% applied sciences ﬁw\p\py

Review

Synthesis of Hydrogel-Based Microgels and Nanogels Toward
Therapeutic and Biomedical Applications

Yuri Choi, Hye Yeon Koh

check for
updates

Academic Editor: Andrei Sarbu

Received: 6 January 2025
Revised: 20 January 2025
Accepted: 24 January 2025
Published: 28 January 2025

Citation: Choi, Y.; Koh, H.Y;
Han,].Y.; Seo, S. Synthesis of
Hydrogel-Based Microgels and
Nanogels Toward Therapeutic and
Biomedical Applications. Appl. Sci.
2025, 15,1368. https:/ /doi.org/
10.3390/app15031368

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

,Jung Y. Han ** and Soonmin Seo *

Department of Bionanotechnology, Gachon University, Seongnam 13120, Republic of Korea;
bbogry77@gachon.ac.kr (Y.C.); mocha0@gachon.ac.kr (H.Y.K.)
* Correspondence: jhan@gachon.ac.kr (J.Y.H.); soonmseo@gachon.ac.kr (S.S.)

Abstract: Hydrogel is one of the most prominent biomaterials in therapeutic and biomedical
engineering, benefiting from its biocompatibility, chemical /physical tunability, and wide
versatility to various fabrication techniques. One remarkable advance in the latest hydrogel
research is the micro/nanofabrication technologies, which utilize unique mechanical and
chemical properties of hydrogel, various chemical reaction mechanisms, and multidisci-
plinary approaches to realize innovative systems at these size scales. This review reports a
comprehensive overview on the latest advances in fabrication of hydrogel-based micro-
and nano-systems with an emphasis on their biomedical and therapeutic applications.
Challenges and prospects are discussed from the material, fabrication, and system design
perspectives to develop effective, personalized, and versatile hydrogel-based therapies.

Keywords: hydrogel; nanogels; microgels; drug delivery systems; controlled synthesis;
microfluidic synthesis

1. Introduction

Hydrogel-based systems have emerged noticeably over the past decades, largely
driven by their ability to mimic biological environments, tunable properties, and biocom-
patibility [1-4]. Traditional drug delivery methods often require frequent administrations
or high dosages, which can lead to systemic toxicity and inefficient therapeutic outcomes.
Hydrogels have been highlighted as a promising material to enable controlled and localized
drug release, significantly improving therapeutic efficacy while minimizing side effects.
Their tunable physical and chemical properties make them highly adaptable to various
clinical needs, supporting applications including sustained and stimuli-responsive drug
release [5-9].

One of the most compelling attributes of hydrogels is the similarity to biological
tissues and their microenvironments, which allows them to integrate seamlessly into physi-
ological settings. This makes hydrogels particularly effective for applications in oncology,
immunotherapy, precision medicines, and regenerative medicines. By incorporating respon-
sive functionality or tailoring permeability, hydrogels can precisely regulate mass transfer
of drugs, degradation kinetics, or targetability [9,10]. Additionally, their ability to stabilize
delicate and fragile biomolecules, including proteins and nucleic acids, underscores their
potential toward advanced therapeutic technologies [11-14].

Despite their promising potential, hydrogel-based drug delivery systems still face
significant challenges, including their mechanical stability, limited drug loading efficiency,
undesirable bioactivity, and more importantly, translational barriers from laboratory re-
search to clinical applications [4,15,16]. Moreover, the integration of hydrogel systems into
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multidisciplinary fields such as nanotechnology and molecular biology requires a robust
understanding of the interplay between material science and biological systems.

While hydrogels in bulk form have been extensively studied and reviewed [5,6,10,16-18],
their particulate forms, microgels and nanogels, remain underexplored. These types of
hydrogels are designed as discrete particles at micro- and nanoscale dimensions and offer
unique advantages including high surface area-to-volume ratio, enhanced permeability,
and versatility in targeting specific cellular pathways. Furthermore, controlled synthesis
methods for these systems are not comprehensively reviewed, leaving a gap between the
growing interests from the diverse fields of research and the practical implications.

This review addresses two objectives: to provide fundamentals of hydrogel as bioengi-
neering materials and their engineering strategies, and to discuss effective and controllable
synthesis strategies for microgels and nanogels. It aims to bridge the theoretical principles
and practical translation into experimental processes, with emphasis on the complexity
and controllability of fabrication strategies. This review illustrates the material properties
of selected synthetic and natural hydrogels, and the progress through conventional bulk
synthesis methods. Next, the detailed guidelines on fabricating microgels and nanogels,
including the implantation of functional properties, are discussed. This review concludes
with an exploration of the recent applications of particulate-formed hydrogels and poten-
tial directions. The goal of this review is to deliver a foundational explanation for new
researchers, offering practical insights for synthesis and functionalization, and fostering
innovative research in the expanding field of hydrogel particle-based drug delivery systems.

2. Hydrogel Materials

The biocompatible nature of various hydrogels is mainly decided by the characteris-
tics of the materials that comprise the hydrogels. In addition, unique functionalities of
hydrogels including stimuli-responsive behaviors, self-healable gels, dynamic mechanical
strength, and high-water retention ratio could be rendered based on the types of hydrogel
materials [15,16,19,20]. Hydrogel materials can be categorized into synthetic hydrogels, natural
hydrogels, and hybrid hydrogels that combine two or more hydrogel materials (Figure 1).
One common discrepancy between synthetic and natural hydrogels is the strategy of gel
formation. Synthetic hydrogel is often produced from precursors, or monomers, via bond
formation to yield vastly crosslinked polymeric networks, whereas natural hydrogels can
be easily produced from natural polysaccharides or polypeptides through non-covalent
interactions induced by external triggers such as thermal cycle.

Synthetic Hydrogels

\J\ )TM&N \[)V\L /f\[("ﬂ\

Natural Hydrogels

Chitosan Alginate Agarose
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Figure 1. Chemical structures of the selected hydrogel and precursors categorized into synthetic and
natural materials. These structures mainly illustrate the backbone and intrinsically present functional
groups of each polymeric hydrogel material, where functionalities can serve as crosslinking points to
form complex networks of these polymeric materials.
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2.1. Synthetic Hydrogels
2.1.1. Acrylamide and Its Derivatives

Acrylamide (AAm) and its derivatives are the most widely studied hydrogel pre-
cursors that can consecutively form hydrogels via chemical and physical mechanisms,
including free radical polymerization as a commonly adapted chemical synthesis technique
(Table 1). A precursor is a building block of a synthetic hydrogel and generally exhibits
chemical functionalities which can be utilized to crosslink with another precursor in the
presence of crosslinkers such as N,N’-methylenebisacrylamide [15,19].

AAm hydrogels exhibit high water absorptivity and sensitivity to their surrounding
environments, such as pH, temperature, and chemical composition, which can trigger a
physical or structural shift in gels, and they can stably retain a large amount of water within
their network to undergo volumetric swelling without rupturing structural integrity. Com-
mon derivatives of AAm include polyacrylamide (PAAm), poly(N-isopropylacrylamide)
(PNIPAm), poly(N-isopropylmethacrylate) (PNIPMAm), and poly(N,N-diethylacrylamide)
(PDEAm). Among those, PNIPAm, PNIPMAm, and PDEAm are famously known as
thermo-responsive polymers [15,19,20].

One noticeable difference among the thermo-responsive AAm hydrogels is the clas-
sification of amine functional groups [21]. PDEAm has a tertiary amine group that can
be protonated through the physiological or acidic condition, rendering the PDEAm hy-
drogels positively charged, and more broadly, sensitive. PNIPAm and PNIPMAm both
have secondary amine groups and are generally known as neutral. Both hydrogels lack
charged groups and could minimize the Coulombic interaction with cell membranes,
thereby exhibiting relatively better biocompatibility and lower cytotoxicity [19,22].

The thermo-responsiveness of PDEAm, PNIPAm, and PNIPMAm are well represented
by their lower critical solution temperature (LCST), a specific temperature at which the
hydrogel transitions from a hydrophilic state to a hydrophobic state, often being described
as a swollen state and collapsed state, respectively. This phenomenon causes the hydro-
gel dehydrates to be above their LCST, allowing the initially loaded solution within the
hydrogel matrix to be “squeezed out”. PNIPAm hydrogel has a lower critical solution
temperature (LCST) of approximately 32 °C, making it particularly attractive to clinical
applications, whereas PNIPMAm hydrogels exhibit a slightly higher LCST of around 40 °C
due to the steric hindrance caused by the additional methyl group on its precursor as well
as the significantly higher dehydration than PNIPAm above the LCST. PDEAm has been
increasingly utilized in biomedical studies, owing to its LSCT similar to that of PNIPAm
and its tertiary amide structure that serves as a hydrogen bonding acceptor [15,23,24]. How-
ever, the thermo-responsive characteristics of AAm hydrogels could suffer from thermal
and mechanical hysteresis, ultimately limiting their applicability in repetitive uses. This
side effect tends to be more pronounced in alkyl acrylamide hydrogels due to their high
thermal sensitivity.

2.1.2. Polyethylene Glycol and Its Derivatives

Poly(ethylene glycol) diacrylate (PEGDA) hydrogel is represented by its promising poten-
tial in biomedical and clinical applications, including biocompatibility, flexibility, high water
permeability, strong tissue adhesion, and intrinsically low cytotoxicity [25-27]. Owing to these
advantages, PEGDA hydrogels have been increasingly adapted in tissue engineering, drug
delivery, and bio-adhesive applications. PEGDA precursors are commercially available
at various molecular weights from two hundred and fifty to over a few thousand g/mol,
allowing us to combine short- and long-chain precursors to tune crosslinking density,
elasticity, mechanical strength, and cell viability [28,29].
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The molecular weight of the PEGDA precursor plays a significant role in determining
its overall characteristics, for example, higher-molecular-weight PEGDA tends to form
more stretchable hydrogels with higher tensile strength owing to longer chains between
two acrylate end groups, but it has been reported that enhancing the mechanical strength
of PEGDA hydrogels could result in decreased cell viability [30]. However, the cytotoxi-
city of PEGDA hydrogels is also affected by total precursor concentration and precursor
composition, making its overall dependency highly non-linear and difficult to estimate.
The reasoning for this complex trend is based on two separate hypotheses. One suggests
that higher crosslinking density, caused by lower-molecular-weight PEGDAs, renders the
pores of a hydrogel network smaller, limiting the mass transfer rate of nutrients and growth
factors as well as suppressing cell motility, hence providing opposing effects to cell prolifer-
ation and viability [25,31,32]. Another hypothesis is that the precursor with longer chains
allows higher chain mobility and increased gel elasticity, providing a suitable environment
for the seeded cells, whereas the precursor with shorter chains could adversely affect cells
more severely than that with longer chains. For residual precursors, smaller molecules
exhibit a faster diffusion rate than larger molecules within a gel matrix, while its acrylate
end groups remain active to affect nearby cells [30,33].

In the aspects of hydrophilicity and swelling, PEG itself exhibits high water sol-
ubility, but its oligomeric or polymeric chain length directly affects the hydrophilicity
and water absorption capacity of the resulting hydrogels. PEGDA hydrogels made from
lower-molecular-weight PEGDA, and hence having a higher crosslinking density, are less
hydrophilic and more mechanically robust than the hydrogels synthesized from higher-
molecular-weight PEGDA. This phenomenon restricts water uptake and swelling and
directly impacts the rate of biodegradation which makes it suitable for clinical long-term
implants and stress-bearing scaffolds.

Conventionally, PEGDA hydrogel is formed via UV-induced photopolymerization by
taking advantage of its relatively high solubility to commercially available photoinitiators
(Table 1). When combined with an adequate photoinitiator, such as Irgacure 2959 or 2-
hydroxy-2-methylpropiophenone (HMP), and a light source, the precursors could readily
form a crosslinking network without any need for heat or electrical bias, which allows light-
controlled synthesis as well as tunable crosslinking density and mechanical stability [3,31,34].

Poly(ethylene glycol) dimethacrylate (PEGDMA) is another derivative of PEG-based
hydrogel that has minimal toxicity and is modifiable to be bio-inert [35]. It also exhibits
similar reaction characteristics to PEGDA, which allows facile control over its crosslinking
density, water retention, and mechanical stability. In the aspect of biomedical applications,
this controllability enables PEGDA hydrogels to sustain or to tailor the release dynamics
of bioactive molecules or to resemble the physiochemical properties of an extracellular
matrix to aid the interactions at the vascular interfaces or bond scaffolds [31,34]. Bio-
adhesive properties become particularly useful for wound closure of sensitive tissues,
where the benefits of low swelling ratio and facile applications are emphasized, and the
risk of pressure-induced hemostasis is critical. However, PEG-based hydrogels share
critical challenges such as cytotoxic effects caused over prolonged exposure by a residual
photoinitiator or unreacted precursors and deviation in swelling behavior [35-37].

2.1.3. Polyvinyl Alcohol

Poly(vinyl alcohol) (PVA) is a water-soluble, bio-degradable synthetic polymer that
has a chemical formula of [CH,CH(OH)], and is commercially available in a wide range
of molecular weights from a few thousands to over a hundred thousand; in addition, it
has been widely adapted in biomedical applications since the 1970s for cartilage repair
and wound dressing [38-40]. PVA is conventionally synthesized from vinyl acetate via
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free radical polymerization followed by hydrolysis of an acetate moiety into a hydroxyl
group [27,41]. Hydroxyl group side groups in PVA have major impacts on rheological
properties and mechanical strength of the gels, and it also possesses the capability of
forming hydrogen bonding with neighboring molecules [38,42,43].

PVA hydrogels are formed via various mechanisms including hydrolysis, alcoholysis,
or physically induced chain aggregation like the freeze-thaw method. PVA polymers
exhibit excellent biocompatibility, especially against blood and tissue cells and high thermal
stability. However, low bioactivity and weak mechanical stability limit the applications of
PVA hydrogels in biomedical fields, especially for regenerative therapies [44—47].

2.1.4. Poly(acrylic Acid)

Poly(acrylic acid) (PAA) is a versatile ionizable polymer, primarily classified as an
anionic polymer due to its abundance of carboxylic acid (-COOH) groups [48,49]. PAA hy-
drogels exhibit efficient and tunable responsiveness to pH changes, and this pH-responsive
nature makes them highly attractive in drug delivery systems for oral administration and
tumor-targeted drugs, where the system undergoes pH shifts and subsequently releases
drugs at a specific site [48,50,51]. In addition, physical and chemical properties of PAA
resemble the extracellular matrix, and it has been increasingly utilized in tissue engineering,
biomedical sensing, and diagnostics [15].

The pKa value of PAA is approximately 5 and tunable within the range of 4 to 7 by
altering its molecular weight, polydispersity, and chemical functionalities, which renders
PAA polymers ionizable and responsive in different pH environments [48,51,52]. Car-
boxylic groups remain protonated in acidic conditions, more specifically at below the pKa
value, rendering the PAA hydrogel hydrophobic and low in water retention. The swelling
behavior of PAA hydrogels is determined by the ionic strength and pH of the surrounding
medium. At above the pKa, deprotonation occurs that induces electrostatic repulsion
between neighboring polymers, leading to the swelling of the PAA hydrogels. Reversible
swelling-deswelling behavior under pH changes also makes PAA a promising candidate
for soft actuator and artificial muscles.

The common synthesis strategies of PAA hydrogels are free radical polymerization and
photopolymerization, specifically inducing polymerization reactions at the carbon—carbon
double bond present in its monomer structure [49,53-55]. Besides free radical initiators,
photoinitiators are also highly compatible with PAA hydrogel, enabling rapid and spatially
controlled gelation under UV or visible light. Also, hydrogen bonding between carboxyl
groups in PAA can form reversible networks, which is crucial for self-healing or dynamic
responsiveness. Combined with their excellent swelling characteristics, PAA hydrogels
present promising potentials especially toward advanced drug delivery; however, they
often suffer from brittleness and limited mechanical strength, which are significantly
pronounced in nanoscale applications such as hydrogel nanoparticles [8,56-58]. The brittle
nature of PAA hydrogels is primarily due to the dense crosslinking of polymer chains, which
is directly related to their limited biodegradability as well. Enhancing degradability through
biodegradable crosslinkers or copolymerization with natural polymers like chitosan or
alginate has been highlighted as an alternative strategy [53,59]; however, this poses practical
challenges like maintaining uniformity and reproducibility in large-scale synthesis.

2.1.5. Polyurethane-Based Hydrogels

Polyurethane(PU)-based hydrogels are represented by their exceptional elasticity and
mechanical durability [60,61]. Polyurethanes are copolymers consisting of alternating soft
and hard chain segments, such as polyols and isocyanates. Soft segments increase flexibility
and elasticity of the resulting gels, whereas the hard segments contribute to mechanical
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strength and structural integrity [54,60-62]. This unique characteristic enables PU-based
hydrogels to be tailored to exhibit high tensile strength and excellent water retention at the
same time.

The hydrophilicity of PU hydrogels can be determined by the abundance of hy-
drophilic functional groups, commonly known as functionalities capable of forming hydro-
gen bonds such as hydroxyl, carboxyl, and amino groups, in its polymeric backbone. High
hydrophilicity promotes facile swelling in aqueous solutions just like other hydrogels, but
PU hydrogel offers an efficient strategy to finely tune its property though adjusting the
ratio of hard-to-soft segments, molecular weight, and crosslinking density [5,61-65].

The main synthesis strategies of PU hydrogels are chemical crosslinking and physical
crosslinking. Chemical crosslinking utilizes the spontaneous reaction between diisocynates
and polyols, which results in the formation of a covalently linked network of urethane
bonds [61]. Physical crosslinking mechanisms rely on intermolecular interactions, such as
van der Waals force or hydrogen bonding, to create a network of reversible and dynamic
bonds. Advanced polymerization techniques such as photopolymerization or solvent-free
copolymerization have been adapted into the synthesis of PU hydrogels as well.

PU hydrogels are well known as a core element of wound healing patches and soft
tissue applications, owing to their biocompatibility, flexibility, and ability to absorb wound
exudates while maintaining the physical environment to stimulate therapeutic efficacy or
native healing process (Table 1) [40,66,67]. PU hydrogels are also widely utilized in drug
delivery systems by taking advantage of their controllable permeability and degradability,
which makes PU a suitable material for sustained drug release, especially at the proximity
of the circulatory system or even within the blood vessels. A unique aspect of PU hydrogels
is their self-healing properties, which are imperative for the material specialized for durable
and responsive devices. Despite the advantages, limited biodegradability and potential
cytotoxicity caused by residual isocyanate moieties are major drawbacks for the implantable
or injectable form of PU-based hydrogels [40,46,61-63].

Table 1. Key features and biomedical applications of common synthetic hydrogels.

Hydrogel Materials Crosslinking Methods Functional Features Applications Ref.
. . . High water retention e Controlled drug
i Free radical polymerization ° Thermo-responsive deliver
Acrylamide (AAM) Photopolymerization P ) Y [15,19,24]
and derivatives Physical crosslinkin . (body temperatures) e  Tissue scaffolds L7
Y & e  pH-sensitive . Biosensors
. Low cytotoxicity . Tissue engineering
. o e  Tunable mechanical e Bio-adhesive wound
Poly(ethylene glycol) Chemical cross.hnllqng strength closures [28,36,37]
diacrylate (PEGDA) Photopolymerization e  Tunable water e  Controlled drug Y
retention level delivery
e  Hydrogen bonds
. High thermal e  Wound dressing and
) . . stability cartilage repair
Poly(vinyl alcohol) II;IydrOlﬁils/ alco}nolysm e Excellent e Regenerative [42,43,47,59]
(PVA) reeze—thaw cycles biocompatibility therapies
. Reversible . Biomedical coatings
crosslinking
pH-responsive . Oratl ;dnrug delivery
. s . Strong electrostatic systems
Poly(acrylic acid) Chemical crosslinking interactions e  pH-sensitive 49 55 55
(PAA) Hydrogen bonding e High thermal diagnostics [15/49,52,55]
tabilit . Anticancer
s ¥y therapeutics
. Excellent elasticity . Wound healing
Chemical crosslinkin . Self-healing e  Vascular targeted
Polyurethane Phe . Cl ¢ Osls. lk. & properties drug delivery [60-63,67]
(PU) ysical crossiniing . Controllable . Soft tissue

hydrophilicity engineering
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2.2. Natural Hydrogels
2.2.1. Chitosan

Chitosan-based hydrogels are among the most extensively studied natural hydro-
gel material, benefiting from their excellent biocompatibility, degradability, and unique
physicochemical characteristics (Table 2) [17]. Chitosan is naturally derived from chitin,
a polysaccharide abundantly found in the exoskeletons of shellfish like shrimps or crabs,
or the cell walls of fungi. Its chemical structure includes repeating units of glucosamine
and N-acetylglucosamine, which provide chemical moieties for additional modifications
and crosslinking. Three major functional groups are a primary amino group at C2, and a
primary and secondary hydroxyl group at C6 and C3, respectively [17,68,69].

The pH-dependent behavior of chitosan is governed by the amino groups which
become protonated in acidic pH, enhancing solubility that subsequently allows controlled
gelation. Additionally, chitosan exhibits strong antimicrobial and antifungal activities.
These unique phenomena make chitosan hydrogel highly suitable for controlled drug deliv-
ery, wound healing and infection control, and tissue regeneration [53,59,69,70]. Currently,
chitosan hydrogels are found in emergency kits for uncontrolled bleeding, owing to their
abilities to agglutinate red blood cells, activate platelets, and maintain a moist environment
in the vicinity of the hydrogel. These hemostatic properties make chitosan hydrogel ideal
for wound care, where timely gelation, stable adhesion, and strong antimicrobial activity
are all critically important to the patient’s survival [40,66].

The chemical structure of chitosan molecules contains carboxyl and amino groups,
which enable facile chemical modifications to implant functionalities via the click chemistry
or EDC/NHS method [71,72]. The water solubility of chitosan molecules varies by the
degree of deacetylation (DD), where an acetyl group contributes to inducing the crystal-
lization of chitosan molecules and dramatically decreases their solubility to water and
other common solvents. The DD of chitosan is also hypothesized to be a major factor
determining the antimicrobial activity of chitosan hydrogels, as the lower density of the
acetyl group allows a higher level of positive net charge from the protonation of amine
groups, subsequently strengthening its antibacterial activity [73-75]. Chitosan is partially
water-soluble when its DD level at above 70% and becomes highly soluble at a DD above
95%. The DD level also influences the antimicrobial activity of chitosan hydrogels, as a
higher degree increases the net positive charge, thereby enhancing the antibacterial effects.

However, conventional techniques to chemically tune chitosan molecules are often
complex and time-consuming. Moreover, intravenous applications of chitosan have been
reported to induce and accelerate immune responses, emphasizing the importance of key
considerations in developing new drug delivery systems [76].

The chitosan hydrogels could be formed via both physical and chemical methods.
Physical crosslinking relies on ionic interactions and hydrogen bonding between functional
groups, or hydrophobic interactions at a larger scale, and their non-covalent association
enables a reversible and self-healing constructed gel network. On the other hand, chemical
crosslinking results in the formation of stable, covalently crosslinked gel networks, by
utilizing additional components like glutaraldehyde, carbodiimide, or genipin [17,59,68,77].

Applications of chitosan-based hydrogels, as highlighted above, span a wide range
of both academic and industrial fields. Besides the hemostatic performance, chitosan
hydrogels are employed in tissue engineering as scaffolds, benefiting from the similarity of
their physical and chemical properties to those of the extracellular matrix, which enables
cell proliferation and differentiation. Chitosan has been increasingly utilized in drug
delivery systems for oral, ocular, transdermal, and injectable formulations, where their
biodegradability and mucoadhesive properties promote drug retention and absorption
over extensive periods [71,72,75,77,78].
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The main challenges of chitosan-based hydrogel are the limited aqueous solubility
and low mechanical strength. Chitosan quickly loses solubility as the pH rises from acidic
conditions and becomes practically insoluble at neutral and basic pH environments, which
restricts their utilities in physiological applications [68,77]. An alternative approach is to
decrease the average molecular weight of chitosan, which is generally over 100 kDa when
obtained from chitin, via hydrolysis or oxidative reactions; however, this pathway still
poses critical challenges like limited controllability over the final molecular weight and
scalability [78-81].

2.2.2. Agarose

Agarose is a natural polysaccharide derived from marine algae and is composed of
alternating D-galactose and 3,6-anhydro-L-galactopyranose units. It has an uncharged
molecular structure, which renders agarose to exhibit similar properties to the extracellular
matrix, making it an excellent material for biomedical applications [82,83]. Agarose is
particularly valued for its thermo-reversible behavior, which allows it to transition between
sol and gel states.

The synthesis of agarose hydrogels typically involves a heat-assisted sol-gel transition.
At ambient conditions, agarose exists in an entangled state, tightly held together via hydro-
gen bonds, which appears as a solid powder and is hard to dissolve in aqueous solutions.
When dispersed in a solution and heated to 80-90 °C, these molecular entanglements
uncoil, resulting in a fully dissolved sol. Upon cooling, the agarose molecules re-associate
to form helices, which bundle into a macroscale network stabilized by hydrogen bonding.
This network creates the gel, and since hydrogen bonding is a non-covalent intermolecular
interaction, this structure is thermo-reversible and can be returned to the sol state when
reheated above its melting temperature [83-86]. Also, the mechanical stiffness or elasticity
of the resulting agarose gel can be controlled by adjusting thermal profiles [82].

Agarose hydrogels are widely used in cell cultures and in vivo implantations largely
owing to their excellent biocompatibility and ease of handling. Agarose also exhibits
similar characteristics to the extracellular matrix, which supports stable cell adhesion
and proliferation, while allowing facile control over gel stiffness, making it one of the
most practically suitable soft materials for tissue engineering [83,87-89]. Additionally,
agarose hydrogels are commonly utilized in electrophoresis and biomolecular separation
for proteins and nucleic acids.

Major challenges of agarose hydrogels in biomedical applications are insufficient
mechanical stability, intrinsic hydrophobicity, and ironically, its thermo-reversible nature.
Agarose is relatively hydrophobic compared to other polysaccharides, which makes chem-
ical modification necessary to promote directed intermolecular interactions [84,88-91].
Although the reversible phase transition between the sol state and gel state is straightfor-
ward, the mobility of the agarose molecules and association dynamics between bundled
agarose chains, or between water molecules and agarose chains, directly affects this phase
transition. The accumulative and combined effects of those lead to thermal hysteresis of
native agarose gel, which is often observed as shifts in gelation temperature over repeti-
tion [92].

2.2.3. Alginate

Alginate is a naturally occurring anionic polysaccharide commonly extracted from
seaweed, composed of alternating blocks of mannuronic acid and guluronic acid groups,
which are called the M unit and G unit, respectively [93]. The ratio of M and G units
and the sequence significantly influence the overall characteristics of alginate hydrogels.
Alginate hydrogels are commonly highlighted for their biocompatibility, biodegradability,
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and minimal toxicity and have been widely used in pharmaceutical and biomedical fields
(Table 2) [93-95].

Generally, alginate hydrogels are synthesized via ionic crosslinking. In the presence of
divalent cations such as calcium (Ca?*) or magnesium (Mg2+), the G blocks of adjacent algi-
nate chains bind together to form stable crosslinking points, yielding a three-dimensional
network of alginate molecules [93,96]. This gelation process can occur under physiolog-
ical conditions, which makes it highly compatible with the applications that require the
preservation of bioactivity or encapsulation of cells or proteins. Alginate can be covalently
crosslinked using a similar group of crosslinking agents like glutaraldehyde, genipin, or
uronic acid [97].

The versatility of alginate hydrogels is emphasized most with its wide range of tunabil-
ity, including mechanical strength, degradation mechanism, bioactivity, and biochemical
modification with peptides or growth factors. Alginate hydrogels are widely utilized in
drug delivery systems, owing to their capacity to encapsulate therapeutic agents within
their matrix and release them in a controlled manner [23,94,95,98,99]. Additionally, the
gentle gelation process offers great potential toward the injectable formulation of alginate,
which allows the implantation of functional hydrogel at a desired site in the body with
minimal invasive procedures [100-102].

Interestingly, this gentle gelation process makes alginate the most suitable for 3D
bioprinting technologies, since it can stay as a relatively low-viscosity solution and quickly
turn into a soft gel when a divalent cation is introduced, enabling the precise fabrication of
alginate-based scaffolds with complex architectures for tissue and organ regeneration [103-105].
However, one significant drawback of alginate hydrogel is the limited control over the
rate of biodegradation since environmental heterogeneity and a diverse involvement of
divalent cations, such as calcium and magnesium, facilitate various biological processes
within the human body [88,103,104,106]. This unpredictability becomes more critical for
the application of alginate hydrogels in the circulatory systems.

2.2.4. Matrigel

Matrigel is a natural hydrogel derived from the extracellular matrix of Engelbreth—
Holm-Swarm (EHS) mouse sarcoma cells. It is rich in structural proteins such as laminin,
collagen IV, entactin, and growth factors as well as cytokines, enabling the most native
ECM environment [107]. Benefiting from its unique composition, Matrigel serves as a
robust scaffold for cell adhesion, differentiation, and proliferation in in vitro cell culture
models [13,108,109].

Matrigel intrinsically exhibits thermosensitive properties and undergoes phase tran-
sition from a liquid state to a gel state over about 10 °C temperature increase. Once it
becomes a gel, it provides a three-dimensional environment conducive to the growth and
maintenance of various cell types, including stem cells and cancer cells. It is very easy to
handle and can be directly applied to in vivo applications as well [91,110].

Applications of Matrigel are extensive in the biomedical field and are most widely used
in cancer and neural cell research for studying cell differentiation and growth, metastasis of
tumor cells, etc. (Table 2). Matrigel also largely contributed to the development of organoid
and 3D cell culture systems, making it indispensable for modeling organ development and
disease progression [111,112]. Recently, Matrigel has also been widely utilized in vascular
cells and angiogenesis studies [13,112-114]. While Matrigel has been transformative in
biomedical research, its predefined composition and possible heterogeneity inherited from
the fact that it originated from a biological source remains a major challenge.
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Table 2. Key features and biomedical applications of common natural hydrogels.
Hydrogels Source Crosslinking Methods Functional Features Applications Ref.
. . e  Biodegradable * Wounq healing
Exoskeleton of Ionic interactions . . ° Infection control
) . Biocompatible .
Chitosan shellfish, Hydrogen bonding o  pH-sensitive *  Drugdelivery [17,59,68,74]
fungi cells Schiff base reaction . Tunable solubility systems
. Biosensors
. Thermo-responsive . Tissue engineering
. Thermal gelation . Tunable gelation . 3D cell culture
Agarose  Marine algae Hydrogen bonding conditions e  Electrophoresis [82,86,87,89]
. Biocompatible ° Diagnostics
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2.3. Hybrid Hydrogels

Hybridization is an advanced strategy to amplify and to combine desirable properties
by creating a unique matrix of two or more hybrid materials. This approach could effi-
ciently overcome the limitations of individual materials, such as the insufficient mechanical
strength of natural hydrogels and the lack of bioactivity of synthetic hydrogels, as well as
offer enhanced functionalities for complex biomedical applications.

Hybrid hydrogel is an extremely diverse category and could not be simply classified
without overlooking the critical perspective of each case; however, there are resemblances
in their experimental approaches which include the interpenetrating polymer network
(IPN), blending, copolymerization, and layer-by-layer assembly (Figure 2).

IPNs generally involve two or more polymeric materials that are physically entangled
without covalent bonds between each other [115]. This approach is known to be highly
efficient for enhancing mechanical strength, swelling behavior and stability, and stimuli
responsiveness. Compared to blending, IPN is often described as an interwoven network of two
or more polymers that retains individual properties and functions synergistically [41,116,117].

Blending is a more straightforward strategy that combines natural hydrogel ma-
terials like chitosan or alginate with synthetic hydrogels such as polyacrylamides or
polyurethanes [18,59,118]. Blending is often used to describe a homogeneous mixture
of two or more hydrogel materials that does not necessarily involve chain entanglement,
with a primary aim to balance the advantages of each component such as mechanical
stability or bioactivity [118-120].

Copolymerization is a type of polymerization reaction that involves two or more types
of monomers forming a chain composed of more than one monomer. It is often applied to
synthetic hydrogels, where different types of monomers are sequentially fed during the
controlled radical polymerization process like atom transfer radical polymerization (ATRP)
or reversible addition fragmentation chain transfer (RAFT) [121,122]. Notable differences in
copolymerization from other approaches are the precise control over the resulting polymer
in the molecular scale, including composition, molecular weight, statistical uniformity, and
sequence of monomers, which are especially crucial in nanoscale hydrogel composites [123-127].

Layer-by-layer assembly (LbL) is a repetitive process that yields a sequentially mul-
tilayered composite of varying materials [128-130]. The most common example is an
alternating deposition of oppositely charged polymeric materials, and each layer is stably
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incorporated with previously applied layers via electrostatic attraction. Another approach
has made noticeable advancements by adapting additive manufacturing technologies.
Hydrogels are increasingly adapted into 3D printings, owing to their unique characteris-
tics, including dynamic sol-gel transition, tunable viscosity, and selective gelation [130].
One major advantage of the LbL assembly is the precise spatial control over the hydrogel
by incorporating a certain group of materials within the deposition sequence, allowing
us to design a multilayer hybrid for a specific application such as drug release or tissue
scaffolding [119,120,131].

Nanocomposite formation incorporates various nanomaterials such as graphene oxide,
silica nanoparticles, or other inorganic nanocrystals with hydrogel material to improve
mechanical properties and thermal stability, and to implant unique functionalities [56,132].
Nanomaterials can be either dispersed into precursors of hydrogel or directly grafted onto
polymeric chains [54,118,133-136].

Though the aims of hybridization vary from case to case, major considerations must be
made in designing hybrid hydrogels. First, the biocompatibility and safety of compositions
need to be evaluated, especially for their cytotoxicity, immunogenicity, and long-term
safety in physiological settings. Second, the compatibility of each component must be
accounted for. Physically incomparable mixtures often result in macro-phase separation,
resulting in a significant loss in functionalities. Chemical compatibility refers to near-
inert reactivity between major components, except designated reactions or intermolecular
interactions. Also, the scalability of the hybridization mechanism and synthesis process
must not be overlooked, especially for the strategies that involve chemical reactions [123,
137,138]. Reaction dynamics and selectivity of reaction pathways could significantly differ
from the lab-scale synthesis as the overall system increases, ultimately posing a serious risk
of altering the chemical and physical properties of the resulting hybrid gels [124].
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Figure 2. Hybridization strategies of multi-component hydrogel systems. Representative approaches
include IPN, incorporation of secondary functional nanomaterials, and multilayered 2D or pseudo-2D
hydrogel systems. Reproduced with permission from [117]. Licensed under CC BY 4.0, adapted
from [131,136].

3. Fabrication of Hydrogels

To maximize the utilities of hydrogel materials that we discussed in the earlier sections,
it is important to highlight the series of synthesis technologies as well. The versatility and
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functionality of hydrogels largely depend on their preparation methods, which have
evolved from traditional bulk synthesis to precise and controllable synthesis methods.

Hydrogel synthesis techniques can be categorized differently from the physical and
chemical perspectives. Physically, the hydrogel system can be considered a continuum
where the scale of system itself is substantially larger than the scale of molecular interactions
and dynamics [20,58]. This type of system is often called “bulk”. On the other hand, in
miniaturized systems at the scales of cells or microorganisms, the overall characteristics of the
material, governing interaction, and stability of the hydrogel itself can appear very different. The
chemical perspective focuses on the fundamentals of the network formation between hydrogels
or precursor materials, and the strategy to engineer these networks, ultimately enabling us to
design and realize advanced hydrogel systems [16,90,139] (Figure 3).
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Figure 3. Conventional approaches for the fabrication of hydrogel systems at bulk scale, highlighted by
physical, chemical, and combined crosslinking methods. Reproduced with permission from [135,140,141].
Licensed under CC BY 4.0, adapted from [142,143].

3.1. Bulk Hydrogel vs. Hydrogel Particles

Hydrogels are conventionally synthesized via the formation of a continuous network
of polymers through physical or chemical crosslinking in a single step. This process
can create large-scale structures like scaffolds, membranes, or injectable hydrogels. Bulk
hydrogels tend to exhibit uniform properties across the structure, because the functionalities
of bulk hydrogel mostly originated from its building block. For example, the powerful
antioxidant activity of chitosan hydrogel is based on the strong tendency of protonation of
amino groups present in the chitosan molecule [11,73,78].

Hydrogel particles conventionally refer to a discrete phase of hydrogel at micro- and
nanoscales within a liquid medium, also known as a colloidal system [115,144-146]. Parti-
cle synthesis using hydrogel material focuses on creating micro- or nanoscale hydrogels,
whose surface-to-volume ratio becomes high enough to exhibit surface-oriented function-
alities. Also, smaller-scale hydrogels exhibit much faster diffusional mass transfer and
become more eligible for intravenous injections. Combined with exceptional biocompatibility
and biodegradability and a large surface area for functionalization, hydrogel particle systems
construct a highly convincing new approach for advanced drug delivery systems [115,147-150].

3.2. Physcial Crosslinking

Physical crosslinking has been the most facile approach to form hydrogels of various
materials, which relies on non-covalent interactions to create three-dimensional polymeric
networks. Distinguished from chemical methods, the physical approach omits the need for
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crosslinking agents, which poses a potential risk of cytotoxicity, and is thereby generally
considered to be more biocompatible and safer to use.

3.2.1. Hydrogen Bonding

Hydrogen bonding is a special type of intermolecular interaction that occurs between
molecules with highly polarized bonds, including hydroxyl or amine groups [69,151].
Hydrogen bonds are formed between a hydrogen atom bound to an electronegative atom and
another electronegative atom, like nitrogen, oxygen, or fluorine. These bonds are reversible
and weaker than covalent bonds, allowing the gel constructed via hydrogen bonding to
be highly responsive to environmental conditions like pH and temperature [19,76]. For
example, lowering the pH of the aqueous solution protonates chemical moieties, promoting
hydrogen bonding. PVA and gelatin-based hydrogel systems are common examples, but
the hydrogel solely relies on hydrogen bonding and typically exhibits weaker mechanical
stability [42,146,152].

3.2.2. Hydrophobic Interaction

Hydrophobic interactions occur when hydrophobic segments of amphiphilic polymers
aggregate in aqueous environments to minimize exposure to water. These interactions
are driven primarily by entropy, as the system reduces the ordered structure of water
molecules around hydrophobic regions, increasing overall entropy. This process is signifi-
cantly prominent for amphiphilic polymers such as Pluronic® and results in the formation
of micelles, where the hydrophobic cores act as crosslinking points within the hydro-
gel network [69,138,143]. Hydrophobic interactions can be finely tuned by altering the
number and chemical structure of hydrophobic groups, allowing precise control over the
swelling dynamics and hysteresis, water retention, and drug loading efficiency [84,153].
The reversible nature of hydrophobic interactions also enhances the injectability of gels.
Furthermore, dense hydrophobic structures facilitate the rapid reformation of crosslinking
points upon mechanical disruption, making these hydrogels ideal for applications requiring
self-healing and reusability [19,154,155].

3.2.3. Ionic Crosslinking

Ionic crosslinking follows the most straightforward mechanism in physical crosslink-
ing, relying on electrostatic interactions between oppositely charged molecules [93,110].
It is typically achieved by introducing oppositely charged multivalent ions or particles
into a polyelectrolyte solution, creating a localized electrostatic assembly between multiple
polymeric chains and a divalent cation which serves as a crosslinking point within the
hydrogel network. For instance, alginate hydrogels are conventionally formed when diva-
lent cations, such as CaZt, BaZt, or Mg2+, interact with the guluronate blocks of alginate
chains [93,96,97]. These electrostatic interactions result in the formation of polyelectrolyte
complexes, creating a stable, reversible hydrogel network.

Ionic crosslinking offers the advantage of mild reaction conditions, making it highly
suitable for encapsulating sensitive biological materials such as cells or proteins. However,
the strength and stability of the hydrogel depend on factors like ion concentration, type of
crosslinking ion, and environmental ionic strength.

3.3. Chemical Crosslinking

Generally, chemical approaches necessitate the use of additional components including
crosslinkers or photoinitiators. However, this strategy yields a highly stable crosslinking
point, which renders the overall hydrogel robust and stable at varying conditions. However,
intrinsic toxicity of photoinitiators or limited biodegradation kinetics caused by dense
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crosslinking points must be carefully addressed prior to administration. Here, we highlight
a series of synthesis methods selected based on the applicability and ease of controllability.

3.3.1. Condensation Reaction

Condensation reactions, such as EDC/NHS-mediated coupling, leverage functional
groups like carboxyl (-COOH) and amine (-NH>) groups on the polymer chains [156,157].
In typical condensation reactions, the reaction involves the removal of water molecules as
the bond is formed between two functional groups. EDC/NHS coupling is widely utilized
to form an amide bond between carboxyl and amine groups through an intermediate step
involving carbodiimide activation. While the EDC/NHS still forms a byproduct like urea,
it resembles more of a catalyzed reaction than a conventional condensation reaction [157].

Generally, these reactions are known to be highly specific and efficient, as they form
covalent bonds that contribute to robust mechanical properties of hydrogels. The spon-
taneity of this reaction simplifies the fabrication process, progressing without continuous
external input other than thermal energy [158]. However, it poses challenges in controlling
reaction kinetics and ensuring network uniformity [159]. To form a crosslinked network
instead of linear polymerization, the presence of multifunctional groups capable of bonding
with multiple polymer chains is essential for creating a stable, three-dimensional hydrogel
matrix [143,160]. Additionally, the nature of byproducts generated during condensation
reactions, such as water, alcohol, or ammonia, can significantly influence the process. For
example, volatile byproducts like alcohol or ammonia require careful removal prior to
biomedical uses to maintain biocompatibility and structural integrity [161,162].

3.3.2. Free Radical Polymerization

Free radical polymerization is one of the most widely used methods for synthetic
hydrogels. Radicals play a central role in this technique by initiating the polymerization
reaction between initially stable monomers upon activation [125]. The mechanism of this
reaction consists of three steps: initiation, propagation, and termination. Radicals can be
generated from chemical or thermal initiators, which produce reactive radical species when
certain criteria are met (initiation) [124,125,163]. Radicals, with their unpaired electrons,
are highly reactive and extremely unstable chemical species. In this process, the radical
from the initiator attacks a monomer, which makes the monomer radical and causes it to
then immediately react with another monomer, as if a monomer is added to a growing
polymer chain (propagation). When a monomer has more than two reactive sites or a
crosslinker is used, this process creates a three-dimensional polymer network. Since the
hydrogel synthesis via radical polymerization commonly occurs within a liquid phase, two
polymeric chains with radical ends could collide with each other and immediately react
to form a covalent bond between two ends, or one sufficiently long polymeric chain with
two or more radical sites could undergo the same process, resulting in the elimination
of radicals (termination) [164,165]. The chance of termination naturally increases as the
monomer concentration decreases, or the size of the polymeric chain in the propagation
stage increases as the reaction progresses.

Synthetic hydrogels such as polyacrylamide, polyacrylic acid, and polyvinyl alcohol
are commonly fabricated using this method, and this technique is widely compatible with
other monomers with a carbon—carbon double bond or a vinyl group [18,110,166,167].
While it provides cost-effective scalability and a broad range of monomer compatibil-
ity, controlling the uniformity of the network and minimizing free radical side reactions
remain challenging.

A significant concern in free radical polymerization, especially in biomedical appli-
cations, is the toxicity of chemical initiators or their residual byproducts [106,167,168].
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Benefiting from the high permeability and liquid contents of hydrogels, residues could be
further removed via simply extensive rinsing or dialysis. Recently, more “bio-tolerable” ini-
tiators like lithium phenyl-2,4,6-trimetylbenzoylphosphinate (LAP) have been increasingly
used in various hydrogel or biopolymer systems as a more fundamental solution [169-171].

3.3.3. Photopolymerization

The photopolymerization of hydrogel is fundamentally similar to the free radical
polymerization, except the external trigger that activates radical generation is ultraviolet or
visible light [3,172]. With recent advances in digital light processing (DLP) or laser-based
lithography techniques like stereolithography, this approach allows spatial and temporal
control over gelation and is suitable for creating patterned hydrogel structures at the
microscale [104,168,173]. The same approach is found in stereolithography, a type of additive
manufacturing technique that forms solid microstructures within a pool of liquid resin, where
the optical resolution determines the minimum size of realizable structures [4,106,130].

The major difference between photopolymerization and other radical polymerization
is the mechanism of radical initiation. A photoinitiator is an essential reagent in photopoly-
merization which undergoes photolysis under the irradiation of an appropriate wavelength
and produces radical species. Photoinitiators include benzoin and benzophenone com-
pounds and their derivatives, or commercially available types including Irgacure 2959,
Irgacure 1173, or riboflavin, can efficiently absorb a certain wavelength within the range of
UV to visible light, depending on the types and number of functional groups [169,170,174].
Compared with conventional thermally initiated radical polymerization, a light-controlled
mechanism offers powerful advantages for hydrogel synthesis by allowing the excellent
spatial selectivity of radical generation and absence of heat throughout the entire process.
Irgacure 2959, for example, is commonly used for hydrogel synthesis because of its rela-
tively low cytotoxicity and acceptable tolerability [29,105,171]. These benefits enable facile
fabrications of biologically complex systems like cell-laden hydrogel platforms or growth
factor-loaded scaffolds.

However, hydrogel synthesis via photopolymerization often suffers from two major
drawbacks: cytotoxicity of residual photoinitiators and limited range of water-soluble
photoinitiators [174,175]. First, the removal of a residual photoinitiator becomes more
challenging for hydrogels of higher solid composition and bulkier structure. Since their
passive diffusion rate drastically decreases as crosslinking progresses, much extensive
rinsing or dialysis is required to drive out the residues from the interior of the hydrogel
to a sufficient level; on the other hand, the same residues could cause long-term cytotoxic
effects in in vivo settings. Second, the most commercially available photoinitiators used in
hydrogel synthesis exhibit extremely poor solubility to water of approximately 10 mg/L
or less. This inevitably necessitates extensive UV exposure to compensate for limited
photoinitiator concentration, which renders the reaction environment incompatible with
cells or other UV-sensitive reagents [104,167,173,176].

3.3.4. Schiff Base Linkage

Schiff base reactions occur between the primary amine group and carbonyl group,
resulting in the formation of imine bonds, carbon—nitrogen double bonds. It follows the
basic reaction mechanism of a nucleophile like an amine group and an electrophile like an
aldehyde group, and the resulting bond is at a dynamic equilibrium but more commonly
considered to be a pseudo-covalent bond. Also, in tissue environments, aldehyde groups
contribute to form strong adherence to cells, which is an essential feature for injectable or
implantable hydrogel systems [110].
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Schiff base linkage is reversible and pH sensitive, which makes it suitable for design-
ing dynamic hydrogel behaviors like self-healing [177,178]. The formation of linkage is
spontaneous, and when a physical discontinuity occurs within the hydrogel, the broken
Shiff base linkage reforms, thereby regaining its structural integrity. The spontaneity of
this reaction can be maintained under mild conditions without any additional reagents,
offering promising potential regarding biomedical applications [178,179].

3.3.5. Diels—Alder Reaction

The most widely utilized click chemistry in hydrogel synthesis is the Diels—Alder
reaction. The concept of click chemistry is largely based on its practical advantages in-
cluding versatility, simplicity, and efficiency [180]. The Diels—Alder reaction is a highly
selective and efficient cycloaddition reaction between a diene compound and a dienophile
like maleimide, and it exhibits rapid reaction kinetics in aqueous solution [141].

The Diels—Alder reaction does not mandate the use of any initiators or coupling
agent nor produce byproducts yet could form a covalent bond at generally high yield and
maintain its reactivity and specificity at varying conditions [141,152]. One unique feature
is that the stereochemistry of functional groups on participating molecules determines
the stereochemistry of the resulting structure, enabling three-dimensional control over
molecular structures [181]. This method of crosslinking is highly versatile as far as the
portion of participating molecules suffice the criteria of the diene-dienophile pair; thus, it
is widely compatible for both natural and synthetic hydrogels.

4. Paradigm Shift: Bulk Hydrogels to Hydrogel Micro/Nanoparticles

Hydrogels, widely utilized in bioengineering applications like scaffolds and coatings,
have recently seen transformative advances through the miniaturizations of a bulk system
into the micro- and nanoscale, known as microgels and nanogels. This physical transition
offers new unique properties like dynamic responsiveness along with the benefits of the
reduced size scale, opening new potential regarding hydrogel-based biomedical technologies.

Miniaturizing bulk hydrogels into nanogels introduces a series of distinctive attributes
including increased surface area, rapid responsive kinetics, enhanced drug delivery, and
mechanical flexibility [84,182,183]. The surface-to-volume ratio drastically increases as the
size of the system reduces to nanoscale, which facilitates an extensive surface for additional
functionalization. This increased ratio can directly affect the overall characteristics of
the hydrogel because the surface-driven properties become more pronounced than the
volume-driven properties as the surface area increases. Additionally, transport phenomena
of heat and mass generally occur at faster rates in a smaller-scale system. For example, a
shorter diffusion length enables faster swelling and deswelling, or drug release, when it
is triggered via pH shift or temperature shift. Thereby, miniaturization enables rapid and
reversible responses to stimuli such as pH, temperature, or light, allowing more precisely
controllable hydrogel systems [5,8,10,184].

For drug delivery systems, nanoparticles exhibit a unique passive tumor-targeting phe-
nomenon called the enhanced permeability and retention (EPR) effect [10,102,184,185]. This
phenomenon is caused by the formation of blood vessels with high vascular permeability in
the tumor microenvironment. Abnormal angiogenesis is not directly related to the onset of
a tumor, but it is critical for the fate of the tumor since it requires higher vessel density as its
size exceeds a few millimeters. The EPR effect describes how nanoparticles below 200 nm in
size show selective accumulation within and near the tumor sites, while the same particles
still cannot efficiently pass through the endothelial barriers of normal vessels [184,186-189].
This property offers a distinct advantage over bulk hydrogels, which often lack directive



Appl. Sci. 2025, 15, 1368

17 of 41

tumor targeting and exhibit slower drug release kinetics due to their larger size and slower
responsiveness [190,191].

Thin-film hydrogels, a unique class of hydrogel systems, offer a distinctive approach
bridging the gap between bulk scale hydrogels and micro/nanogels. Thin-film hydrogels
are typically micrometers thin and present a highly adaptable platform that can serve
as a coating or membrane [191]. Macroscopic film systems can contribute to the overall
mechanical stability or provide a protective interface, while nanoscale thin films can
leverage selective permeability and rapid stimuli responsiveness, making them suitable for
biosensors or drug delivery patches. However, thin-film hydrogels remain fundamentally
different from microgels and nanogels despite their versatility. Thin films lack the discrete
and particulate nature of micro/nanogels, limiting their application to superficial interfaces,
such as skin or dressing, or hard interfaces.

However, miniaturized hydrogel systems like microgels and nanogels also exhibit
inherent disadvantages compared to their bulk counterparts. One major limitation is
reduced mechanical stability, which restricts their use in load-bearing applications or high-
shear environments [15,136]. Also, the fabrication of microgel and nanogel often involves
complex and lengthy processes, requiring additional equipment or precise process control.
The uncontrolled synthesis of these systems may lead to reduced retention at the target site
or premature clearance by the immune system.

Another significant challenge arises from the biocompatibility and cytotoxic effect
associated with functionalized hydrogels [69,171]. While hydrogel materials are generally
considered to be non-toxic and chemically inert, the use of crosslinking agents, surfactants,
or other additives during the synthesis process contributes to the cytotoxicity of the re-
sulting systems. Traces of unreacted monomers or degradation byproducts also adversely
interact with surrounding biological tissues, potentially inducing inflammation or immune
responses. These issues require further investigation regarding the choice of reagents and
purification techniques to ensure clinical safety.

Furthermore, the interactions of particulate forms of hydrogel with biological systems
necessitates thorough examination beyond material compatibility [185]. In particular, the
behavior of nanoparticles in physiological environments, including protein adsorption,
clearance, and biodistribution, could be largely governed by their physical sizes and surface
functionalities and plays a crucial role in determining therapeutic efficacy [134,192]. While
the EPR effect offers tumor-specific targeting, challenges remain in achieving uniform
distribution across the tumor cells and avoiding off-target accumulation. Lastly, the long-
term stability of nanoparticles within a biological system and clearance pathways must be
carefully optimized to improve therapeutic outcomes.

The promising potential of hydrogels lies in their unique properties as versatile biomed-
ical materials, further enhanced by systematic miniaturization into microgels and nanogels.
While the advantages, such as enhanced targeting, faster response kinetics, and improved
functionalization, significantly expand their applications, the limitations including me-
chanical fragility and production complexity underscore the need for creative solutions
as well. Here, we highlight two key aspects of hydrogel micro- and nanoparticles toward
an advanced drug delivery system: how to design and implement stimuli-responsive
properties and how to synthesize them in a controllable manner.

4.1. Designing Stimuli-Responsive Properties

Stimuli-responsive hydrogels are engineered to undergo physical and chemical trans-
formation when specific environmental changes occur, including pH, temperature, and
light. These phenomena allow dynamic control over the properties of hydrogels, which
is an essential feature in precision medicine, tissue engineering, sensing, and diagnostics.
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Most of all, the ability to reversibly respond to external stimuli is imperative for highly
controllable drug delivery systems, especially when it is combined with the EPR effect.

4.1.1. pH Sensitivity

The basis of the pH-sensitive behavior of hydrogels is the ionizable functional groups
present in their molecular structure, where the dissociation or protonation of these chemical
moieties modulates the swelling behavior, mechanical strength, and permeability of a
hydrogel. Anionic hydrogels contain acidic functionalities such as a carboxyl group,
which could deprotonate at higher pH levels [76]. Deprotonation of an acidic group
renders its surface potential negative, increasing electrostatic repulsion and swelling. This
behavior is suitable for the controlled drug release in basic environments such as the
intestines, where the pH value begins at 6 and reaches approximately 7.4. PAA hydrogels
are widely adapted in the DDS specialized in oral administration, since the micro/nanogels
could encapsulate drug molecules at their interior to physically separate them from the
surrounding environment [53,150,193]. This allows us to avoid undesirable interactions
between normal cells and the drugs in the acidic gastric environment and to release them
in the basic intestinal tract.

Cationic hydrogels contain basic functionalities, like amine groups of chitosan, and
these groups can protonate in acidic conditions, at below their dissociation constant (pKa),
inducing extensive swelling of the gels [68,194]. This behavior is advantageous in tumor-
targeted therapy, since the tumor microenvironment exhibits a slightly acidic pH ranging
from 5.6 to 6.8 due to the high level of glycolysis and hypoxia [13,110,195].

4.1.2. Temperature Sensitivity

Temperature-responsive hydrogels could undergo phase transition induced by tem-
perature changes across certain thresholds, more commonly referred to as the lower critical
solution temperature (LCST) and upper critical solution temperature (UCST). In the sim-
plest form, hydrogels can be described as a polymeric network comprising the skeletal
structure of a gel and an aqueous phase filling this structure driven by the hydrophilicity
of the gel material [21,64,193]. Each critical temperature describes a thermodynamic point
where the phase behavior transitions between hydrated (soluble) and collapsed (insoluble)
states. LCST refers to the temperature below which a polymeric phase remains soluble
with a solvent, hence hydrated, and above which it becomes insoluble, and the gel becomes
collapsed [63,64,196].

Above the LCST, the hydrogel is dominated by hydrophobic interactions within the
polymeric network, causing the hydrogel to expel water molecules and a steep reduction
in its volume [193]. This volumetric contraction is a primary mechanism for the selective
onset of drug release, and it is particularly useful when the LCST is within the range of
body temperatures such as PNIPAM. The concept of UCST is the opposite of LCST, and
the polymeric phase stays insoluble with a solvent and becomes soluble below and above
this threshold, respectively. At high temperatures, thermal energy becomes sufficient to
disrupt hydrogen bonding or ionic coupling, and this mechanism is often dominated by
types of polymer—polymer interactions including hydrogen bonding and ionic interactions
over polymer-solvent interactions [197,198].

The thermo-responsive behavior of hydrogels is largely determined by the chemical
properties and compositions of hydrogel material, but it is also affected by other parameters
such as crosslinking density, polymer architecture, or types of incorporated additives [197-199].
Conventionally, LCST-type hydrogels are more common in both synthetic and natural
materials. PNIPAM, its derivatives, and poly(vinyl methyl ether) exhibit an LCST of body
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temperature, and various copolymers including Pluronic™ series exhibit a wider range
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of LCST. For natural hydrogels, polysaccharide-based types are known as LCST type; for
example, methylcellulose and hydroxypropyl cellulose exhibit an LCST of approximately
60 °C and 40 °C, respectively [200,201]. UCST characteristics can be found in copolymer-
based or ionically crosslinked systems, to achieve strong polymer—polymer interactions such
as poly(acrylamide-co-acrylonitrile) or chitosan/alginate blend. In addition, gelatin is the
most common UCST-type hydrogel material that exhibits an LCST of 40 °C [146,202,203].

4.1.3. Light Sensitivity

The photo-responsive property is represented by the benefits of light as a triggering
signal, for their minimally destructive and highly penetrative nature to biological settings.
Light-sensitive hydrogels utilize photosensitive agents or certain chemical structures which
could absorb specific wavelengths of light and undergo structural or chemical changes.
This mechanism is highly compatible with thermo-sensitive hydrogels and allows highly
precise spatiotemporal control of external stimulation, making them suitable for in vivo
targeted therapy and diagnostics [70,84,204].

Photosensitivity can be categorized into photothermal and photochemical effects.
Photothermal effects are based on the conversion of photo energy into heat, which rapidly
dissipates into its vicinity and raises the local temperature. Combined with a thermo-
responsive hydrogel, phase transition can be induced by the absorption of light instead of
external heat, avoiding undesirable thermal damage, especially when the target location is
far from externally accessible points like skin. Also, the effective penetration of light into
tissue is deeper for near-infrared (NIR) or longer wavelengths of light than visible or ultravi-
olet, which offers a facile onset mechanism for non-invasive anticancer treatment [205,206].
Gold nanoparticles and carbon nanomaterials are the most utilized photosensitive agents
for this purpose. Gold nanoparticles exhibit a unique phenomenon called the localized
surface plasmon resonance (LSPR), which makes them effectively absorb a certain wave-
length of light depending on its size [205]. The LSPR of gold nanoparticles can be tuned to
absorb NIR light by synthesizing into a rod-shape and can induce synergistic effects for
plasmonic photothermal therapy (PPTT) [70,123,207]. Basically, PPTT follows a stepwise
mechanism starting from the selective accumulation of gold nanorods at the target followed
by irradiation of an NIR laser, inducing highly effective absorption of photo energy and
localized heat, which results in a sufficiently high temperature to induce cell damage and
death [208,209].

Photochemical effects utilize certain chemical bonds or functional groups that are
directly affected by the absorption of certain light. Azobenzene or spiropyran groups can
undergo reversible conformational changes, called photoisomerization [210,211]. Azoben-
zene can be “photo-switched” between cis- and trans-form by absorptions of UV and visible
light, respectively, whereas spiropyran can form its open-ring isomer called merocyanine
under UV and visible light. Both changes induce the changes in porosity, elasticity, and
volume of the hydrogels [212,213]. Chemical functional groups like coumarin could form
photo-cleavable bonds upon UV irradiation, making it suitable for photo-degradable hy-
drogel systems and on-demand drug release. Coumarin-functionalized polymers could be
crosslinked via dimerization of two coumarin groups under UV light of around 360 nm
and can be disconnected under deeper UV light of around 250 nm [214,215]. This approach
provides the most direct manipulation of a hydrogel network structure, but the destructive
effects and insufficient tissue penetration of UV light must be carefully considered.

4.2. Hydrogel Microparticle Synthesis

The synthesis of hydrogel microparticles can be classified into three major approaches:
microfluidic emulsification, spraying and drying, and sonication-based methods.
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4.2.1. Microfluidic Emulsification

Microfluidics is a class of fluid dynamics with an emphasis on microscale systems
and has increasingly adapted into diverse fields, benefiting from the advances in microfab-
rication technologies. A microfluidic system allows precise control of one or more types
of fluid flow and their fluid dynamic behaviors including mixing, phase separation, and
flow profiles [216-218]. When two immiscible fluids are injected into a microfluidic system
in the same direction, two fluids form an interphase along their primary flow direction.
Depending on their flow rate difference, interfacial tension, or shear stress, one fluid could
become disconnected (dispersed phase), which naturally takes a spherical form, while
the other fluid surrounds it (continuous phase), forming a continuous flow of uniformly
sized droplets [219]. The size of the droplets can be controlled by adjusting the same
parameters, allowing the precision synthesis of droplets measuring from sub-micron to
several millimeters.

Microfluidic techniques leverage the precise control of droplet formation within the
microchannel to create hydrogel microparticles (Figure 4). One significant advantage of mi-
crofluidic synthesis is the ability to produce monodisperse particles with highly controlled
size and morphology, which is essential for precise dosing and uniform cellular responses.
This precision also allows the fabrication of advanced microarchitectures including core—
shell structures, Janus particles, and multi-compartmental designs [217-220].
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Figure 4. Synthesis technologies of hydrogel micro- and nanoparticles (microgels and nanogels).
Emulsification involves immiscible fluids, forming a discrete volume of hydrogel precursors that
define the physical size of the microgel. The achievable size of emulsion varies by the types of
emulsification technique, size of the system, etc. Electrospraying generally exhibits large reductions
from the aerosol size to the resulting solid particles. Reproduced with permission from [221-223].
Licensed under CC BY 4.0, adapted from [224,225].

Emulsion, commonly referred to as droplets, is a minute volume of a fluid dispersed
in another immiscible fluid phase, which is directly applicable by making a discrete phase
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for hydrogel materials and required additives to induce crosslinking. In this approach, a
hydrogel microparticle is formed via a stepwise process, droplet formation, and hydrogel
crosslinking, which can be modified to introduce drug molecules, buffer exchange, or
purification by modifying microfluidic designs [182,226]. For example, a microfluidic
orifice is an effective design to formulate localized high-interfacial tension sites, pinching an
initially continuous hydrogel solution to form droplets. Also, a complex microfluidic design
can be realized via photolithography to combine a curved microchannel with a droplet
generator [218]. In this design, a centripetal force exerted on a denser phase induces radially
outward flow perpendicular to the primary flow direction, enabling the high throughput
of hydrogel microparticle synthesis within a compact form factor device [219,227].

One careful consideration that needs to be made for the microfluidic approach is the
high operational pressure [182,188]. For the simplest straight cylindrical microchannel, the
flow dynamic behavior in this model is well described by the Hagen—Poiseuille equation.

_ 8uL:.Q

AP
nrd

where AP is the pressure drop, y is the viscosity of the fluid, Q is the volumetric flow rate,
and L. and r. are the length and radius of the microchannel, respectively. As described
in the equation above, narrowing down a microchannel incurs a steep increase in the
pressure required to maintain the flow rate. A high-pressure operation poses practical
challenges, including limited throughput and scalability. However, the smallest size of
droplet achievable in a microfluidic design is largely affected by the overall size scale of
the design; therefore, miniaturization is essential to push the minimum size of a hydrogel
particle [58,219].

4.2.2. Spray Drying

Spraying and drying methods rely on the atomization of a liquid-phase hydrogel pre-
cursor into fine droplets, or aerosols, followed by the removal of the solvent phase resulting
in solidified microparticles. These techniques are highly practical from the perspectives
of cost and scalability, and can adequately incorporate any heat-sensitive compounds.
Atomization is achieved through mechanical forces or electronic forces, such as air pres-
sure or Coulombic attraction, respectively [32]. The solidification principle also varies by
the type of atomization, where mechanical spraying usually accompanied with heated
air drying and electrospraying utilizes electrostatic repulsion to achieve stability and to
remove solvent contents. This approach can be configured almost “chemistry-independent”
compared to other microparticle synthesis methods, but it is also applicable to restrict the
secondary chemical process within the isolated aerosols by loading precursors that can be
thermally crosslinked or by using additional crosslinkers in the initial solution [228].

Electrospraying is highly compatible with charge-bearing polymeric materials, and
the process requires a strong potential bias to form an electric field between the spraying
nozzle and collecting platform. This method is also advantageous for encapsulating
bioactive agents, by avoiding the thermal stress associated with a conventional drying
process [229-231]. Though this process is already widely adapted in various particle
syntheses, maintaining the uniformity and controllability of aerosols or droplets down to
the nanoscale remains challenging due to the relatively high viscosity of polymer-laden
solutions [99].

4.2.3. Sonication

Sonication methods leverage sound waves to agitate particulates or to induce cavita-
tion, the formation and collapse of microbubbles in a liquid medium, by utilizing the wave
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frequencies ranging from 15 kHz to 400 kHz [232,233]. This process generates high shear
spots, where a liquid phase is temporarily disrupted into dispersions (bubbles) or a binary
mixture of immiscible fluids into relatively stable emulsions. Emulsions produced from
sonication require secondary stabilization such as chemical crosslinking or gelation, and
the size of emulsion is controlled by the frequency, power input, and time of sonication,
with a general trend of a smaller emulsion size being produced as more powerful and
longer sonication is applied [232,234].

Natural polymers like polysaccharides or synthetic polymers could simply be applied
to this approach by utilizing certain functional groups and also undergo physical frag-
mentation during this high-energy process, which could be useful to form smaller-sized
particles. For example, thiol groups could help to simplify the stabilization step, by directly
forming disulfide bonds which serve as crosslinking points, as demonstrated by Park et al.
In this approach, a thiolated heparin and PEG matrix formed a complex of a polymer-rich
phase, followed by sonication-aided disulfide linkage formation to stabilize the crosslinked
gel matrix [235]. Seshadri et al. reported that high methoxyl pectic (HMP) is directly
applicable to the sonication method for controllable synthesis. HMP with a high degree
of esterification exhibits increased hydrophobic interactions and hydrogen bonding and
reduced ionic interactions, and in this case, hydrogen bonding serves as a crosslinking
point. Hence, high-intensity ultrasonic waves are used to form droplets of HMP, while
dimethyl sulfoxide is used to enhance polymer chain mobility as well as to reduce solution
viscosity, and extensive sonication time helped to facilitate the size controllable synthesis.
During this process, high shear and localized heating also caused the breakdown of high-
molecular-weight polymer chains, allowing HMP microgels of 10-50 pum in diameter to be
formed while maintaining a high encapsulation efficiency of 85% [236].

Ultrasonication is a facile method to produce micro- and nano-emulsions with minimal
use of a surfactant via cavitation, but it continuously disrupts the existing emulsions and
generates new ones, and prolonged treatment could cause degradation of the polymer
under high shear environments. Nanoscale particles can still be formed by repetitive
ultrasonication, but this poses a risk of thermal damage to bioactive materials or drugs as
high-power sonication could rapidly increase the solution temperature in a few minutes
even under cooling [53,234].

4.3. Hydrogel Nanoparticle Synthesis

Nanoscale hydrogel particles, commonly referred to as nanogels, have emerged as
a transformative advance toward biomedical, pharmaceutical, and environmental engi-
neering. As described in the previous section, nanoparticles, as a physical format, offer
great advantages toward therapeutic agents specialized for the human circulatory system,
with features such as controlled drug release and precise targeting. However, the synthesis
strategies of nanosized hydrogels are limited to a few principles including polymerization
and membrane-mediated methods, which also limits the range of applicable biomaterials
and the tunability of physical and chemical characteristics (Figure 4).

4.3.1. Microfluidics-Assisted Polymerization

The most conventional bottom-up approach to produce nanogels is the polymeriza-
tion process, which can be coupled with a droplet-based system to constrain the reaction
to a finite volume and to allow more uniform and rapid thermodynamic control. The
microfluidic system offers an efficient strategy to realize this reaction environment, by for-
mulating extremely small and uniformly sized droplets surrounded by a chemically inert
fluid [216,217]. In this microfluidic system, immiscible fluids flow through microchannels,
where droplet generation is governed by hydrodynamic focusing and droplet breakup
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at flow junctions, and the produced droplets serve as a microreactor for nanogel forma-
tion, stabilized by subsequent crosslinking or polymerization processes such as ATRP
or RAFT [58,122,237]. The microscopic dimension of the microchannel facilitates precise
control over droplet size and polymerization reaction kinetics.

Controlled polymerization is a fundamental process that enables the synthesis of
nanogels, and it provides a controllability over molecular weight distribution, functional
groups, and stimuli-responsive behavior [124,165]. Approaches to forming nanogels via
polymerization can be categorized into dispersion polymerization and precipitation poly-
merization. Dispersion polymerization occurs in a homogeneous solvent system where a
monomer (precursor) and initiator are soluble at the beginning of the reaction. As poly-
merization progresses, the growing polymer chain becomes less soluble and begins to
phase separate, which can be illustrated as the appearance of a small stabilized solid-like
phase rich in polymer chains. With the aid of surfactants or ligands, this process results
in the dispersion of spherical particles. The size of the resulting particle can be controlled
by the number of monomers and reaction temperature and could reach sub-microns in
diameter [124,164]. Precipitation polymerization also begins with a similar system, but gen-
erally in the absence of a stabilizer to induce precipitation. Once the polymeric solid matter
precipitates, polymerization continues on the surface and leads to particle growth [122,238].
Comparing two approaches, dispersion polymerization generally produces larger-sized
polymeric particles but with better size uniformity and scalability. The stability of the
solid-rich phase also benefits the stable encapsulation of drug particles. Precipitation poly-
merization requires a simpler system and could synthesize smaller particles at the scale of
tens of nanometers, but size controllability is largely affected by the nucleation mechanism,
which is more difficult to control.

Controlled polymerization methods such as ATPR and RAFT are another imperative
factor in nanogel synthesis, which offer strategies to control the kinetics of nucleation and
polymerization [164]. ATRP employs a transition metal catalyst to manipulate polymer
growth, ensuring a controlled polymerization rate and narrow molecular weight distribu-
tion. RAFT polymerization leverages chain transfer agents to regulate how monomers are
incorporated into growing polymeric chains, enabling the synthesis of nanoscale hydrogel
particles as well as copolymerization with other precursors [122-124].

4.3.2. Microfluidic Mixing

Microfluidic mixing is another microfluidic approach that induces precipitation and
self-assembly of nanoparticles. The fundamental principle of this method is based on a
continuous mixing between two or more miscible phases that occurs within the microfluidic
channel, whereas emulsification requires a combination of immiscible fluids. In a reduced
size scale, mixing in a straight flow path can be confined to the diffusion at the interfaces
of miscible fluids with minimal contribution of convective flow [239-241]. This process
requires a continuous flow of fluids, and the degree of mixing of two fluids becomes
independent of time, but it depends more on the distance from the junction where two
fluids conjoin, which is called “controlled diffusive mixing” [182]. The degree of mixing
can be controlled by the operational parameters including flow rates of each fluid, as well
as design parameters such as microchannel dimensions, angle of the junction, etc. The
precipitation of the solute can be controlled in this environment [242,243]. If a certain
compound was dissolved in one solvent but is insoluble to another one, the continuous
mixing between two solvents comprises a dynamic environment for the solute where
the solvent composition constantly changes as bulk flow progresses. Thereby, the solute
experiences a gradual decrease in solubility as mixing occurs, inducing precipitations
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of nanoparticles. Benefiting from the controllable manner of the diffusion process, the
resulting particle size can be controlled by manipulating the same parameters.

Controlled self-assembly of the block copolymer or amphiphilic molecules within
the microfluidic mixer is another spontaneous process to synthesize nanoparticles such as
micelles or nanogels driven by non-covalent interactions. Self-assembly is a unique ther-
modynamic phenomenon where small building blocks spontaneously construct ordered,
higher-scale supramolecular structures, largely driven by enthalpic gain [182,187,243]. A
common example of self-assembly is the formation of bubbles in the presence of surfac-
tants, or vesicle formation from lipid molecules. The underlying principle is similar to the
precipitation of nanoparticles, except the dynamic change in solvent composition within a
mixer allows us to control the self-assembly process to a certain extent.

To summarize the two approaches, nano-precipitation produces polymeric nanopar-
ticles and is suitable for encapsulating small molecules that exhibit similar properties or
high affinity to the polymer material. On the other hand, controlled self-assembly can
form nanogels, micelles, or vesicles through non-covalent interactions, and often utilizes
amphiphilic or block copolymers as basic building blocks. Both techniques require precise
manipulation of fluid dynamic conditions to acquire the controllability of synthesis, which
can be achieved by taking advantage of microfluidic systems.

4.3.3. Emulsification and Membrane Extrusion

Membrane-mediated emulsification is a highly effective approach for producing
nanogels and particularly suitable for large-scale synthesis. In this technique, a pre-
formed dispersed phase (emulsion) is forced through a microporous membrane under high
pressure, where each emulsion experiences a high level of shear stress and deformation,
resulting in overall size reduction. The size of nanodroplets generated in this method
is dictated by the pore size of the membrane, applied inlet pressure, and initial size of
emulsions [57,186,244].

Subsequent stabilization is imperative because emulsions become increasingly unsta-
ble as they become smaller due to the increased surface area and mechanical disruption
accompanied with membrane extrusion. Nano-emulsion destabilization can occur through
three mechanisms: coalescence, flocculation, and Ostwald ripening [245]. Coalescence
occurs when emulsions merge to form larger droplets, which is a spontaneous phenomenon
to reduce the total interfacial area. It is easily driven by the insufficient stabilization of
the nano-emulsion interface, eventually leading to macro-phase separation. Flocculation
describes the aggregation of emulsions without merging, as if they are stuck together. The
fate of flocculation is governed by inter-droplet forces; however, it is generally seen as a
“delayed” mechanism leading to macro-phase separation. Ostwald ripening involves the
diffusion of a smaller emulsion into larger ones as if they are absorbed. This phenomenon
is driven by differences in Laplace pressure, where a smaller radius of curvature exhibits a
larger value, making it very challenging to maintain smaller groups of emulsions. Over
time, this process causes the average size of emulsion to increase and the size distribution
to broaden, destabilizing nano-emulsions.

Despite the fundamental challenges, the membrane extrusion coupled with emulsifi-
cation offers tight control over particle size with minimal energy compared to conventional
nano-emulsion synthesis methods. This technique has been widely adapted for encapsulat-
ing bioactive reagents, including protein, nucleic acids, and small drug molecules.

4.3.4. Template-Assisted Synthesis

Template-assisted synthesis is still at its early stage, but it has been increasingly gaining
interest for its potential benefits as a straightforward, controllable strategy of nanogels
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compatible with various conventional hydrogel chemistries [246,247]. The most basic form
of this approach is the previously discussed nano-emulsion method. Nanoscale emulsion
could encapsulate the required precursors and crosslinkers for hydrogel formation, which
serves basically as a nanoscale batch reactor (Figure 5). One major drawback is that the
reliable formation of emulsion is often limited to hundreds of nanometers, and further
miniaturization is accompanied by a substantial increase in the heterogeneity of emulsions.
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Figure 5. Template-assisted synthesis of nanogels. (a) First demonstration of alginate nanogel
prepared by using liposome as a temporary template. (b) Similar approach demonstrated using
glycine diphenylalanine (GFF) as a precursor and liposome as a template. Both approaches showed
successful synthesis of nanogels at the 100-200 nm scale but lacked controllability and uniformity as
confirmed in the size distributions and transmittance electron microscopy. White arrows and a red
arrow indicate unilamellar and multilamellar vesicles, respectively. Reproduced with permission
from [246]. Licensed under CC BY 4.0, adapted from [247].

However, the concept of a nanoscale template that is compatible with conventional
hydrogel synthesis methods offers an attractive strategy to realize sub-100 nm hydrogel
nanoparticles. The template-assisted approach leverages pre-formed templates to dictate
the geometry, size, and the characteristics of nanogels, where the templates such as nanopar-
ticle, nanofibers, or nano-emulsions provide the physical framework for chemical synthesis
(Figure 5a). The precursor of hydrogel is crosslinked within or around the template, which
can be subsequently removed, leaving behind structured nanogels such as porous or hollow
interiors. Most commonly used sacrificial colloidal templates are polymer nanoparticles
made of polystyrene, poly(methyl methacrylate), or melamine, and inorganic nanoparticles
like silica. However, these templates are hard solid particles, and the gelation chemistry
is limited to the proximity of their surface and thus is not suitable to produce nanogels.
Also, the selective removal of a polymeric template is generally achieved by adding or
changing to a good solvent, which naturally undergoes swelling from solvent uptake before
dissolution, leading to mechanical ruptures of the synthesized gel architecture [248,249].

Recently, another study utilized a liposome as a nanoscale aqueous reactor for pho-
topolymerization of precursors (Figure 5b) [247]. The microfluidic methods could produce
liposomes from below 30 nm to above 100 nm with exceptional stability [187], which
provide an aqueous interior and selectively removable exterior with a small amount of
surfactant. Both internal and external phases of a liposome are aqueous due to its vesicular
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nature, which makes it highly compatible with hydrogel and bioactive materials. Although
it requires improvements and optimization in various aspects, this strategy shows great
promise for the realization of nanogels that can incorporate large biomolecules or biological
agents such as proteins, nucleic acids, or even cells.

5. Therapeutic and Biomedical Applications of Micro- and Nano-Hydrogels

Hydrogel micro- and nanoparticles have emerged as transformative tools in various
therapeutic applications. Their unique properties, including high water content, dynamic
mechanical properties, and biocompatibility, enable the targeted delivery of therapeutic
agents with enhanced efficacy and reduced systematic toxicity, as well as efficient develop-
ment of new therapeutics.

5.1. Anticancer Treatment

Hydrogel-mediated anticancer therapies can be broadly classified into chemother-
apy and immunotherapy. Chemotherapy remains a major cancer treatment method, by
accompanying cytotoxic drugs to affect rapidly dividing tumor cells. Hydrogel-based
drug delivery systems are expected to provide versatile platforms for improving the de-
livery and stability of chemotherapeutic agents while addressing several limitations of
conventional therapies.

The basis of the chemotherapeutic approach of hydrogels is the encapsulation of drugs
within the hydrogel matrix to enhance their solubility and bioavailability and to prevent
degradation. The conventional chemotherapeutic agents such as doxorubicin (DOX) or
paclitaxel are classified as small molecules that function directly with nucleic acids or
proteins within tumor cells, leading to apoptosis (Figure 6a) [250]. The effectiveness of these
drugs is significantly limited when delivered intravenously, due to several pharmacokinetic
and pharmacodynamic challenges. First, the non-specific distribution of drugs caused
by poor tumor targeting often results in cytotoxic effects on healthy tissues and organs,
also known as common side effects of chemotherapy, like damage to bone marrow, the
gastrointestinal tract, and hair follicles. Second, molecular drugs generally exhibit a high
clearance rate, either via renal excretion, hepatic metabolism, or bindings to serum proteins. Also,
some of these agents are extremely hydrophobic and require solubilizing agents like ethoxylated
castor oil (Cremophor® EL) or DMSO, which poses additional toxicity [100,251,252].

Incorporation of chemotherapeutic drugs into nanoscale hydrogels offers promising
potential to overcome these challenges and to enhance the therapeutic efficacy. Their
high-water content and tunable properties allow sustained and controlled drug release,
mitigating the systemic toxicity. Also, nanogels could passively target tumor sites via the
EPR effect, enabling the selective accumulation of drugs in tumor tissues. Encapsulation
provides a physical boundary between the drugs and plasma, and it allows us to protect
drugs from rapid clearance [8,186].

Immunotherapy is another major classification of anticancer therapy, which har-
nesses the patient’s immune system to recognize and eliminate cancer cells [253]. Unlike
chemotherapy, which directly interacts with rapidly dividing cells, immunotherapy, as
famously represented by the chimeric antigen receptor T cell (CAR T-cell) therapies, acti-
vates immune responses to achieve a more targeted and longer-lasting effect. To introduce
major strategies, the checkpoint inhibitor utilizes the fact that the cancer cell exploits im-
mune checkpoint pathways (PD-1/PD-L1, CTLA-4) to avoid T-cell activation and immune
responses, and inhibits these pathways to suppress this mechanism. The cytokine-based
approach utilizes signaling proteins, like interleukins or interferons, to boost immune
response to cancer [11,186,254]. In adoptive cell therapy, such as CAR T therapy, the im-
mune cells collected from a patient are rendered to enhance their anticancer activity. This
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process usually follows the collection of T-cells, genetic modification, cell expansion, and

re-injection into the patient.
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Figure 6. Applications of micro- and nanogels in anticancer treatment. (a) Nanoscale hydrogels
served as an effective drug carrier that can selectively accumulate within the tumor. (b) More
conventional approach taken using the macroscale hydrogel incorporated with a chemotherapeutic
drug, demonstrating sustained release of the drug. (* p <0.05, ** p < 0.01, ** p < 0.001). Reproduced
with permission from [207]. Licensed under CC BY 4.0, adapted from [11].

The advantages of immunotherapy are prominent and highly expected to realize
anticancer technologies with high-specificity, immunological memory, and minimal side
effects. However, immune modulation requires careful considerations, including the risks
of cytokine release syndrome (cytokine storm), graft vs. host diseases (GVHDs), neurologic
immune-related adverse effects, collateral damage on off-target cells, and downregulation
of tumor cells.

Seo et al. investigated a methacrylated glycol chitosan (MGC) hydrogel system for
post-surgical cancer therapy, aiming to combine sustained drug release and immunotherapy
(Figure 6b). Chitosan was selected for its biocompatibility and pH-responsive properties
and served as a scaffold for immune cell activation as well as a drug carrier. The resulting
hydrogel encapsulated DNA /doxorubicin complexes and demonstrated sustained release
over 40 days, which showed suppressed tumor recurrence and metastasis and confirmed
immunogenic cell death and a damage-associated molecular pattern, while achieving
an 80% survival rate over 60 days in preclinical models. The MGC hydrogel also pro-
moted cytotoxic T lymphocyte infiltration, directly affecting the tumor microenvironment
(TME) [11].

Jo et al. developed a poly(N-isopropylacrylamide-co-acrylic acid)/Prussian blue
(PNA@PB) microgel system for synergistic photothermal chemotherapy. This composite
microgel leveraged NIR light to induce photothermal effects and enabled controlled drug
release and tumor ablation. Prussian blue served as photothermal agent to raise the system
temperature above the LCST of the copolymer upon irradiation of an 808 nm NIR laser,
causing the volumetric contraction of the microgel and release of DOX. The resulting
microgel showed 51% drug encapsulation efficiency and a controlled release of 36% under
NIR. Effective tumor cell apoptosis was confirmed in vitro, while in vivo tests showed
tumor growth suppression in a xenograft mouse model [207].
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Yu et al. developed a photothermal-responsive, injective hydrogel by combining
chitosan-capped gold nanoparticles and Olaparib-liposomes for enhanced antitumor ther-
apy. Through an approach combining mild photothermal activity and inhibiting tumor
DNA damage repair, this hydrogel demonstrated in vivo suppression of breast tumor
growth, localized tumor ablation, and reactive oxygen species (ROS) generation [70].

Fang et al. demonstrated a zwitterionic hydrogel system designed for post-operative
breast cancer treatment by utilizing a macrophage membrane and STING agonist. The
zwitterionic component helped to reduce protein adsorption and immune recognition,
while ensuring stability and reduced off-target effects of the hydrogel system. This hydrogel
system incorporates macrophage membrane-coated nanoparticles and 2’,3’-cGAMP to
achieve tumor-targeted drug delivery and TME remodeling. They reported the controlled
release of DOX, triggered by the acidic TME, DNA damage-induced immunogenic cell
death, and enhanced CD8" T cell filtration as confirmed in in vivo studies [102].

While the applications described above are considered a direct anticancer therapy,
hydrogel plays an imperative role in supportive anticancer technology, such as gel dosime-
try [47,255]. Fricke gel dosimeters, hydrogel matrices composed of ferrous ions (Fe?*),
experience radiation-induced oxidation to ferric ions (Fe**) that allows the quantification of
spatial dose distributions both in vivo and in vitro [47,256]. In these applications, hydrogels
such as PVA or gelatin help to stabilize radicals and provide tissue-like properties, which
are indispensable features for validating and optimizing radiation delivery in stereotactic
radiotherapy and proton therapy. Gel dosimetry, as a supportive anticancer therapy, di-
rectly impacts the overall efficacy of radiotherapy, ultimately enhancing the survival rate of
patients. Accurate dose measurement and 3D mapping ensure that high doses are delivered
to the target sites while minimally damaging the surrounding healthy tissues [47,257].

While most research in gel dosimetry is conducted at bulk scales in the form of in-
jectable or implantable hydrogels, miniaturizing these systems into a micro- and nanoscale
format offers transformative potential as radiotherapy techniques become increasingly
complex, as in intensity-modulated radiotherapy (IMRT). Microgel systems consisting of
advanced gel formulations for lower ion diffusion, such as glutaraldehyde-crosslinked
PVA hydrogel, open opportunities for high-precision dose measurement and real-time dose
tracking, bridging the gap between theoretical dosimetry and clinical precision [47].

5.2. Advanced Drug Screening

Drug screening is a critical step in pharmaceutical development that identifies and
evaluates potential therapeutic compounds [258]. Traditional drug screening models such
as in vitro 2D cell culture or animal models often fail to mimic the complexity of human
tissues and their microenvironment, which contributes to the extremely low success rate
of drug development. Recent advances in the three-dimensional scaffolds specialized in
mimicking human tissue environments, also known as organoids, have been highlighted for
their ability to emulate physiological conditions of complex tissue or even organs [13,14,259,260].
Hydrogel is an essential element to realize complex environments of ECM or tumor sites,
enabling high-throughput, multiplexed platforms for drug screening.

From the material perspective, PEG and polysaccharides have been widely adapted
for this application. PEG-based hydrogels are particularly valued for the facile tunability
of their properties and intrinsic biocompatibility, which enables controllability over the
stiffness, porosity, or degradation kinetics of hydrogels. Polysaccharides can mimic the
native ECM effectively while exhibiting essential features such as antimicrobial activity or
pH sensitivity [176]. Although the application of microgels and nanogels in drug screening
remains in its early stages, the focus on their unique advantages for drug delivery systems
has been growing with the advances in organoid technologies. The synergistic combinations
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of hydrogels as drug carriers and diverse organoid models such as brains, intestines, and
cancer pose an eminent potential to bridge the gap between in vitro and in vivo models,
ultimately toward a significant advancement in preclinical drug development.

PEG-based hydrogel 3D matrices consisting of alkoxysilane-modified PEG reported
by Enyedi et al. compared the impacts of 3D and 2D environments to drug resistance
evaluation, where a 3D model supported A2058 melanoma spheroid formation and showed
an increased survival rate and higher resistance to daunorubicin treatment (Figure 7a) [261].
Gebeyehu et al. utilized a polysaccharide-based bioink, VitroGel, to develop 3D tumor
scaffolds for chemotherapeutic agent screening. The resulting system remained stable in
physiological settings and successfully formed spheroids from non-small-cell lung cancer-
derived xenograft cells. A drug sensitivity study revealed that the 3D-printed scaffolds
showed significantly higher IC50 values for docetaxel, DOX, and erlotinib than 2D culture,
highlighting the enhanced resistance associated with 3D TME (Figure 7b) [176]. Lan and
Starly developed a 2D-3D hybrid co-culture platform based on alginate to encapsulate
HepG2 liver cells and MCEF-7 breast cancer cells. Ionically crosslinked hydrogel showed
acceptable cell viability of >80% over 3 days without diffusion-limited nutrient deficiency.
Overall, 3D models showed greater correlation with in vivo LD50 values and successfully
demonstrated simultaneous hepatotoxicity and drug evaluations [98].
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Figure 7. Hydrogel-based drug screening platforms. The materialistic benefits of hydrogel are
especially suitable for 3D cell culture systems, allowing it to mimic the in vivo setting closer than the
conventional 2D culture systems. (a) PEG/polysaccharide-based system, and (b) chemically modified
PEG-based 3D culture system. (*# p < 0.05). Licensed under CC BY 4.0, adapted from [176,261].

5.3. Drug Delivery Across Blood—Brain Barrier

The blood-brain barrier (BBB) poses the most challenging obstacle in therapeutic
technologies for the central nervous system (CNS) [262]. This highly selective barrier,
composed of tightly connected brain endothelial cells supported by astrocytes and pericytes,
is the most critical defense for maintaining neural homeostasis, but it also restricts the
passage of nearly 98% of small molecular drugs and almost all large-molecule-based
therapeutics. This impermeability limits administrable options for neurological disorders,
glioblastoma, neurodegenerative diseases, and CNS infections [149,192,202].

Hydrogel materials are emerging as pivotal candidates for BBB-targeted DDS. Gelatin
methacrylate, GelMA, is a photo-crosslinkable material derived from denatured collagen
with excellent capacity to mimic the ECM [173]. Recent studies highlight the versatility
of GelMA in applications requiring 3D scaffolds and drug encapsulation of both thera-
peutic agents and cells. PVA has also been increasingly utilized for the encapsulation of
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hydrophobic and hydrophilic drugs by leveraging the ease of chemical modification, which
also enhances its compatibility with various biomolecules and targeting ligands [152].
Recently, Lopez et al. synthesized chitosan (CS)-based nanogels functionalized with a
tricarbocyanine (CNN) fluorescent probe to investigate its BBB traverse efficiency. Nanogel
was ionically crosslinked using tripolyphophate, and the resulting particle sizes were mea-
sured as 273 and 435 nm, for CS and CS-CNN nanogels, respectively. Successful cellular
uptake and endo/lysosomal escape were confirmed in neuroblastoma cells, and selective ac-
cumulation in mice brain was achieved within 2 h [194]. An in vitro BBB model made from
GelMA-based hydrogel was recently reported by Augustine et al. This system is composed
of a GeMA-astrocyte layer over endothelial cells to form a BBB-like physiological environ-
ment and is used to investigate the migration of triple-negative breast cancer cells, where
up to 100% reduction was achieved at 20 pM of cisplatin concentration (Figure 8) [202].
Another advanced 3D BBB model was developed using PEG functionalized with RGD and
IKVAVA peptides, by constructing an astrocyte-embedded hydrogel matrix and endothelial
cells seeded on its surface. Barrier integrity was assessed using transendothelial electrical
resistance (TEER) to estimate vascular permeability, and it was found to be closest to the
in vivo BBB environment when the combination of RGD and IKVAV modification was
applied. These findings emphasize the potential synergistic impacts of micro/nanogels
and hydrogel-based platforms toward overcoming BBB and the discovery of advanced

CNS therapeutic technologies [263].
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Figure 8. Applications of nanogels and hydrogel-based platforms of the BBB models. (a) Chitosan
nanoparticles serve as a carrier with photothermal and antitumor agents encapsulated in the interior.
An NIR laser triggered photothermal effects to induce localized heating as well as burst release of
drugs. (b) Three-dimensional construction of a hydrogel with seeded cells mimicking astrocytes in
the brain-like environment, allowing a more structured approach to understand the BBB. Reproduced
with permission [70]. (* p < 0.05, *** p < 0.001). Licensed under CC BY 4.0, adapted from [202].

6. Perspectives and Conclusions

The exploration of newly emerging hydrogel-based systems, microgels and nanogels,
highlights an eminent advance in the fields of drug delivery and therapeutic technologies.
These forms of hydrogels show unique advantages that extend beyond conventional
benefits of hydrogels, especially the ability to control their properties down to cellular
interactions and pathways. By focusing on the fundamental properties of hydrogels and
engineering strategies, this review outlined the potential of synthetic and natural materials
to overcome the critical challenges in therapeutic applications.

With an emphasis on the synthesis and functionalization of microgels and nanogels,
we discussed detailed guidelines on fabricating these systems, not only in theoretical
principles but also their practical methodologies. As the main objective of this review is to
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bridge the gap between diverse fields, this review offers actionable insights to researchers
from varying backgrounds, including those who are new to hydrogel particle synthesis.
Despite the availability of various synthesis methods for microgels and nanogels, fur-
ther advancements are imperative to realize the impactful technologies in next-generation
therapeutic applications. Recent approaches have demonstrated promising potential in
addressing the limitations of controllability and functionalization of hydrogel-based sys-
tems. These efforts also opened new opportunities for integration with state-of-the-art
technologies, offering an effective strategy to create truly innovative hydrogel systems.
This review serves as a starting point for continued exploration with practical guidance
for new researchers in the field. The need for ongoing innovation and collaboration across
diverse fields is clear, and the promising potential of microgels and nanogels open new
opportunities to leap forward toward the next generation of biomedical technologies.
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