation with a large number of cargo sealed in an aqueous
environment, and biocompatibility. They are made up of polymer chains that combine to create a
matrix with a high swelling capacity that can absorb and hold onto a large amount of aqueous
solution [4]. Like bulky gels, microgels are typically biocompatible, but because of their smaller
size, they are superior to bulky gels in many ways when utilized as biomaterials. One of the
significant benefits is that, in comparison to large gels, the microgel responds to external stimuli far
more quickly [5]. It is widely recognized that adding repeating units that vary from N-
isopropylacrylamide (NIPAM) might alter the system's overall reaction, especially when random
copolymers are included [6]. The microgels based on poly(N-isopropylacrylanide) (PNIPAM) have
been studied the most. The process of free-radical precipitation polymerization makes this microgel
to get easily synthesized [7]. The most significant characteristic of PNIPAM is its thermosensitive
nature [8]. PNIPAM is comparatively hydrophilic at room temperature, and the microgel particles
have a significant degree of swelling. For PNIPAM based microgels, the lower critical solution
temperature (LCST) is also known as the volume phase transition temperature (VPTT), and this is
the critical temperature. Particles shrink sharply when heated above a critical temperature because
the PNIPAM polymer becomes relatively hydrophobic. Copolymerization of PNIPAM with other
comonomers allows it for the adjustment of VPTT, which is approximately (32°C). PNIPAM
microgels in combined form have been applied as enzyme encapsulators, drug carrier, and
biosensors. The use of microgels as particulate drug carriers may shield the medications from
enzymatic degradation. When compared to other particulate carriers like liposomes or micelles,
PNIPAM microgels have a high degree of stability [9-12]. In this review, we have discussed the
various synthesis methods and properties of microgels, and the latest advancements in drug delivery
for biological and biomedical applications using microgel/nanogel particles.

2. SYNTHESIS METHODS OF MICROGELS

An extensive range of synthesis techniques have been developed because of the keen interest in
microgels for a wide range of applications. One of the synthesis methods is the Bottom-up method
in which smaller parts or building blocks are used to create microgels [13]. In the latter method,

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 Sept — Oct RILBPCS 10(5) Page No.28


http://www.rjlbpcs.com/

Akhtar et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications
monomers are usually polymerized, or polymer precursors are crosslinked in surfactant-based

templates. The bottom-up method is frequently chosen because it provides better control over the
essential physical characteristics of microgels. The polymerization method, which is usually based
on some kind of dispersed phase free radical polymerization, directly determines the properties of
the microgel. Crosslinkers and functional monomers can be easily added in different amounts to the
microgel to achieve control over its functionality and porosity, which is one benefit of free radical
polymerization. The free radical copolymerization is usually carried out in conjunction with
precipitation polymerization for microgels based on thermoresponsive polymers, such as PNIPAM
[14]. Emulsification has become one of the most popular and easy methods used for synthesis of
microgels. The insolubility of expanding linear polymer chains at the polymerization temperature,
which is higher than the polymer's LCST, is what propels the formation of microgels in precipitation
polymerization, also known as surfactant-free emulsion polymerization (Figure 1). The temperature
of the aqueous solution containing surfactant, crosslinker, and monomer is raised significantly above
the polymer's LCST. Propagating oligomeric radicals reach a critical chain length following the
addition of the free radical initiator, at which point the polymer chain collapses and precipitates out
of solution to form a precursor particle. Microgels are formed when precursor particles aggregate
with other phase-separated polymer chains, typically ones that are relatively hydrophobic. Colloidal
stability is provided by charged groups from the initiator, functional monomers, or surfactant. Using
precipitation polymerization, aqueous microgels can be synthesized with control over crosslinking,
functionality, microgel size, and particle size distribution. As an illustration, earlier research showed
that the kinetic copolymerization ratios of the constituent comonomers with NIPAM can be used to
accurately predict the distribution of functional monomers radially within a microgel [15]. This is
consistent with the sequential centre-out mechanism of particle construction via precipitation
polymerization. Moreover, precipitation polymerization can be carried out in the presence of
metallic nanoparticles, polymer particles, or microgels that function as nucleation sites like the

precursor particles to create more complex morphologies like core—shell microgels [16].
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Figure 1: Schematic representation of precipitation polymerization.
Even with all its benefits, precipitation polymerization has limitation as biomacromolecule
incorporation is not possible due to the high polymerization temperature, which limits the usage of
only thermostable materials. Preparing nanogels, or microgels smaller than 50 nm, without the use
of additional stabilizing agents is a difficult one. Moreover, free radical polymerization results in a
carbon-carbon backbone devoid of a hydrolytically or enzymatically degradable linkage, meaning
that only restricted control over the microgels' degradability can be applied. Lastly, the size range
of the microgel is typically restricted to a small range of 100 nm < size < 1000 nm [13]. The
morphology of the microgels can typically be determined by the water/oil volume ratio,
emulsification rate, and polymer concentration (high concentration produces spherical microgels,
low concentration produces irregular microgels). The microgel size and emulsion stability are
mostly determined by the surfactant concentration. The microgels might be mechanically filtered or
a stabilizing surfactant could be added during synthesis to control or limit the size range of the
microgels [17]. It has been discovered that these polymerization techniques are perfectly suited for
the application of living radical polymerization [18-21], providing enhanced control over the
molecular architecture and degradability of microgels, as well as the ability to incorporate proteins
[22] inside the microgel to increase its functionality and/or load it for later controlled release of
proteins. The preparation of very small microgels (less than 50 nm) is possible with microemulsion
polymerization in particular; however, this requires very high amounts of surfactant, which is
difficult to fully remove, which is a major potential drawback for in vivo use. Free radical

polymerization in conjunction with microfluidics provides access to spherical and nonspherical
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microgels in the micrometers range. Moreover, the ability to create microgels from polymer

precursors that gel upon mixing is provided by microfluidic microgel templating [23,24]. For the
encapsulation of biomacromolecules and cells, microfluidics is particularly intriguing because of
the large (several micron) size of the droplets and the possibility of avoiding using heat and free
radicals to form the microgels [25-27].

Synthesis of PNIPAM based thermo responsive microgels

N-isopropylacrylamide is the primary monomer used for PNIPAM based microgel synthesis. It is
typically obtained commercially and purified if necessary to remove any impurities that could affect
the polymerization process. Crosslinkers like N, N’-methylenebisacrylamide (NMBA) are added to
the monomer solution to introduce crosslinks between polymer chains, leading to the formation of
a three-dimensional network structure within the microgel. Water-soluble initiators such as
ammonium persulfate (APS) or potassium persulfate (KPS) are commonly used to initiate
polymerization in aqueous solutions [28, 29] (Figure 2). The NIPAM monomer and crosslinker are
dissolved in deionized water at the desired concentration. The solution may also contain surfactants
like as sodium dodecyl sulfate (SDS) or stabilizers to control particle size and prevent aggregation.
The initiator (and co-initiator, if used) is added to the monomer solution, initiating the
polymerization reaction. The reaction mixture is typically purged with an inert gas (e.g., nitrogen)
to remove oxygen, which can inhibit polymerization. The reaction is carried out under controlled
temperature conditions, usually above the LCST of PNIPAM (around 32 °C), to ensure proper

polymerization and microgel formation.
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Figure 2: Schematic representation of synthesis of PNIPAM based microgel.
The reaction mixture is stirred continuously to maintain a uniform distribution of monomers,
initiators, and crosslinkers throughout the solution. As polymerization proceeds, crosslinked
polymer chains grow within the solution, leading to the formation of microgel particles. The
growing polymer chains eventually reach a critical size where they become insoluble in the reaction
solvent, causing them to precipitate out of the solution and form microgel particles. Once the desired
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polymerization time is reached, the reaction is quenched, usually by cooling or by adding a

quenching agent to stop further polymerization [28, 29]. The resulting microgel dispersion is then
purified to remove unreacted monomers, initiators, and other impurities. Common purification
methods include dialysis, ultrafiltration, or centrifugation.

3. PROPERTIES OF MICROGELS

Biocompatibility
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Figure 3: Overview of properties of microgels.

Biocompatibility

The ability of a material to function in a particular application with a suitable host response is known
as biocompatibility [30]. A more straightforward definition would be that a substance has no toxic
effects on the body or unfavorable tissue reactions. It was reported that non-charged microgels that
swell and are hydrophilic exhibit high biocompatibility [31]. However, depending on how the
microgels are applied in vivo, the type of tissue such as dermal, muscular, or adipose tissue will alter
the biocompatibility of the polymer used and, consequently, the immune response of the body
mounts in response to the foreign substance [32]. For instance, it is well known that fibrotic scars
do not form in the brain. Materials based on poly(ethylene glycol) (PEG) have been shown to induce

fibrosis even though they are known to be biocompatible for in vivo applications [33]. To improve
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bio-integration, biocompatible molecules like proteins are added to polymer materials to

functionalize them.

Biodegradability

In most cases, once the microgels have served their purpose, the body must be cleansed of the
degradation products. A microgel network can break down by oxidative/reductive, hydrolytic,
enzymatic, or thermal- or photodegradation, which can be brought on, for instance, by laser radiation
[34-38]. To be eliminated renally, or through the kidneys, the breakdown products that result must
be smaller than 4 nm to cause the least amount of cytotoxicity and an immunological reaction, such
as inflammation [39]. The chemical and internal structure of the microgel greatly influences both
the molecular disintegration mechanism and the rate at which the microgel network degrades. The
microgel's crosslink density and swelling capacity impact the stability of thermodynamic bonds and
the rate of degradation by influencing the diffusion of the degradation trigger, such as hydrolytic
enzymes, or the uptake of water, acid, or base that is necessary for hydrolysis [34]. Therefore, by
employing the proper hydrophilic monomers and polymers that are exactly suited for the intended
biomedical application, microgel degradation can be controlled at the molecular level [32].
Depending on the crosslinkers or degradable connectors selected, PEG-based microgels can degrade
over a period of minutes to years. Consequently, the rate of degradation can be changed to suit the
intended biomedical application, whether short- or long-term [34, 40, 41]. While free radical
polymerization of PEG diacrylate (PEGDA) is used to enable slow degradation through ester
hydrolysis at the sterically protected acrylate end-groups, a Michael-type addition between acrylate
and thiol can be used for rapid degradation [40, 41]. When PEGDA and PEG diacrylamide
(PEGDAA) were compared in vivo degradation experiments, PEGDA samples degraded
significantly after 12 weeks, but samples made of PEGDAA showed no discernible degradation [40].
Enzyme-sensitive domains can be inserted between crosslinks in place of hydrolytically cleavable
moieties to cause degradation when exposed to the appropriate enzyme [42]. Crucially, the design
of the microgel's selected molecular architecture dictates the size of the degradation products. When
linear molecules and star-shaped molecules have the same molecular weight, the latter will generate
degradation products with smaller hydrodynamic radii that are eliminated from the body more
quickly [43, 44].

Mechanical Stability

The backbone and crosslink density of the gel modifies the mechanical characteristics of the
microgels, such as their softness or stiffness and, in a related sense, how they swell [32]. Additionally,
the viscoelastic behavior of the microgel is determined by the type of crosslinking, which can be
noncovalent, dynamic covalent, or covalent [45-48]. For example, ultrasoft, highly deformable
platelet like microgels was studied for the treatment of wound-triggered haemostasis [49].

Dissipative particle dynamics simulations demonstrate that ultralow crosslinked PNIPAM microgels
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(<10 kPa) cause the clot concentration to rise, thereby shortening the bleeding time [49, 50]. On the

other hand, stronger microgels in the kPa to MPa range are needed in areas with higher shear forces,
like the heart or the gastrointestinal tracts [51, 52].
Loading capacity
Reversible swelling behavior is a key benefit of microgels, making them ideal for encapsulating,
delivering, and storing therapeutic proteins, biomacromolecules, and drug molecules [53].
Microgels can be loaded and swollen externally for delivery. Cargo is encapsulated when the loaded
microgel collapses. Upon triggering the cargo release, the microgel within the body has the potential
to swell again. pH, redox, light, temperature, and other chemical or physical leads can all act as
triggers [54].

There following factors determine the encapsulation efficiency of the microgels:
Internal structure: The loaded molecules can diffuse more or less deeply into the microgel,
depending on the network's mesh size. More molecular cargo can be absorbed by finer meshes with
higher nanoporosity than by microporous microgels, suggesting that they may be better suited for
encapsulating cell cargo [55-57].
Functional groups: The presence of functional groups in the microgel can improve its interaction
with the specific cargo and, as a result, loading capacity. Owing to functionalization on "the inside"
of the microgel, loading capacities greater than those of solid and mesoporous particles are possible
because of the microgel's open network structure [58, 59].
Heterogeneity: Heterogeneity frequently manifests as a functionalization or structural gradient.
During polymerization, phase separation of the building blocks or varying reaction rates can cause
heterogeneity. A crosslinking gradient influences the diffusion of cargo molecules deep into the
microgel, whereas a functionalization gradient restricts the capacity toward the inside or (more
frequently) toward the periphery of the microgel. Conversely, diffusion may be improved by a
heterogeneous polymeric network with bigger pores [60].
Microgel morphology
It would be extremely advantageous for many biomedical applications if several tasks (drug delivery,
sensing, imaging, etc.) could be completed by alone nanoparticle delivery system. A microgel's outer
shell could be coated with biomarkers and loaded with therapeutics, while the inner core could be
loaded with quantum dots or superparamagnetic iron oxide nanoparticles (FeNP) for Magnetic
resonance imaging (MRI) [61]. The development of a multicompartment microgel could offer
enhanced imaging capabilities to track the residence time and successful cellular uptake of the
microgel in vivo, in addition to permitting spatial and temporal control over drug release. Since no
such cases have been documented to the best of our knowledge, there is a great deal of untapped
research potential in this area going forward. Particle properties can be more effectively controlled
with the use of multicompartment microgels [13]. For instance, the outer layer of a
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multicompartment microgel, or any nanoparticle for that matter, that is exposed to the environment,

controls most of its physiochemical and biological characteristics. This makes it possible to mask
surfaces that, in vivo, could cause toxicity to the surrounding tissue or encourage opsonization and
extravasation [62]. Microgel core-shell particles have been found to have a lower protein adsorption
than other nanoparticles, which makes them especially useful for drug delivery or biomedical
applications. Improved localization of chemical functionalities at the particle periphery is another
benefit of core-shell morphologies. This is especially useful if the particle needs to be labelled with
particular biomarkers to encourage uptake in the intended tissue.
Typically, a two-step precipitation polymerization strategy known as "seed and feed" is used to
synthesize multicompartment microgels. The "seed and feed" approach call for the creation of a
hydrogel layer (e.g. shell) on a seed particle (e.g. core) [63]. Like traditional precipitation
polymerization, this type of polymerization is carried out at a temperature higher than the shell
polymer's LCST to encourage polymer adsorption on the preexisting core particles. Organic
nanoparticles like microgels or polymer particles as well as inorganic gold (AuNP) and iron (FeNP)
nanoparticles can make up the core particle's chemical composition [63-70]. To impart desired
functionalities for bioconjugation, drug loading, and/or degradability, the hydrogel shell's chemical
composition can be controlled. Hollow capsules, core-shell, core-multishell, erodible shell, and
"yolk" shell microgels are just a few of the compartmentalized microgel particles that have been
created using this technique [71, 72].

Swelling behavior of microgel

PNIPAM typically exhibits the thermoresponsive behavior as shown in Figure 4. The particle swells
and forms a soft, porous structure with its polymer networks extended at room temperature [73].
When these polymer networks are submerged in a suitable solvent, they will absorb solvent
molecules until the chemical potential within and outside of the structure is equal. So, until the
osmotic force exerted by the solvent is equal to the elastic forces of the crosslinks that limit swelling,
swelling will continue [74]. As the temperature rises, the particle contracts and takes on a densely

packed structure resembling that of a hard particle like polystyrene latex [75].
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Figure 4: Illustration of typical thermoresponsive behavior of PNIPAM microgel particle.
The microgel particle size (hydrodynamic diameter) changes with temperature [73, 74, 76]. In case
of NIPAM-based microgel, a significant amount of the trapped water gets expended from the pores
in the polymer matrix, allowing the particle to develop on the form of a hard sphere. Due to
electrostatic repulsion between charged groups on the microgel surface that originates from the
initiator, the microgel particles remain dispersed while in their collapsed condition. Microgel
particles shrinkage is reversible process so that on cooling back to below 34°C, the polymer—solvent
interactions reform and the microgel returns to its original swollen conformation [75, 77]. The
swelling behaviour is caused by the temperature dependence of hydrophobic interactions between
the polymer chains and the solvent (water) as well as hydrogen bonding [78].

4. APPLICATIONS

Thermo and pH stimuli responsive microgels

Through interactions with particular ligands integrated into the network, bioactive/drug molecules
can be retained in the microgels. The kinetics of diffusion through the microgel will be influenced
by the binding strength of these interactions. Microgel drug release involves two step release viz.,
the drug first separates from the network and the drugs diffuse from the gels. Further attractive
interactions between the drug and the network may occur during the second step, slowing down the
diffusion rate. Certain triggers can induce and/or enhance both steps [53, 79, 80]. Apart from the
diffusive release that is facilitated by numerous swollen polymer-based delivery systems, various
stimuli that are biological, chemical, or physical in nature can trigger the release of an active
compound or drug from the microgel [81]. Localized drug release can be induced by body
temperature or external stimuli such as light and magnetic fields [82, 83]. Because of a LCST or
UCST, many polymers and microgels have a cloud point [53, 84]. As a result, temperature can be
used to change the microgels' state from swollen to collapsed [53, 85-87]. By altering the
hydrophilic or hydrophobic nature of the microgel network, LCST and UCST can be adjusted [82].
Three polymers, namely poly(diethylacrylamide), PNIPAM, and poly(N-vinylcaprolactam) (pVCL)
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are widely utilized in the formation of microgels with an LCST [82, 87]. Microgels with multiple

LCSTs, such as dual-temperature responsive microgels, can be created by combining several of
these polymers [88]. The selection of polymers that interact via hydrogen bonds in addition to
electrostatic interactions is necessary to produce microgels with a UCST [86]. Furthermore, for the
polymer to induce favorable polymer-polymer interactions below the transition temperature, a
certain amount of hydrophobicity must be present in the polymer [89-90]. A lot of microgels of the
UCST type, like poly(allyl urea) and poly(2-ureidoethyl methacrylate), are urea derivatives. But
other composites and mixed polymer systems can also be used as UCST microgels. Combining
UCST and LCST behavior, in recent years, core-shell microgels made of PNIPAM and zwitterionic
sulfobetaine (SPB) have been created [91]. The poly(SPB) shell with UCST is found to swell as
the temperature rose from 4 to 25 °C. The microgel's PNIPAM core collapses because of its LCST
when the temperature is raised to 50 °C [91]. It was demonstrated that by adjusting the molecular
weight and ratio of the component polymers, the corresponding critical temperatures could be
readily adjusted [92]. Because poly-SPB is so effective at suppressing protein aggregation, this core-
shell microgel approach is especially intriguing for the delivery of therapeutic proteins [93].
Additionally, this idea has been applied to the creation of temperature-responsive scaffolds and
biosensing [91]. Drug delivery to tumors can be achieved by dual pH/temperature responsive
PNIPAM-based self-assembled microgels functionalized with alkaline, aldehyde and hydrazide [**.
Because the pH of the microenvironment surrounding tumor cells is known to be higher than that
surrounding healthy cells, study participants chosen to use PNIPAM based particles, such as poly-
(N-isopropylacrylamide-co- Acrylic acid) [PNIPAM- co-PAA] microgel, as a choice for targeted
cancer therapy. Furthermore, in an alkaline environment, [PNIPAM-co-PAA] swells, making it more
difficult to absorb towards the cells, whereas in an acidic environment, it contracts, making
absorption easier as shown in Figure 5 [4]. In certain tumors and inflammatory tissue with elevated
temperature, temperature sensitivity allows for controlled release. The transition becomes even

steeper in slightly more acidic environments [94, 95].
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Figure 5: Drug release mechanism at different pH.

PNIPAM microgel as a drug delivery system

The benefits of hydrogels and nanoparticles are combined in PNIPAM microgels, a drug carrier.
Hydrogels are known for their hydrophilicity, flexibility, high water absorptivity, and good
biocompatibility [96]. On the other hand, their size in the colloidal range accounts for their long
half-life in circulation and ability to be actively or passively targeted to the desired biophase, such
as tumor sites. Since the reticuloendothelial system's recognition of many colloidal drug carriers is
the primary cause of their removal from the blood compartment [97]. Hence the size of nanoparticle
drug carriers which can be readily achieved for PNIPAM microgels should be regulated to be below
200 nm in order to prolong their blood circulation time. Solvent-filled interstitial spaces characterize
the sponge-like structure of PNIPAM microgel particles. Usually, equilibrium partitioning between
the solution and microgel phases can be used to load the drugs [98]. Drug loading may be
significantly impacted by hydrogen bonding °”), hydrophobic interaction, and electrostatic
interaction [98, 100]. The "breathing-in" technique, which involves resuspending lyophilized
microgels in an aqueous drug solution is another way to load drugs [101]. The hydrogel network
can fully absorb the payload, leading to a high loading efficiency. Protein/peptide medications can
also be effectively transported by PNIPAM microgels. By acting as a particulate drug carrier,
microgels can shield the drugs from being broken down by enzymes. One benefit of PNIPAM
microgels over other particulate carriers, like liposomes or micelles, is their high stability. Protein
medications may become denaturized due to particulate carriers derived from hydrophobic polymers.

However, because the PNIPAM microgel is hydrophilic, this issue is avoided [96].
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2. CONCLUSION

Microgels are important for developing methods for the bioavailability of advanced

biopharmaceutical and biotechnological drugs at the targeted site. Microgels can encapsulate drugs

and respond to environmental cues such as pH, temperature, or ionic strength. When triggered, they

release the drug payload precisely where needed, minimizing side effects. These adaptable

microcarriers hold great potential for improving patient outcomes in personalized medicine. The

multicompartment microgels could offer enhanced imaging capabilities to track the residence time

and successful cellular uptake of the microgel in vivo, in addition to permitting spatial and temporal

control over drug release. There is a great deal of untapped research potential in this area going

forward. PNIPAM microgel, arguably the most well-known smart soft nanomaterial, has

demonstrated its adaptability in resolving a range of biomedical issues. Its adaptability is further

enhanced by its capacity to be put together into more sophisticated structures. Their unique

properties, including stimuli-responsive behavior and tunable network structures, make them

valuable in modern medicine. Even though most of the ongoing research is still proof-of-concept,

real biomedical application is anticipated in the future.
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