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Abstract

Injectable hydrogels are adaptable drug delivery systems capable of forming localized
depots that align with the anatomical and physiological constraints of administration sites.
Their performance depends on both the injection environment and the properties of the
therapeutic cargo. Applications span ocular, intra-articular, subcutaneous, intramuscular,
tumoral, central nervous system, and mucosal delivery, where hydrogels address challenges
of clearance, retention, and compatibility. Beyond bulk depots, particulate hydrogel formats
such as microgels and nanogels improve syringeability, modularity, and integration with
nanoparticle carriers. Functional versatility arises from stimuli responsiveness, including
pH, enzymatic, thermal, redox, and light triggers, and from hybrid designs that integrate
multiple cues for precision control. Loading strategies range from passive encapsulation to
affinity binding and covalent conjugation, with release governed by diffusion, degradation,
and stimuli-modulated kinetics. Translational progress depends on reproducible fabrica-
tion, scalable manufacturing, and device integration, while site-dependent constraints and
regulatory hurdles remain significant challenges.

Keywords: injectable hydrogel; drug delivery system; localized drug delivery

1. Introduction

Injectable therapeutics are one of the most widely used and clinically impactful routes
of drug administration, enabling localized treatment, sustained exposure, and patient
compliance in contexts ranging from oncology and immunology to ophthalmology and
pain management [1-11]. However, despite their versatility, the formulation of injectable
systems that balance biological compatibility, spatial control, manufacturability, and cargo
versatility remains a critical engineering challenge [12-14]. The ideal injectable system
should be physically deliverable through clinically practical routes, including subcutaneous,
intra-articular, and intravitreal, while capable of forming a stable depot to maintain the
therapeutic payload as well as adaptable to site-specific physiological constraints [1,15-17].

Hydrogels have long been proposed as a promising material candidate to meet many
of these needs. Their high water content, polymeric network structure, biocompatibility
and biodegradability emphasize their utility for soft tissue interfaces [18,19]. Several clini-
cally approved systems, as represented by thermo-gelling copolymers and PEG-based in
situ gelling platforms, demonstrate the feasibility of hydrogel-based injectables in thera-
peutic applications [20-23]. However, their structural scale and limited processability often
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constrain their applicability. Conventional bulk-forming gels are poorly suited for appli-
cations that require multi-compartmental release, precise spatial distribution, or adaptive
delivery within anatomically confined environments. Also, the inability to tune mechanical
properties or responsiveness independently from bulk viscosity poses formulation barriers
in real-world scenarios [9,24,25].

Particulate hydrogel formulations, commonly referred to as microgels and nanogels,
have emerged as a complementary class of injectable carriers. Defined across the micro-
to nanoscale, they maintain the fundamental network properties of hydrogels while func-
tioning as discrete, flowable units [5,11,26,27]. This form enables administration through
narrow-gauge needles and dispersion into tissues without the viscosity limitations of bulk
gels. Once delivered, hydrogel particles can occupy defined volumes, assemble into depots,
or distribute within interstitial spaces, depending on particle size and mechanical softness.
These behaviors provide control over retention and local drug release that is not achievable
with bulk-forming platforms. Across the broader spectrum of injectable formulations,
including polymeric depots, nanoparticle suspensions (Lupron Depot®, Doxil®), in situ
forming hydrogels (ReSure®), each system offers specific advantages in administration
or release control but often with trade-offs in mechanical adaptability or tissue confor-
mity [28-30]. Microgels and nanogels extend these capabilities by uniting the structural
cohesion of hydrogel with the versatility of particulate carriers, offering a continuum
between bulk gels and nanosystems.

At miniaturized scales, hydrogel particles allow properties such as size, deformability,
degradation, and responsiveness to be tuned independently from macroscopic viscosity,
which expands formulation possibilities for anatomically constrained sites such as the pos-
terior eye, intra-articular space, and tumor margins (Figure 1) [11,31,32]. Stimuli-responsive
variants, incorporating thermosensitive domains, enzyme-cleavable linkers, or pH-sensitive
moieties, further enable release kinetics to match pathological features including inflamma-
tion, dysregulated protease activity, and acidic microenvironments [23,33-35]. Functionally,
particulate hydrogels overlap with several existing drug carriers including nanoparti-
cles, liposomes, microsphere, and emulsions, but are distinguished by their mechanical
compliance with soft tissues and their ability to form shear-thinning or in situ-setting
suspensions [16,36,37]. Notably, their capabilities can be modulated and adapted to specific
therapeutic sites, offering a degree of programmability that is extremely challenging in
traditional formulations.

However, the advancement of injectable hydrogel delivery systems has been uneven in
contrast to their clear technical practicality and importance. This has created technological
gaps or discontinuity across material engineering, pharmacology, and clinical translation,
often leading to inefficient struggles instead of stimulating innovative, creative progress.
Particularly, the absence of clear design strategies and limited benchmarking against other
delivery systems, in terms of injectability, anatomical fit, and release behavior, has hindered
systematic evaluation even when experimental data are promising.

In this review, we aim to address this disconnect by offering a functional framework
for the rational design and application of injectable hydrogel systems, with emphasis
on particulate formulations where their modularity and depot-like behavior offer distinct
therapeutic opportunities. Key administration routes, such as ocular delivery, intra-articular
injection, subcutaneous or intramuscular implantation, and localized tumor therapy, are
reviewed with respect to anatomical and physiological constraints that guide formulation
choices. Next, design principles across diverse applications including control of size,
deformability, responsiveness, and relevant fabrication constraints are discussed to aid in
realizing reliable and accessible platforms. Finally, hybrid systems that integrate injectable
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Figure 1. Representative injection sites for hydrogel-based drug delivery systems, and the transition
from bulk hydrogel depots to particulate gel and nanoparticle-incorporated gel systems with im-
proved injectability and control, and essential features of optimized formulations such as tunability,
responsiveness, encapsulation, and mechanical compliance.

By bridging therapeutic constraints, materialistic aspects, and translational context,
this review positions injectable hydrogels as strategically adaptable systems that merit
deliberate and intensive development. We aim to provide a conceptual scaffold with
updated recent works for researchers to more deliberately formulate, compare, and advance
hydrogel-based delivery systems across the interface of biomaterials, nanotechnology, drug
delivery, therapeutic engineering, and clinical need.

2. Hydrogels for Site-Specific Injectable Drug Delivery

Injectable formulations remain a cornerstone of therapeutic delivery, enabling direct
access to target tissue and avoiding systemic dispersion. However, their performance is
often limited by site-specific constraints such as mechanical stress, fluid turnover, and
narrow injection tolerance. Traditional formulations, ranging from small molecules to
bulk-forming gels, offer partial solutions, often at the expense of depot stability, bio-
responsiveness, or patient comfort, as summarized in Table 1.

Table 1. Practical considerations for injectable hydrogel delivery by target site.

Clinical/Application

Injection Volume/Depot Formulation

Target Site/Route Context Limits Considerations Refs.
Ocular Dry eye, conjunctivitis, .
(topical, uveitis, age-related Limited ocular retention; Mucoa'dh?51.o n for surface
: . . : : retention; vitreous depot [38-42]
subconjunctival, macular degeneration, intravitreal < 50 uL ey . ]
. . . . . stability; optical clarity
intravitreal) diabetic retinopathy
e : Shear-compliant
Osteoarthritis, rheumatoid RN . . o ¢
Intra-articular arthritis, inflammatory 1;2 m;‘ typlCégﬁlgrl’; sheir, (}floisc}faets.l‘;ej t;r;alzle [43-47]
joint diseases p1d synovial turnove €8 pen;?ra{tgonl ge
Monoclonal antibodies, <1.5 mL; enzymatic In situ gelling depots;
Subcutaneous (SC) insulin analogs, degradation; resistance to lymphatic [8,48-52]

long-acting biologics lymphatic clearance clearance; soft mechanics
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Table 1. Cont.
Tareet Site/Route Clinical/Application Injection Volume/Depot Formulation Refs
& Context Limits Considerations :
Hormone analogs ECM-mimetic stiffness;
. . - <5 mL tolerated; dense ECM;  reproducible distribution;
Intramuscular (IM) antl.pgychotlcs, long—actmg anisotropic spread stability under [22,53-55]

injectables, vaccines contractile stress

Bio-responsive hydrogels;

. Intratumoral ablation; Tumor-size dependent; sustained retention;
Tumor?rll/elzizil‘(;;umoral localized immunotherapy; irregular ECM; proximity stromal-matched [56-61]
) stromal targeting to vasculature mechanics; prevent
burst release
Spinal cord injury, glioma, ) . . Soft, conformal hydrogels;
Centgal Nervous neuropathic pain, <100 uI; reflux risk; rapid resist CSF clearance; [62-66]
ystem : . CSF turnover .
neuroinflammation controlled degradation
Mucoadhesion;
Anti-infective, . pH/enzymatic
Mucosal anti-inflammatory, vaccine, <1 mlL; clearance by mucus, responsiveness; depot [13,67,68]

(nasal, vaginal, rectal)

cilia, or peristalsis .
formation in

confined space

supportive therapies

2.1. Ocular Delivery

The eye presents a uniquely complex anatomical and physiological landscape for drug
delivery. Drug access is spatially restricted by multilayered defense systems that serve
to maintain optical transparency and immune privilege but sharply limit bioavailability.
The anterior segment is shielded by the corneal epithelium, conjunctiva, tear film, and
dynamic clearance mechanisms such as blinking and nasolacrimal drainage, all of which
severely limit drug residence time and bioavailability. In contrast, the posterior segment is
enclosed by structural and active barriers such as the sclera, choroid, and the blood—aqueous
and blood-retinal barriers. These protective systems are highly effective at excluding
exogeneous substances, particularly large or hydrophilic molecules, thereby reducing the
efficacy of systemically or topically administered agents (Figure 2a) [69-72].

(a) Ocular (b) Intra-Articular
o
Intravitreal admistration Therapeutics o
(intravitreal injection, implantation) (growth factors,drugs, and so on) A
N N o /
X = Normal cart
S Systemic admistration EARSLCSER08
3 Retind K (oral, intravenous infusion)
Conjunctive ¢ G
~ Macala Networks u
Ciliary by / \ Cartilage defect
i U3
K lo Injectable hydrogels ©

b
Topical admistration ~ Comea 5.9)

(eye drops)
A : )
% >

B /

e

ANTERIOR SEGMENT @  POSTERIOR SEGMENT

Crosslink (in situ gelation)

(c) Subcutaneous and Intramuscular (d) Central Nervous System

Focused ultrasound

Syringe size

Intracerebroventricular administration

I
U By T

Cercbrospinal fluid

) -,‘s|

\ &

A,
Intrathecal-lumbar injection

Figure 2. Illustrations of major injection routes utilized in hydrogel-based drug delivery. (a) Ocular,
(b) intra-articular, (c) subcutaneous and intramuscular, and (d) central nervous system routes are shown
as representative examples of site-specific administration and localized depot formation [72-75].



Appl. Sci. 2025, 15, 11599

5 of 45

Conventional ocular drug delivery strategies are defined by these spatial constraints.
Topical formulations including eye drops and ointments are widely used for anterior
segment conditions such as conjunctivitis or dry eye but rarely achieve more than transient
surface contact [69]. Posterior segment diseases, such as age-related macular degeneration
and diabetic retinopathy, require intravitreal injection of biologics to ensure target site
access, despite procedural risks and patient burden [76]. Periocular injections, including
subconjunctival and sub-Tenon’s routes, are often used for inflammatory conditions but
offer limited drug penetration and rapid clearance [11,69,70]. Across administration routes,
achieving sufficient and sustained drug levels at target sites remains a core challenge.

The difficulty of sustaining therapeutic concentrations at ocular target sites, without
compromising safety or patient compliance, has prompted a shift toward depot-forming,
tissue-compatible formulations. This includes advances in micelle-based solubilization [77],
in situ gelling polymers [39,78], and microparticle-based systems [79,80], each aiming to
improve local drug exposure while mitigating clearance and dosing frequency. Among
these, hydrogels have gained particular attention for their tunability in both mechanical
and pharmacokinetic properties, offering an attractive alternative to rigid implants or
bolus injections.

Current investigations in hydrogel-based ocular delivery span both anterior and
posterior applications. In situ forming hydrogels have been studied as depots for biologics
in the vitreous cavity [11,39,81], while mucoadhesive and stimuli-responsive hydrogel films
have been explored for extending drug residence on the ocular surface [38,40]. Notably, a
thermosensitive chitosan/ 3-glycerophosphate hydrogel enabled sustained dexamethasone
release for up to three weeks after subconjunctival injection, effectively reducing ocular
inflammation [42]. Likewise, a PTMC-F127-PTMC copolymer hydrogel loaded with
mitomycin C exhibited controlled in situ gelation and fibrosis inhibition following glaucoma
filtration surgery [41]. These systems remain in various stages of preclinical or early clinical
development, but the convergence of materials engineering and anatomical targeting also
reflects a shift from passive formulation to actively tunable, adaptable systems. In this
context, hydrogels represent a versatile and evolving platform that responds to the unique
constraints of ophthalmic administration.

2.2. Intra-Articular Injection

Intra-articular injections remain a clinically routine intervention for joint disorders, but
their efficacy is often constrained by rapid clearance dynamics and mechanical instability
within the joint cavity [43,82,83]. Synovial fluid, a viscous ultrafiltrate of plasma that
lubricates joint surfaces and nourishes cartilage, is continuously renewed and drained
through lymphatic and vascular pathways, resulting in short intra-articular residence for
solutes. In addition, joint articulation introduces substantial shear stress that can destabilize
depots and accelerate dispersion. The dense, avascular cartilage further restricts passive
diffusion of therapeutics, limiting drug penetration into chondrocyte-rich and subchondral
zones (Figure 2b) [73,82,84].

Current intra-articular drug delivery strategies rely on corticosteroids, non-steroidal
anti-inflammatory drugs (NSAIDs), and hyaluronic acid (HA) for anti-inflammatory and
pain-relieving effects. However, these agents are typically characterized by short joint resi-
dence times and limited bioavailability [44]. Corticosteroids often undergo burst release and
rapid systemic clearance, necessitating repeated injections. HA, although commonly used
as a viscosupplement, is susceptible to enzymatic degradation in inflamed joints and lacks
long-term mechanical stability. Small-molecule agents like Celecoxib and Disulfiram exhibit
poor aqueous solubility and low retention within joint tissues, while nanoparticles under
300 nm are often cleared via lymphatic drainage before meaningful accumulation [69,83].
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In the same context, hydrogel-based formulations have been increasingly highlighted,
benefiting from mechanical compliance, tunable degradation, and extended local retention.
Hydrogel matrices have been adapted to encapsulate anti-inflammatory drugs, micro-
spheres, and nanoparticle systems, allowing modulations of release dynamics while being
compatible with load-bearing environments. Several material platforms have demon-
strated prolonged joint retention, sustained suppression of inflammatory markers, and in
some cases, enhancement of cartilage repair and protection [45,83,85,86]. Formulations
include chemically crosslinked networks, thermo-responsive hydrogels, and bioadhesive
composites that improve tissue residency and therapeutic durability. Injectable scaffolds
combining hydrogels with stem cells or bioactive particles are also being explored for
cartilage regeneration under physiological load, reflecting the dual potential of hydrogel
platforms in intra-articular therapy [46,47].

While promising, challenges remain in degradation kinetics with joint-specific en-
zymatic and mechanical conditions, ensuring compatibility of drug cargos with immune
response, and translating preclinical progress into clinically viable products.

2.3. Subcutaneous, Dermal, and Intramuscular Depots

Subcutaneous (SC) and intramuscular (IM) routes are among the most employed par-
enteral approaches for sustained drug delivery [87]. Both sites enable local depot formation
and gradual systemic uptake but differ markedly in tissue architecture, extracellular matrix
(ECM) composition, and pharmacokinetic characteristics.

The SC injections are typically administered into the hypodermis, commonly referred
to as the bottom layer of skin, at depths of 5 to 10 mm using short, fine-gauge needles
(Figure 2c) [14,74]. The site accommodates injection volumes up to 1.5 mL without signif-
icant discomfort, though higher volumes may lead to pain, tissue distension, or altered
absorption kinetics [49]. The SC space presents a permissive environment for depot forma-
tion, with moderate immune surveillance and sufficient interstitial volume to accommodate
injectable materials [8]. However, the injected materials are subject to enzymatic degra-
dation and clearance via lymphatic drainage, leading to limited retention and requiring
formulation strategies that resist early breakdown and promote controlled diffusion [48].
To address these challenges, injectable hydrogels have been developed to improve subcuta-
neous drug retention and therapeutic efficacy through sustained release and preservation
of bioactivity. Notably, crosslinked polyethylene glycol and hyaluronic acid-based sys-
tems have demonstrated controlled release of both macromolecular and small-molecule
drugs, while self-healing antibacterial hydrogels further expand their potential for localized
infection treatment [50-52].

IM delivery involves injection into the deltoid, vastus lateralis, or gluteal muscles
at depths of 25 to 38 mm, commonly using 22-25 gauge needles. This route allows for
larger injection volumes, up to 5 mL depending on site and patient characteristics but
introduces additional biomechanical complexity. The IM compartment is structurally
defined by dense ECM, composed primarily of collagen I and hyaluronic acid, with injected
materials distributed through the endomysial and perimysial layers surrounding muscle
fibers [88-90]. Drug transport within this compartment is often anisotropic, directed along
ECM-defined planes with limited radial spread. The stiffness and heterogeneity of the
muscle ECM further contribute to high inter-individual variability in depot behavior [53,89].

Clinically, both SC and IM routes are used for sustained delivery of small molecules,
peptides, and biologics [87]. SC injections are commonly used for monoclonal antibodies,
insulin analogs, and other biologics where patient self-administration is desirable, while IM
injections are generally utilized for long-acting therapies such as hormone analogs and an-
tipsychotics [87,91]. However, the physicochemical constraints imposed by each site, such
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as lymphatic clearance for SC and fibrous compartmentalization for IM, limit the consis-
tency and duration of release achievable with conventional formulation strategies [48,53].

Hydrogel-based depots have gained attention as adaptive systems that combine
syringeability with localized drug retention [92,93]. For SC administration, in situ gelling
systems composed of PEG, alginate, or hyaluronic acid can form soft depots that match
local tissue mechanics while resisting enzymatic breakdown. Thermo-responsive hydrogels
allow for rapid gelation upon injection and can be engineered to sustain drug release over
days to weeks [94]. For IM administration, biomimetic hydrogel matrices that replicate
ECM stiffness and porosity have been explored to improve reproducibility and maintain
depot under contractile and mechanical stress [22,53,55].

The translation of these systems to clinical use will require further refinement of
their degradation profiles, injection performance, and scalability [92]. Nevertheless, the
shift toward hydrogel-based system reflects a broader strategy of tailoring materials to
the unique characteristics of tissue injection environments, where both retention and
mechanical compatibility are essential for better therapeutic efficacy.

2.4. Tumoral and Peritumoral Injection

While intravenous injections remain the dominant route for advanced antitumor drug
delivery, particularly for nanoparticle formulations targeting solid tumors via systemic
circulation, localized injection strategies such as intratumoral and peritumoral delivery
offer a more direct and spatially confined alternative [33,58]. These approaches bypass
vascular barriers, reduce systemic exposure, and achieve high local drug concentrations, yet
have been relatively underexplored in recent DDS development despite their established
clinical utility [10,58]. Conventional formulations include ethanol, bleomycin, or lipiodol
emulsions for intratumoral ablation, and simple drug solutions or protein suspensions
for peritumoral immunotherapy. However, clearance and depot stability remain limited,
which has motivated the adaptation of hydrogel-based systems to enhance therapeutic
efficacy [95-98]. Tumoral injection deposits therapeutic agents directly into the tumor mass,
allowing circumvention of circulatory clearance and systemic dilution [15,99]. While this
strategy achieves high intratumoral concentrations, its performance is often hindered by
poor diffusion into dense tumor matrices, irregular perfusion, and limited access to deep or
metastatic lesions [95,96,100,101]. Moreover, the lack of structural confinement in conven-
tional solutions or suspensions often leads to burst release and rapid efflux, diminishing
local efficacy [102]. Peritumoral injections, in contrast, target the surrounding stroma or
tumor boundary, enabling drug infiltration into the tumor microenvironment (TME) and
adjacent vasculature [103]. This approach is particularly important for immunomodulatory
agents or therapies targeting perivascular niches and lymphatic drainage pathways [15].

Hydrogel-based depots have been explored to overcome the inherent instability of
these local formulations [104]. Their ability to maintain mechanical integrity, match the
viscoelasticity of peritumoral tissue, and provide sustained release makes them attractive
for both tumoral and peritumoral settings [2,57,104]. These systems have been formulated
from both natural and synthetic polymers, with tunable degradation and responsive-
ness to environmental cues such as pH, temperature, or enzymatic activity [105]. When
injected, they form localized depots that can maintain therapeutic concentration gradi-
ents at the vicinity over extended periods. Several hydrogel systems have demonstrated
strong efficacy in localized cancer therapy. Nanocomposite, dual-nanoparticle, and im-
munomodulatory hydrogels improved intratumoral drug penetration, enabled sustained
chemo-photothermal synergy, and reprogrammed the tumor microenvironment to promote
durable antitumor immunity [59-61].
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The range of therapeutics administered via localized injection has been broadened
to include inhibitors, immunomodulatory proteins, antibodies, and nucleic acids, often
formulated to accommodate tumor-specific microenvironments. However, the distribu-
tion of injected agents remains influenced by factors varying across tumor types, such
as interstitial fluid pressure, ECM density, and enzymatic degradation [15,56]. These
variables highlight the importance of new DDS design that accounts for material prop-
erties, controlled release, spatial confinement, and effective and stable encapsulation of
therapeutic cargos [2,57,103,106].

2.5. Central Nervous System Delivery

Direct drug administration into the central nervous system (CNS) is clinically prac-
ticed through intrathecal, intracerebroventricular, or intraparenchymal injection routes,
each designed to bypass the blood-brain barrier and deliver therapeutic agents to neural
compartments with minimal systemic exposure (Figure 2d) [63,64,75]. These approaches
are used in conditions where localized drug effect is desired, such as spinal cord injury,
neuroinflammation, glioma, or chronic neuropathic pain. However, the physical and
physiological constraints of CNS tissue still impose strict requirements on formulation
volume, injection pressure, and spatial retention, because of limited extracellular space and
sensitivity of neural tissues to mechanical stresses [107].

Standard injectables for CNS use include corticosteroids for post-traumatic inflamma-
tion, riluzole for excitotoxicity modulation, and neurotrophic factors such as brain-derived
neurotrophic factor (BDNF) or nerve growth factor (NGF) for regenerative therapies [108].
While intrathecal or intraparenchymal injection is effective in temporarily elevating local
drug concentration, their clinical efficacy is often attenuated by rapid clearance via cere-
brospinal fluid (CSF) flow and insufficient residence time at target sites [64]. Similarly,
direct injection of cell suspensions is often hindered by low engraftment and rapid loss of
viability, particularly in damaged or inflamed tissue.

Injectable hydrogels have been investigated to address these limitations, offering struc-
tural conformity and localized release [109]. HA, collagen, and dextran-based carriers have
enabled the delivery of stem cells, interleukins, or small molecule inhibitors with improved
tissue compatibility. For example, collagen microgels encapsulating neural progenitors
promoted axonal repair in spinal cord models, while dextran microgels releasing conotoxins
suppressed excitotoxicity with extended local retention [62,65,66].

Translational efforts are still challenged by several practical and physiological factors.
The narrow volume tolerance of cerebrospinal and parenchymal space limits the total
dose, and local inflammation or mechanical disruption at injection sites. Furthermore,
the degradation behavior of hydrogels within neural tissue is often unpredictable, which
underscores the necessity of precise formulation design and drug delivery strategy for their
clinical utility.

2.6. Mucosal Delivery

Although not conventionally classified as injectable routes, several mucosal surfaces,
including nasal, rectal, and vaginal compartments [68,110], provide accessible entry points
for localized drug administration. In case of mucosal administrations, particularly when
the formulation enters a confined tissue space and functions as a local depot, the system
shares key design considerations with injectable drug delivery. Within the scope of this
review, hydrogel-based strategies for mucosal application are considered closely relevant
where physical placement and local retention approximate parenteral administration in
their functional goals.
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Mucosal surfaces offer an accessible and richly vascularized interface for localized drug
delivery, often with reduced enzymatic activity and partial circumvention of hepatic first-
pass metabolism. However, these tissues are protected by dynamic clearance mechanisms,
including fluid turnover, ciliary motion, and mucus shedding, that present challenges
to retention and absorption. The physicochemical variability of mucus, along with site-
specific conditions such as pH, enzymatic activity, and immune surveillance, contributes to
heterogeneity in drug residence and therapeutic efficacy [13,67].

Vaginal compartment has been the most widely explored for hydrogel-based drug
carriers due to its anatomical capacity, hormonal responsiveness, and relatively mild
enzymatic environment. Thermo-responsive and pH-responsive microgel systems have
been developed to provide in situ depot formation, enhance mucosal adherence, and
modulate release kinetic [111]. Examples include Pluronic-based metronidazole-loaded
depots that extend local drug residence and dual-responsive gel matrices incorporating
mucoadhesive lipids for controlled delivery [112]. Injectable HA microgels have also
been applied clinically for treating vulvovaginal atrophy, supporting tissue hydration and
extracellular matrix remodeling [68,112,113].

The nasal route, while primarily employed for small molecule or systemic peptide
delivery, has also seen growing interest in hydrogel-based suspensions or semi-solid formu-
lations that improve drug retention in the upper respiratory tract. Ciliary clearance, narrow
anatomical space, and rapid absorption through the olfactory epithelium require that any
gel-forming system balance bioadhesion with flow compatibility. Hydrogels tailored for
nasal administration remain at a formative stage, but pilot studies have demonstrated their
potential to enhance delivery of vaccines or macromolecules by improving mucosal contact
time and reducing premature drainage.

Rectal delivery, though less emphasized in hydrogel-centered strategies, remains
an important mucosal route for pediatric, geriatric, and perioperative drug administra-
tion. Similarly to vaginal delivery, the rectal mucosa can accommodate depot-forming
systems introduced via cannula or applicator. Thermo-responsive or shear-thinning
microgel suspensions may benefit localized drug release in the distal colon, espe-
cially for inflammatory or oncological indications. However, variability in retention
due to peristalsis and the need for patient-friendly delivery system limits remain as
important limitations.

3. Design Principles Governing Hydrogel-Based DDS Formulations for
Injectable Applications

Hydrogel-based DDS incorporated with particulate drug carriers are uniquely po-
sitioned at the intersection of hydrogel chemistry and particulate engineering, enabling
high spatial control, injectability, and stimulus-responsive functionality [3,11,114-116].
From a practical perspective, these formulations represent an intermediate formulation
class within injectable delivery technologies, sharing the fluidic characteristics of gel or
polymeric solutions and the structural characteristics of particulate suspensions. Conven-
tional polymer-based solutions often encounter premature gelation or insufficient retention,
whereas solid micro- and nanoparticles may show limited integration with soft tissues or
limited dispersion. By bridging these contrasting behaviors, particulate forms of hydrogel
could achieve formulations with precision over injectability, structural coherence, and local
pharmacokinetics. However, their therapeutic effectiveness is ultimately shaped by a set of
inter-related design principles. Key parameters such as particle size, matrix responsiveness,
drug incorporation method, and diffusional behavior collectively determine performance
outcomes, thereby must be carefully balanced in relation to clinical constraints and delivery
goals (Table 2).
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3.1. Fabrication Techniques for Nanogels and Microgels

Fabrication of hydrogel microparticle, commonly known as microgel, relies on gelation
mechanisms similar to those established in bulk hydrogel systems, but the translation
to microscale or sub-microscale architecture introduces additional constraints that are
not addressed by chemistry alone [117]. At reduced dimensions, physical principles
such as phase separation like droplet formation, surface tension and interfacial stability,
interparticle interactions exert strong influence over particle morphology, size, and size
uniformity. Even when identical gelation chemistries are used, the need to spatially confine
the reaction within discrete, dispersed units introduces complexity that are often overlooked
in macro-scale systems. These differences underscore that microgel fabrication involves
more than simple miniaturization of bulk protocols, requiring coordinated control over
reaction conditions, material interfaces, and scale-dependent behaviors [17]. The choice of
fabrication method thus plays a central role in determining particle uniformity, scalability,
and suitability for specific drug delivery applications.

Table 2. Comparative overview of fabrication methods, size scale, advantages, and limitations in
hydrogel particulate DDS.

. . . . . . N Examples
Size Typical Size Fabrication Drug Delivery Injectability P
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Inverse Rapid dl " Smalgmolecule
microemulsion, Systemic or Compatible with ap1<§0egrrlalmce1 D rug]: .
PP . . , oxorubicin,
Nanogels 50-200 nm nanoprecipita tar.geted delivery, fine _needles, surfactant/solvent Ozoile) [118-121]
, intracellular require stable . oile)
self-assembly, K di . residue, narrow Nucleic acids
ionic selation uptake ispersion crosslinking window (DNA, antisense
& oligonucleotides)
Fine needle
. L Mucosal/ocular/ .
stib-pum Mlcrg)afg}l‘dlcs/ topical retention, c£)2n71 ;)3;%%1)9 Polydispersity, batch (Fllj"lr“(étf]IB%SA)
Small microgels to5 pm emulsification, defo;‘g\gilﬁ_and shear-induced Vanablslé;};ift(i)éi?ulahon Stem cells [122-125]
ionic gelation responsive deformation y (mESCs)
) o P during injection
Mlc%f}tgdlcs, Balanced Small gauge Small-molecule
. L retention— needles, risk of Shear/enzymatic drugs
Medium 5-50 pm emulsification, injectability, clogging, degradation, moderate (Ozoile) [120,126-128]
microgels electrospraying, 1 e
jetting, tunable depot moderate throughput Metzalhc ions
micro-molding formation injection force (Fe** /Fe’*)
; Stem cells,
]ettmg, 2 2,
Sxtrus_lon R?:rl;itaggﬂm Requires larger Broad size distribution, Nu(%eﬁi: cid
. ripping, . Lo needles, limited diffusion-limited ; i )
Large microgels 50-200 pm top-down intra-articular dispersion, higher release, mechanical oligonucleotides) [124,129-132]
f tati and dermal iniection f heterogeneit Small-molecule
ragmen ell dl‘on, administrations injection force g Y drugs
micro-molding (Doxorubicin)
Small-molecule
Nanogel- . Multi-drug Matrix- drugs
Hybrid /modul POIY“,“"‘ hylb rid, mt(l;‘éeﬁlnalregrt{ 4 dependent Complex multi-step (Amoxicillin,
ybrid/mOAWAr — \1yy]ti-scale microgel- P rheology, synthesis, long-term Ketoprofen) [123,131,133,134]
composites nanopartlcle stimuli- . H Proteins
conjugates, ionic responsive multl—Phase storage stability (FITC-BSA)
coupling, etc. architectures stability Cells (MSCs,

HepG2, HUVEC)

3.1.1. Emulsion-Based Polymerization

Emulsion-based polymerization is a widely used strategy for producing microgels

across a broad size range, owing to its simplicity and compatibility with both natural and
synthetic hydrogels. This approach relies on the generation of dispersed droplets in an
immiscible phase, which serve as localized domains for gelation via chemical or physical
crosslinking (Figure 3a) [135,136]. The spatially confined environment provides a basis
for particle-level control, distinguishing this strategy from bulk gelation. Depending on
the emulsification conditions, the resulting hydrogel particles can span from nanogels
(typically below 200 nm) to larger microgels exceeding 100 pm [137].

In conventional microscale emulsification, aqueous hydrogel precursors are dispersed
into a continuous oil phase using mechanical shear or stirring, forming water-in-oil (W/O)
droplets [136,138]. These are subsequently crosslinked by ionic, photoinitiated, or thermal
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triggers to produce microgels. Surfactants or stabilizers are typically added to reduce
interfacial tension and prevent premature coalescence, but the achievable size unifor-
mity remains limited by the stochastic nature of shear-based droplet formation. As a
result, W/O emulsification often yields microgels with broad size distributions, typically
ranging from sub-micron to over 100 um depending on formulation viscosity, surfactant
concentration, and mixing parameters [127,139]. This method is operationally simple and
scalable, making it suitable for exploratory studies or applications tolerant of heterogene-
ity, though post-processing steps such as filtration or centrifugation are often needed for
size refinement [133].

(b) Microfluidic Emulsification
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Figure 3. Representative microgel fabrication techniques. (a) PEG-based microgels formed
via emulsion polymerization using water-in-oil mixing and thiol-maleimide crosslinking [136].
(b) Monodisperse PAA-functionalized PEG microgels generated through coaxial-flow microfluidics
and UV polymerization (scale bar = 200 um) [140]. (c) Size-tunable microgels produced by elec-
trospray of prepolymer solutions under high voltage, the dashed circle indicates the nozzle of the
setup [131]. (d) Shape-defined hydrogel microparticles fabricated through micro-molding lithography
with vacuum-assisted filling and photopolymerization. Red region represents the gelated phase upon

UV irradiation [123].

At the nanoscale, inverse (or water-in-oil) microemulsion polymerization enables the
fabrication of nanogels by dispersing aqueous monomer solutions as sub-micron droplets
within a continuous oil phase [118,141]. In contrast to mechanically driven emulsification,
these systems are stabilized by carefully chosen surfactant and co-surfactant combinations
that form thermodynamically stable nanoscale domains, typically via the formation of
swollen reverse micelles. Here, droplet size is governed not by shear force but by interfacial
curvature, Laplace pressure, and the packing constraints of the surfactant layer. The high
surface-area-to-volume ratio of nanoscale droplets makes them inherently unstable, but the
use of surfactants with low critical packing parameters and sufficient steric or electrostatic
repulsion can kinetically hinder coalescence and Ostwald ripening. These physical effects
enable relatively monodisperse nanodroplet populations suitable for confined polymeriza-
tion reactions [142-145].
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When polymerizable precursors are introduced into these droplets and crosslinked in
situ, nanogels with sizes typically in the 20-200 nm range can be obtained, making them
particularly attractive for systemic delivery applications where size-dependent biodistribu-
tion and enhanced permeation and retention (EPR) effect-mediated tumor accumulation
are key [118].

Despite their advantages in producing well-defined nanogels, inverse emulsions
present challenges for scale-up due to solvent toxicity, surfactant removal, and batch
volume limitations. Consequently, while suitable for precision synthesis, their utility for
clinical-scale production remains limited.

3.1.2. Microfluidic Droplet Generation

Microfluidics offer a high-precision approach to microgel fabrication by mechanically
segmenting immiscible fluid streams within confined microchannel geometries [122,146].
In typical flow-focusing or T-junction devices, an aqueous hydrogel precursor is introduced
as the dispersed phase and pinched into discrete droplet by a continuous oil phase under
laminar flow. These droplets act as templated microreactors, subsequently crosslinked
through ionic interactions, photopolymerization, or thermal triggers either within the
microfluidic chip or post-collection [119,147].

Droplet size in these systems is governed by interfacial tension, flow rate ratios, and
channel geometry, rather than the stochastic shear forces that dominate bulk emulsification.
This results in monodisperse microgels with narrow size variation, with typical diameters
ranging from 5 um to over 200 pm depending on design parameters (Figure 3b) [140,148].
Consistent size distribution directly impacts dosage precision, cellular encapsulation, and
release kinetics, particularly in contexts where particle-dependent clearance or tissue pene-
tration is a concern [147,149]. As demonstrated in prior work using flow focusing devices,
tightly controlled microgel populations have been produced for cell-laden formulations
and depot injections, supporting reproducible therapeutic outcomes.

The customizable nature of microfluidic design also permits complex structural engi-
neering of microgels. Multiple inlet systems incorporating more than a single oil and water
combination can fabricate anisotropic microgels, including core-shell or Janus morpholo-
gies, with spatially encoded composition or degradation behavior. These capabilities have
expanded the functional scope of microgels beyond simple carriers to include compartmen-
talized or programmable delivery systems [122,150,151].

Despite the advances toward higher throughput, including parallelized architectures
and high-frequency droplet generation schemes, the broader scalability of microfluidic
systems remains constrained by formulation-specific tuning [152]. Droplet formulation is
highly sensitive to both material characteristics and fluid dynamic factors, which are often
dictated by the hydrogel precursors and their compositions [153]. Therefore, each new
material system may require device-specific and throughput-specific optimizations, limit
operational flexibility and slow development. Although microfluidics offers exceptional
control over droplet size and structure, generally it is most feasible when formulation
parameters are narrowly defined and reliably synthesis is prioritized over throughput.

3.1.3. Electrospraying and Jetting

Electrospray and related jetting techniques represent extrusion-based approaches
to microgel fabrication, where a polymeric solution is broken into droplets via electric
or hydrodynamic instabilities and then crosslinked into discrete gel particles [120]. In
electrospraying, high voltage is applied to a polymer-loaded nozzle to generate a find
spray of charged droplets, which are collected into a gelling bath or irradiated with light to
induce crosslinking [154]. The resulting particles typically fall within the 10-200 pm range,
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with size determined by the applied voltage, needle diameter, flow rate, and collection
distance. Ionic crosslinking and photopolymerization are both commonly employed,
enabling compatibility with a range of hydrogel precursors [155,156].

This approach is attractive for its simplicity, rapid gelation under mild conditions,
and potential for multiplexing. The method does not necessitate organic solvents and
operates under low shear, therefore it is well-suited for sensitive biological agents, including
proteins or cells. Also, unlike microfluidics, this technique does not require well-defined
microarchitecture or immiscible fluid systems, allowing for relatively straightforward setup
and operation, as well as scalability [157].

However, the variability in droplet formation remains a major challenge. Electro-
sprayed microgels typically exhibit size coefficient of variation (CV) in the range of 10-20%
under standard conditions. Polydispersity arises from sensitivity to environmental factors
such as temperature, humidity, and voltage stability, as well as from nozzle clogging and
fluctuations in solution viscosity [156]. Passive jetting methods, such as vibrating nozzle-
or syringe-driven extrusion, can operate without electric fields and rely on Rayleigh in-
stabilities to induce droplet breakup, producing microgels of comparable size but similar
variability. These methods offer high throughput and operational simplicity, but controlla-
bility over particle characteristics is more limited than electrospraying (Figure 3c) [131].

Jetting methods are frequently utilized for scaled production, especially when size uni-
formity is not the primary constraint. Medium-sized microgels in the range of 10-200 pm
are particularly advantageous for injectable depots, where particles must remain at the
injection site yet pass through standard-gauge needles [158]. An example of this size
class in clinical use is Zilretta® (Pacira BioSciences, Inc., San Diego, CA, USA), an FDA-
approved formulation of triamcinolone acetonide encapsulated in PLGA microspheres of
approximately 50 um diameter. These particles are injected intra-articularly and provide
sustained drug release over several weeks. While PGLA is not considered as hydrogel, the
formulation illustrates the therapeutic utility of drug-loaded particles in this size range for
depot-based delivery [159]. Similar fabrication strategies have been adapted to generate
microgel-based formulations, offering improved hydration, biocompatibility, and tunable
degradation for analogous applications [160].

3.1.4. Photolithography and Micro-Molding

Photolithography and soft lithographic molding offer a top-down strategy for fab-
ricating microgels with high uniformity and customized geometries. These methods are
particularly suited for applications requiring precise spatial control over size, shape, and
architecture [161]. In photolithography, hydrogel precursors such as polyethylene gly-
col diacrylate (PEGDA) or gelatin methacrylate (GelMA) are crosslinked by patterned
light exposure in the presence of photoinitiator such as Irgacure 2959 or lithium phynyl-
2,4,6-trimethylbenzoylphosphinate (LAP), typically through a photomask or via digital
projection [124,125,162,163]. The resulting microgels adopt the geometry of the illustrated
region, producing well-defined particles ranging from tens to several hundreds of mi-
crons. In parallel, micro-molding techniques cast hydrogel solutions into pre-fabricated
molds, often made from polydimethylsiloxane (PDMS), to form discrete particles upon
curing (Figure 3d) [123,164]. Both approaches rely on spatially confined gelation and yield
comparable levels of dimensional fidelity.

The principal advantage of these methods is the ability to produce exceptionally
monodisperse microgels with custom shapes. Unlike droplet-based systems that pre-
dominantly yield spherical particles, lithographic techniques allow fabrication of disks,
cubes, rods, or other anisotropic geometries [165]. These shape variations directly impact
fluid behavior, cellular interactions, and mechanical properties, and have been leveraged
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in scaffold engineering, cell culture, and drug release studies [124,163]. In some cases,
layer-by-layer lithography enables the construction of Janus or multi-domain microgels,
expanding functional complexity [166].

However, these methods also have practical drawbacks of limited throughput and op-
erational complexity. Photolithography typically requires batch processing, limited by the
sizes of the exposure area and substates, and necessitates cleanroom-compatible equipment
such as UV exposure tools and mask aligners [167]. Recollecting cured microgels from
substrates or molds may be time-intensive and prone to mechanical damage. Furthermore,
photoinitiator toxicity and UV exposure limit compatibility with sensitive drug cargos,
although visible-light and bio-orthogonal systems are under development to mitigate these
concerns [129]. As a result, lithographic microgel fabrication is predominantly used in
exploratory settings where shape fidelity, resolution are prioritized over yield [124,130,167].

3.1.5. Top—Down Strategies

Top-down fragmentation offers a simple and accessible route to microgel production
by mechanically reducing bulk hydrogels into microscale fragmentation [25,168]. Common
wet-processing techniques include blending, grinding, or extrusion through a mesh, each
capable of yielding particles with sizes typically ranging from 50 pm to over 200 um de-
pending on processing parameters and material properties [126]. For example, a crosslinked
gelatin hydrogel can be fragmented in a household blender, with duration modulating the
resulting particle size [169]. Likewise, extrusion through porous membranes or meshes
enables size control mainly governed by mesh pore dimensions [168,170]. These methods
are applicable to a wide variety of hydrogel materials, including those that cannot easily
form stable droplets for emulsion-based techniques [171,172]. Notably, wet fragmentation
can operate with minimal equipment and can process gram-scale batches within minutes
of time [168,170].

In pharmaceutical manufacturing, dry-state fragmentation methods such as ball
milling are commonly employed to reduce lyophilized or dehydrated materials into fine
powders or granules [173]. For hydrogel-based drug delivery, ball milling may be applied
to freeze-dried gels, but this technique is not generally suitable for microgel fabrication due
to the viscoelastic and deformable nature of crosslinked hydrogel materials, which resists
brittleness-oriented mechanical fracture [25,170]. Furthermore, excessive mechanical en-
ergy may compromise structural integrity or payload stability without further optimization
in formulation compositions [170,171].

The primary limitations of top—down strategies are their heterogeneity in size and
shape, and the difficulty in forming spherical particles [126,168]. The heterogeneity caused
during mechanical disruption process complicates drug release modeling and may lead to
inconsistent in vivo behavior, especially when diffusion or degradation rates. Addition-
ally, the process can introduce shear or compressive stresses within polymeric network,
potentially affecting encapsulated agents [25,174].

3.1.6. Physical Ionic Crosslinking (Ionotropic Crosslinking)

Ionotropic crosslinking refers to the gelation mechanism of polyelectrolytes through
non-covalent interactions with multivalent counterions, forming a hydrogel network sta-
bilized ionic coordination [134]. Unlike covalent crosslinking methods, which typically
require initiators, energy input, or catalysts to form irreversible linkage, ionotropic gelation
proceeds under ambient conditions through spontaneous electrostatic attraction between
oppositely charged species. This mechanism enables gelation in aqueous environments
without introducing organic solvents or reactive chemical agents, making it more compati-
ble with sensitive biological cargos [93,132,175].
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Ionic gelation has been widely applied for nanoscale gel fabrication, most notably in
systems based on natural polymers such as chitosan, alginate, or gellan gums. For example,
polycationic chitosan solution could undergo instantaneous gelation upon addition of
multivalent phosphate anions, producing nanogels as small as 50 nm. This mild and
aqueous process enables the encapsulation of proteins, nucleic acids, or even live cells, due
to minimal mechanical stress and the absence of toxic reagents [121,132,176].

Despite the advantages, conventional ionotropic gelation in a batch system exhibits
relatively limited size controllability and reproducibility. The gelation process is governed
by rapid and kinetically unstable complexation between charged species, which can be
highly sensitive to variables such as molecular weight distribution, degree of substitution,
ionic strength, or the sequence of reagent addition. Mixing rate or local heterogeneity in
pH can shift the outcome from uniform nanoparticles to randomly aggregated macrogel
particles, which complicate scale-up and standardization [121,177]. These systems often
require downstream processing such as filtration or dilution to narrow size distribution,
while stabilizers or surfactants can improve colloidal stability and size uniformity.

In terms of material selection, ionotropic gelation aligns naturally with bio-derived
polymers with functional groups capable of ionic complexation, such as carboxylates in
alginate or amines in chitosan [128]. These materials are considered biocompatible and
biodegradable but may lack mechanical stability or defined degradation kinetics compared
to synthetic hydrogel systems.

3.1.7. Macro-Scale Hydrogel Beads

Macro-scale gel beads, typically exceeding several hundred microns, merit brief dis-
cussion as they provide valuable insights despite falling outside the scope of injectable
hydrogel systems. These larger structures are typically fabricated by larger-sized droplet-
based methods such as gravity-driven dripping or vibration-assisted jetting [178,179]. One
of the most demonstrated setups is alginate beads, where aqueous solution of hydrogel
precursors is added drop-wise into a gelling solution, such as aqueous solution of calcium
chloride, to form spherical beads in sub-mm to several millimeters’ range [3,180]. More
refined approaches, such as electrostatic dripping or syringe pump-controlled dripping can
significantly improve size uniformity and allow moderate level of size controllability, but
the overall technique remains an extension of the droplet formation principle discussed in
the previous sections [181].

The primary advantage of macrogel beads is high loading capacity of drugs or cells.
Their large volume allows prolonged residence at the administration site, as well repre-
sented by embolized beads for chemoembolization or gastro-retentive swellable hydrogel
beads. However, their physical bulkiness limits the applicable delivery routes to non-
injectable types, such as surgical implants [31,182]. Although macrogels are often excluded
from injectable formulations, their fabrication methods and functional performance are
closely related to drug encapsulation, clearance behavior, and material compatibility of
hydrogel-based DDS, providing useful insights in defining practical limits and design
priorities for injectable hydrogel-based DDS.

3.2. Stimuli-Responsive Material Behavior

Stimuli-responsiveness renders DDSs to react to specific physiological triggers, en-
abling on-demand and site-specific drug release. By incorporating functional chemical
groups into the polymer network, hydrogel particles can be engineered to be sensitive
to surrounding environmental cues including pH, enzymes, temperature, redox condi-
tions, or even multiple cues simultaneously [183-187]. Material responsiveness in gel
particulate is enabled through chemical transitions that translate environmental cues into
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changes in network structure or drug affinity, thereby serving as a key consideration in
stimulus-specific design. The magnitude and reversibility of such responses are further
influenced by intrinsic structural parameters such as crosslinking density, polymer chain
mobility, and network topology, which collectively define how effectively the material
couples environmental stimuli to macroscopic behavior.

3.2.1. pH-Responsiveness

pH-responsive microgels rely on polymers bearing ionizable groups that undergo pro-
tonation or deprotonation in response to the surrounding pH, inducing changes in polymer
chain conformation, charge distribution, and network swelling. In acidic environments,
protonation of acidic or basic pendant groups suppresses electrostatic repulsion and may
lead to microgel collapse, whereas in alkaline conditions, deprotonation results in charge
development and subsequent swelling. This shift in network hydration alters diffusion
characteristics, thereby modulating drug retention and release [188].

Such responsiveness is particularly relevant for injection sites exhibiting pH gradients.
For example, oral drug delivery must traverse the acidic gastric environment (pH 1.5-2.0)
before reaching the more neutral-to-basic intestinal lumen (pH 6.5-7.4). Similarly, tu-
mor microenvironments and sites of inflammation are typically mildly acidic (pH~6.5),
in contrast to normal physiological pH (~7.4). Hydrogel particles designed to respond
selectively to these differences can enable spatially targeted release while minimizing
systemic exposure (Figure 4a) [189].

Commonly used materials include poly(acrylic acid) (PAA), polymethacrylic acid,
alginate, HA, and chitosan, which contain carboxyl or amine groups with tunable ioniza-
tion behavior [190]. For example, PAA-based hydrogel particles are utilized to protect
insulin at gastric pH and then swell to release it in intestinal conditions [21]. Simi-
larly, inclusion of weak acids such as itaconic acid has enabled esomeprazole delivery
systems with high retention in acidic environments and rapid swelling under intesti-
nal pH [191]. On the basic polymer side, cationic hydrogel particles composed of
poly(2-(diethylamino)ethyl methacrylate) (PDEAEMA) exhibit swelling under mildly
acidic tumor-like conditions due to protonation of amine groups. To extend function,
pH-responsive polymers are often combined with hydrophilic or thermosensitive compo-
nents, and acid-labile crosslinkers such as acetal or hydrazone moieties allow additional
degradation-based release mechanisms [192,193].

The resulting hydrogel particles can be engineered to release drugs either through
pH-induced swelling, leading to enhanced permeability, or through network disintegration
triggered by chemical bond cleavage under acidic conditions [194]. This has been effectively
applied in oral delivery systems designed to release cargo in the intestine while protecting
it from gastric degradation, and in tumor-targeted systems where mild acidosis serves as
the release trigger [195].

One of the advantages of pH-responsive hydrogel particles is their autonomous
operation using intrinsic physiological cues, eliminating the need for external activation [35].
However, physiological pH differences are often modest, requiring polymers with carefully
tuned pKa values to achieve selective responsiveness [193]. Additionally, non-specific
off-target release can occur in tissues with fluctuating pH, and rapid osmotic swelling
may result in burst release [196]. In short, pH-responsive hydrogel particles represent a
mature and versatile strategy for environment-specific release, particularly in oral and
tumor-targeted applications where pH gradients are reliably established.
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Figure 4. Representative stimuli-responsive hydrogel-based particulate DDS. (a) pH-responsive
microgels exhibiting swelling behavior driven by -COOH to -COO™ transition, enabling enhanced
ciprofloxacin release at neutral pH [189]. (b) Enzyme-responsive microgels conjugated with MMP-
2-cleavable peptides and cartilage-binding ligands for targeted, enzyme-triggered celecoxib re-
lease [197]. (c) Thermo-responsive nanogels composed of PNIPAM-co-AAc polymers showing
increased 3-LP release at physiological temperature. (c1,c2) represent electron microscopic images of
the nanogels (scale bars = 500 nm) [198]. (d) Redox-responsive supramolecular microgels incorporat-
ing disulfide crosslinks for intracellular, reduction-triggered drug release [199]. (e) Light-responsive
microgels functionalized with donor—acceptor Stenhouse adducts (DASAs) enabling visible light-
mediated drug release control [200].

3.2.2. Enzyme-Responsiveness

Enzyme-responsive microgels are designed to undergo network degradation, swelling,
or drug detachment in response to disease-associated enzymatic activity. This strategy relies
on integrating degradable substrates, such as cleavable peptide linkers or enzyme-labile
polysaccharide backbones, into the microgel network [201]. Upon encountering a target
enzyme, typically overexpressed at pathological sites, specific cleavage of these substrates
alters the microgel’s structural integrity or drug retention, initiating release of entrapped
drug. Representative triggers include proteases like matrix metalloproteinases (MMPs)
in cancer and arthritis, glycosidases such as hyaluronidase in connective tissue disorders,
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and esterases in infection or metabolic disease. These enzyme cues offer a biochemical
specificity that enables release behavior to align with pathological activity [202-204].

Microgel responsiveness can be encoded through several material strategies. Natural
polymers such as gelatin, collagen, chitosan, and HA possess intrinsic susceptibility to
enzyme-mediated cleavage by collagenases, lysozyme, or hyaluronidase [205,206]. Syn-
thetic crosslinkers bearing protease-cleavable peptide sequences have also been incorpo-
rated to precisely regulate responsiveness. One example is HA microgels crosslinked
with a GGPLGLAGGC peptide, which is selectively cleaved by MMP-2. These microgels
were used to tether celecoxib via the same MMP-cleavable peptide, enabling release upon
exposure to enzyme-rich osteoarthritic joints (Figure 4b) [197]. Other platforms have in-
corporated elastase-sensitive linkers or glycosidase-degradable polysaccharides to achieve
inflammation- or infection-triggered release [206]. Enzyme-responsive design can also
include modular domains for targeting or retention; for instance, cartilage-binding peptides
have been used to anchor microgels within joint tissue, thereby prolonging local exposure
to MMPs.

Drug release typically follows either network erosion or direct cleavage of drug—
polymer linkages. In the case of celecoxib-loaded HA microgels, drug molecules were
released upon enzymatic cleavage of the tether peptide, while degradation further
contributed to matrix loosening [83]. Importantly, enzyme-responsive systems exhibit
concentration-dependent release, which allows for disease-stage-correlated drug exposure.
This has been leveraged in osteoarthritis models, where upregulated MMP-2 activity facili-
tated on-demand anti-inflammatory release without significant off-target leakage. Other
systems have exploited similar responsiveness to bacterial enzymes in wound infection
models, releasing antimicrobial agents in response to local enzymatic activity [197,207].

The primary advantage of enzyme responsiveness lies in its pathophysiological speci-
ficity. Unlike pH or redox triggers, enzymatic cues are often more directly associated
with disease progression or immune activation [201,208]. However, this specificity also
introduces several design constraints. The system must ensure that the target enzyme is
sufficiently expressed and accessible at the site of action. For enzymes with intracellular
localization or limited extracellular diffusion, the microgel must first reach the relevant
compartment [209,210]. Off-target release remains a concern if the same enzyme is present
in multiple tissues, and interpatient variability in enzyme expression may affect release
consistency [211]. Stability of cleavable linkers during formulation and storage is another
critical factor. Nonetheless, enzyme-responsive microgels represent a promising potential
for achieving disease-synchronized drug delivery, particularly in arthritic, neoplastic, or
inflamed tissues where enzyme activity is robust and spatiotemporally correlated with
therapeutic need [212].

3.2.3. Thermo-Responsiveness

Thermo-responsive microgels undergo reversible volume transitions in response to
temperature changes, typically governed by a polymer’s lower critical solution temperature
(LCST) [213]. Below the LCST, the polymer chains are hydrated and hydrophilic, allowing
the microgel to remain swollen. Above the LCST, hydrophobic interactions dominate,
leading to dehydration and network collapse. This phase transition can be leveraged to
modulate drug loading, retention, and release. Poly(N-isopropylacrylamide) (PNIPAM)
remains the most studied thermo-responsive polymer, with an LCST near 32 °C that can be
adjusted toward physiological temperatures through copolymerization. Above this thresh-
old, PNIPAM microgels rapidly shrink and expel water, facilitating drug release, while
upon cooling, they rehydrate and reswell [214]. Other thermo-responsive polymers such
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as poly(oligoethylene glycol) methacrylates, elastin-like polypeptides, and polysaccharide
derivatives offer alternative architectures with tunable thermal responses [215].

PNIPAM is typically considered as a primary model for thermal responsiveness, but
their poor degradability and potential accumulation in vivo have led to efforts to incor-
porate degradable linkers or blend with natural polymers. Strategies include introducing
disulfide or ester-based crosslinkers, or integrating biocompatible components such as
gelatin, collagen, or keratin to improve both degradability and tissue compatibility [215,216].
Dual-responsive designs are widely studied as well, for example, PNIPAM copolymerized
with acrylic acid yields microgels that respond to both temperature and pH, expanding
the scope of environmental sensitivity [217]. In addition to chemical modification, physical
hybridization with photothermal materials such as gold nanorods, Prussian blue nanopar-
ticles, or graphene oxide, enables external control via light-induced heating. This allows
localized thermal triggering of drug release without systemic temperature elevation [218].

Drug release is typically governed by changes in microgel volume and internal mesh
structure [219]. Upon heating above the LCST, the microgel network collapses, decreasing
porosity and often forcing expulsion of entrapped solutes [34]. Alternatively, for hydropho-
bic drugs, increased hydrophobicity of the matrix at elevated temperatures may temporarily
retain the cargo, delaying its release until reswelling occurs during cooling (Figure 4c) [198].
The dynamic control of release via temperature cycling has been demonstrated in composite
microgels incorporating photothermal agents. In one such design, Prussian blue-loaded
PNIPAM microgels released doxorubicin in response to near-infrared (808 nm) laser ir-
radiation [220]. Heating induced by the photothermal core raised the local temperature
above the LCST, triggering gel collapse and drug release, which could be repeated across
multiple cycles. Another practical implementation involves thermally induced gelation or
clustering, where certain PNIPAM formulations remain stable at ambient temperature but
aggregate at 37 °C, enabling in situ formation of injectable depots that slowly dissolve to
release therapeutic agents over time [221].

Thermal responsiveness offers spatial and temporal precision in drug release, espe-
cially when paired with externally applied heat sources [222]. However, the narrow range
of physiologically safe temperatures imposes design constraints. LCSTs close to 37 °C may
lead to unintended release from systemic fluctuations [26], while higher thresholds require
precise and safe external stimulation [21]. Furthermore, burst release from network collapse
may not be suitable for applications requiring prolonged, steady dosing [34]. Material
safety also remains a concern, as PNIPAM is not biodegradable, and the toxicity of degrada-
tion products must be addressed as well. While these limitations persist, thermo-responsive
microgels remain a promising platform for externally triggered or environment-sensitive
drug delivery, particularly in contexts where localized heating or temporal control enhances
therapeutic outcomes [221,222].

3.2.4. Redox-Responsiveness

Redox-responsive microgels are constructed using chemical linkages that are selec-
tively cleaved or destabilized in response to the ambient reduction-oxidation potential. It
leverages endogenous redox gradients within the body, particularly the pronounced differ-
ence in glutathione (GSH) concentrations between extracellular fluids (~2-20 M) and the
cytosol (~5-10 mM). Disulfide bonds, the most widely used redox-labile moieties, remain
stable in circulation but undergo rapid thiol-disulfide exchange in reducing environments,
leading to network cleavage and triggered drug release). Oxidation-sensitive chemistries,
including thioketal and boronic ester linkages, respond to reactive oxygen species (ROS)
such as hydrogen peroxide, offering an orthogonal route to achieve environment-selective
activation under oxidative stress [223-226].



Appl. Sci. 2025, 15, 11599

20 of 45

Redox-responsive strategies are particularly relevant for intracellular delivery, where
the elevated reducing potential of the cytosol enables selective bond cleavage following
cellular uptake. This is especially useful in tumor or inflammatory tissues, which exhibit
both elevated intracellular GSH and localized oxidative stress. By incorporating degradable
redox-sensitive bonds into the polymer matrix or drug linkage, microgels can be engineered
to remain stable during systemic circulation and undergo disintegration or cargo release
only after endocytosis or upon reaching ROS-enriched sites [223,224].

Common materials include synthetic or semi-synthetic polymers crosslinked via
disulfide-containing monomers. For example, sodium alginate-based microgels crosslinked
with disulfide bridges have demonstrated stable encapsulation of doxorubicin under ox-
idizing conditions, followed by accelerated release in simulated intracellular reductive
environments [227]. Redox-labile drug linkers can also be incorporated for prodrug strate-
gies, where conjugated drugs are released only upon bond cleavage. Additional chemistries
include diselenide bonds, which offer higher redox sensitivity but require stabilization,
and thioketal or boronic ester groups that degrade under ROS, although these are more
frequently applied in macrogels or nanoparticle systems. Hybrid systems that combine
disulfide and ROS-cleavable elements have also been proposed for dual-responsiveness in
redox-dynamic environments such as tumors [223,224,228].

Drug release is initiated by chemical bond cleavage that results in network degradation,
pore expansion, or conjugate breakdown. In prodrug-type designs, bond cleavage directly
liberates the active pharmaceutical ingredient inside target cells. These mechanisms have
proven effective in enhancing intracellular delivery, with minimal release observed under
extracellular conditions and rapid activation upon endocytosis. In alginate-based disulfide-
crosslinked microgels, for instance, doxorubicin release remained low in oxidizing buffers
but increased markedly in the presence of 10 mM GSH. This responsiveness allows redox
microgels to serve as intracellular carriers that exploit cellular biochemistry to initiate
controlled drug discharge (Figure 4d) [199,229,230].

While redox-triggered delivery provides intracellular specificity, several design consid-
erations remain. The near-universal reducing conditions within cells indicates that redox
cleavage could not be cell-specific, necessitating upstream targeting strategies. Disulfide-
containing systems must also balance circulation stability with responsiveness, as low
concentrations of plasma thiols may cause gradual degradation. For ROS-sensitive systems,
the heterogeneity and transient nature of oxidative stress in vivo can complicate prediction
and tuning of release behavior. Yet, the simplicity and predictability of disulfide cleavage,
along with increasing interest in tumor and inflammation-associated redox landscapes,
make redox-responsive microgels a compelling platform for intracellular and site-activated
drug delivery [225,231].

3.2.5. Light-Responsiveness

Light-responsive hydrogels incorporate photoactive chemistries to enable remote,
temporally precise control of drug release. These systems operate through three principal
mechanisms: light-induced isomerization, photothermal activation, and photochemical
bond cleavage or crosslinking. Unlike endogenous triggers, light provides an orthog-
onal stimulus that can be externally applied to modulate microgel behavior with high
spatial selectivity [232-234].

Azobenzene, spiropyran, and coumarin derivatives are widely used photoswitches in
hydrogel design. Azobenzenes undergo reversible trans—cis isomerization under UV or
visible light, altering molecular dipole moment, polarity, and steric configuration. These
changes shift polymer-water interactions and can induce swelling or contraction depending
on the system’s composition. For instance, azobenzene-modified PNIPAM microgels have
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shown size modulation contingent on isomer ratio and surfactant concentration [235-238].
Azobenzene groups can be introduced as pendant chains, crosslinkers, or non-covalent
guest moieties, such as cyclodextrin complexes that reversibly dissociate upon isomeriza-
tion [239]. Spiropyrans convert from nonpolar to polar merocyanines under UV exposure,
affecting network hydration, while coumarin dimers enable reversible [2+2] photocycload-
ditions that alter crosslinking density in response to light exposure [240].

Photothermal strategies embed chromophores such as gold nanorods, polydopamine,
or chlorophyll within thermo-responsive matrices like PNIPAM. Upon irradiation, these
agents convert light to localized heat, surpassing the LCST and inducing rapid microgel
collapse and drug expulsion. This has been used to trigger near-instantaneous release of
small molecule drugs such as doxorubicin [234,241]. In addition, o-nitrobenzyl-based pho-
tolabile linkers allow irreversible light-induced bond cleavage, offering another mechanism
for drug detachment or matrix degradation [242].

Drug release kinetics vary by mechanism. Light-triggered polarity shifts alter drug—
matrix affinity, while photothermal collapse promotes convective expulsion. In photocleav-
able systems, bond breakage directly liberates covalently bound drugs or destabilizes the
network to permit diffusion. Temporal control can be achieved through pulsed irradiation,
enabling reversible or staged release profiles under cyclic activation [232-234].

The principal advantage of light-responsive microgels is their external controllability.
Because the trigger is decoupled from biological variability, release can be temporally
synchronized with therapeutic need and spatially localized to target tissues. These systems
also allow repeated activation and are tunable through chromophore design. However,
tissue penetration of UV and visible light remains limited, reducing utility in deep tissues
unless combined with near-infrared responsive agents. Furthermore, some chromophores
exhibit photo-fatigue or introduce synthetic complexity, necessitating careful optimization
for translational applications (Figure 4e) [200,234,241].

3.2.6. Multi-Responsive and Hybrid Strategies

Hydrogel particles designed with multi-responsive features incorporate two or more
stimulus-sensitive chemistries into a single polymer network to enable more precise drug
release or to respond to complex physiological environments [18,243,244]. The underlying
design logic typically follows combinatorial principles. In one case, coexisting triggers
(e.g., pH and temperature) must be present simultaneously to induce release, functioning
analogously to a logical AND gate [1,187]. In another, responsiveness to any one of multiple
triggers (e.g., pH or redox) provides flexibility under uncertain or heterogeneous conditions.
These strategies allow delivery systems to filter environmental signals and respond more
selectively to pathological sites [27,185].

A commonly explored combination is pH and thermo-responsiveness. This can
be achieved by copolymerizing temperature-sensitive monomers such as poly(N-isopro-
pylacrylamide) (PNIPAM) or oligo(ethylene glycol) methacrylates with weak acids like
acrylic acid or itaconic acid. For example, a dual-responsive microgel was fabricated using
a semi-interpenetrating network of carboxylated polysaccharide and thermo-responsive
PEGMA, enabling shrinking behavior in acidic environments and collapse above the lower
critical solution temperature [245]. Such dual-triggered release mechanisms can improve
site specificity: one trigger (e.g., acidic pH in tumor sites) initiates swelling, while a second
(e.g., externally applied hyperthermia) accelerates drug release [187,246,247].

Other systems incorporate redox and pH responsiveness within the same carrier. Hy-
drogels containing disulfide crosslinkers combined with acid-cleavable moieties can first
respond to acidic endosomal conditions, followed by intracellular glutathione-triggered dis-
assembly [247,248]. These sequential responses allow the network to adapt as it transitions



Appl. Sci. 2025, 15, 11599

22 of 45

through tissue, endosomal, and cytosolic environments. In certain cases, light-responsive
elements are added as a third control layer, such as o-nitrobenzyl linkages that cleave under
UV exposure, to enable staged or remotely triggered release [27,249,250].

Hybrid material designs further expand multi-responsive strategies by incorporating
inorganic or supramolecular elements into the microgel matrix. Photothermal nanoparticles
such as Prussian blue or AuNP embedded within the microgel enable light-to-heat conver-
sion, coupling an external optical trigger to internal temperature-sensitive collapse. Other
hybrids involve coupling microgels to hydrogel matrices or forming microgel-nanoparticle
conjugates, where each component contributes a distinct type of responsiveness or func-
tionality. In one reported system, a bulk hydrogel scaffold contained embedded microgels
engineered for local swelling and drug release in response to combined redox and enzymatic
signals, while the macrostructure maintained overall mechanical stability [18,32,185,251].

Such multi-functional architectures allow hydrogel particles to perform coordinated
tasks, for examples, aggregating upon environmental changes, generating heat in situ,
or delivering multiple drugs with distinct release kinetics. However, layering stim-
uli also imposes nontrivial synthetic challenges, particularly in ensuring that each trig-
ger remains orthogonal and does not interfere with others during fabrication, storage,
or circulation [27,243,244,246].

Designing micro- and nanogels with multi-stimuli responsiveness imposes material-
level constraints that are distinct from general hydrogel development. To accommodate
multiple triggers, polymer backbones must support orthogonal reactivity and allow inte-
gration of independently tunable domains without compromising injectability or colloidal
stability. This often necessitates blocky or modular architecture, selective crosslinking
chemistry, and predictable network degradation kinetics. In microparticle formats, respon-
siveness must also be confined within a defined particle size and distribution, which adds
complexity in emulsion processing or photopatterning methods [27,244,252]. Furthermore,
the mechanical integrity of each gel particle must be maintained under physiological shear
while preserving responsiveness under the intended trigger conditions. These requirements
differ from planar or bulk hydrogels, where spatial constraints and shear exposure are
less severe. In addition, the mechanical and structural parameters of multi-responsive
networks introduce inherent trade-offs that define their practical behavior. Higher crosslink-
ing density or incorporation of rigid domains improves shape retention and resistance to
injection-induced shear but can diminish responsiveness or slow degradation. In contrast,
softer networks with greater chain mobility enhance diffusion and reversible deformation
but inevitably risk losing structural fidelity or cue selectivity. One straightforward strat-
egy for these competing effects can be selective crosslinking chemistries that decouple
mechanical stability from stimulus reactivity, which potentially allowing syringeability and
responsiveness to be individually optimized.

Overall, achieving multi-stimuli responsiveness in injectable hydrogel particles re-
quires a convergence of synthetic precision, formulation strategy, and microscale struc-
tural fidelity, ultimately enabling a finely tuned system for symptom- or disease-specific
drug delivery [18,32,185,243,251].

3.3. Strategies for Drug Loading and Release Modulation
3.3.1. Drug—Particle Interactions and Loading Strategies

Drug incorporation into hydrogels relies on the physicochemical compatibility be-
tween therapeutic agents and the polymeric network. Three principal strategies govern this
process: passive encapsulation, electrostatic or affinity-driven complexation, and covalent
conjugation. Each approach presents distinct advantages and limitations, depending on
drug size, solubility, charge, and required release profile.
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Passive encapsulation involves physical entrapment of drugs within the gel matrix,
either during polymerization (in situ loading) or by post-synthesis diffusion. In the former,
monomers or polymer precursors are mixed with the drug during microgel formation,
ensuring homogeneous distribution throughout the network [105]. This method is particu-
larly useful for hydrophilic macromolecules and has demonstrated high loading efficiencies
when mesh size and network hydrophilicity are optimized. Post-synthetic loading involves
incubating pre-formed microgels in concentrated drug solutions to allow diffusion into
the polymer network. Swelling—deswelling cycles, often pH- or temperature-mediated,
enhance loading by controlling mesh accessibility [21,211]. Although conceptually sim-
ple, passive methods depend heavily on network porosity and drug-matrix partitioning,
which may lead to early burst release if interactions are weak or if surface-adsorbed drug
dominates the payload [194].

Electrostatic complexation leverages charge interactions between ionizable groups
on the microgel and oppositely charged drug molecules. This approach is particularly
relevant for nucleic acids, peptides, and charged small molecules. Anionic gels with
carboxyl or sulfonate groups effectively bind cationic drugs or polymers, while cationic
microgels can form stable complexes with siRNA or plasmid DNA [253,254]. Loading
capacity and network conformation can be tuned through ionic strength, pH, or multivalent
counterions [189,255,256]. Additionally, host-guest interactions, such as cyclodextrin-drug
inclusion complexes, introduce affinity-based mechanisms that stabilize hydrophobic drugs
within the gel [257]. These non-covalent strategies not only enhance loading but can also
modulate microgel structure, as drug-polymer binding may alter swelling, rigidity, or
charge distribution.

Covalent conjugation offers robust retention by chemically linking drugs to the micro-
gel network via cleavable bonds. The gel must be functionalized with reactive moieties such
as aldehydes, maleimides, or activated esters, while the drug should present complemen-
tary handles (amines, thiols, hydrazides) [258,259]. Cleavable linkers, such as hydrazones
or disulfides, are selected to release the drug under specific physiological triggers [260].
This approach is particularly advantageous for hydrophobic or potent drugs requiring
strict spatial and temporal control. However, conjugation efficiency, site selectivity, and
maintenance of drug bioactivity require careful optimization, and high grafting density
may alter gel properties such as increasing hydrophobicity or degradability, which affects
release kinetics [261,262].

3.3.2. Release Kinetics and Stimulus-Modulated Delivery

Drug release from hydrogel particles is governed by a complex interplay between dif-
fusion, matrix degradation, and external or endogenous stimuli. These mechanisms rarely
act solely, rather they coexist and influence one another depending on the gel’s crosslinking
density, swelling behavior, degradation kinetics, and environmental context [116].

Diffusion-controlled release is predominant in microgels with intact networks and
relies on the concentration gradient between the interior of the gel and the surrounding
medium. The mesh size, degree of swelling, and drug-polymer compatibility dictate how
readily drug molecules traverse the matrix. Hydrophilic microgels with loose networks
allow rapid release of small molecules, while tighter meshes can delay release or exclude
larger agents. Crosslinking density and polymer chain mobility further tune permeability
and injectability, as rigid networks resist deformation but slow diffusion, whereas flexible
ones enhance release at the expense of structural stability. Release profiles in such systems
typically follow Fickian diffusion or anomalous kinetics and are susceptible to initial burst
effects if surface-associated drug dominates [262,263].
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Degradation-mediated release occurs when the gel matrix undergoes chemical or
enzymatic breakdown, resulting in disintegration of the network or cleavage of covalent
linkages. This mechanism enables sustained release over longer timescales or conditional
release in response to specific environments, such as acidic pH, elevated reductant levels,
or disease-associated enzymes [211,259,264]. Incorporation of labile crosslinks such as ester,
disulfide, or peptide bonds allows tailoring of degradation rates. Network topology and
viscoelasticity also influence degradation behavior and tissue compatibility, where highly
crosslinked matrices resist cleavage but may fragment under stress, while more elastic
networks degrade uniformly and adapt to surrounding tissues. When combined with
diffusional resistance, matrix degradation offers a robust control mechanism that governs
the timing and completeness of release [3].

Stimulus-triggered release enables on-demand delivery by environmental or external
signals to physical or chemical transitions in the microgel. Thermo-responsive systems,
for instance, undergo deswelling upon heating, expelling loaded cargo. Redox-sensitive
microgels respond to intracellular glutathione by cleaving disulfide bonds, while enzyme-
responsive gels degrade selectively in the presence of target-specific proteases. Light,
ultrasound, or magnetic fields can also be used to activate photothermal or mechani-
cal transformations within the gel matrix. These systems permit spatiotemporal preci-
sion in release, reduce off-target effects, and are increasingly used for combination or
sequential therapies [197,213,215,223,227,236,237,265].

Advanced designs integrate multiple triggers to construct logical control systems,
such as AND-gated release that occurs only when multiple environmental criteria are met.
Examples include pH-redox dual-sensitive gels or triple-responsive platforms combining
redox, pH, and ultrasound trigger. Such architectures enable stepwise or synergistic
release, reduce non-specific leakage, and better match the complexity of pathological
environments such as tumors or infection sites. Altogether, fine-tuning the interactions
between drug and microgel, with a fundamental understanding of diffusion, degradation,
and responsiveness, enables rational design of delivery systems that meet increasingly
demanding therapeutic standards [1,185,247].

4. Advanced Formulation Strategies for Programmable and Multi-Agent
Microgel Delivery

Hydrogel platforms, including micro- and nanogel derivatives, now enable spatially
programmed release, multi-agent encapsulation, and adaptive therapeutic responses, con-
tinuing to evolve beyond simple depots. These advanced functions are governed not only
by the material characteristic but also by the nature of the therapeutic cargo, the configura-
tion of delivery stimuli, and the interplay between agents in combination therapy. Among
the various therapeutic classes, proteins and peptides, small molecules, stem cells, and
nucleic acids represent the four major classes of modern drug development, as highlighted
for their clinical relevance and formulation diversity (Table 3) [17].

4.1. Drug Cargos

The effectiveness of a drug delivery platform is fundamentally shaped by the physic-
ochemical and pharmacokinetic properties of its therapeutic payload. Compatibility
and formulation requirements of different drug types are essential for designing and
optimizing their encapsulation, retention, and release. As highlighted in the previous sec-
tions, microgel platforms offer distinct advantages that can be leveraged for structurally
diverse cargos.
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4.1.1. Protein/Peptides

Protein and peptide drugs act primarily by binding specific molecular targets including
receptors, enzymes, and signaling proteins involved in immune regulation, endocrine
function, and tissue remodeling. Agents such as insulin, monoclonal antibodies, or cytokine
modulators are widely utilized across immunotherapy, endocrinology, oncology, and
regenerative medicine [115,266]. Despite their potency and selectivity, their biologics
are prone to degradation and aggregation under physiological stress, requiring carefully
designed delivery systems to preserve their functionality [267].

Clinically, most protein and peptide therapeutics are delivered by subcutaneous or
intravenous injections. Oral and mucosal routes are largely excluded due to extensive enzy-
matic degradation in the gastrointestinal tract and limited epithelial permeability. However,
systemic administration results in rapid plasma clearance, non-specific biodistribution, and
frequent dosing, complicating treatment for chronic or localized conditions. Transdermal
strategies using microneedles or iontophoresis have been explored but remain limited in
payload versatility and depth of penetration [266].

Hydrogel-based systems offer a physically protective and chemically inert environ-
ment for protein and peptide encapsulation. Non-covalent affinity interactions, such
as electrostatic attraction or ligand binding, can be exploited to prolong release while
maintaining bioactivity. Thermo-responsive or pH-sensitive microgels allow drug re-
lease in response to tissue-specific cues, reducing the risk of burst release and systemic
exposure [268]. Composite systems such as protein-loaded microgels embedded in bulk hy-
drogels enable spatial segregation of multiple agents, which can be designed for co-delivery
or staged release in complex tissue environments such as wounds or tumors [269]. These
approaches address critical formulation challenges including aggregation, denaturation,
and proteolytic instability while enhancing the localization and therapeutic persistence of
protein-based drugs [115,267].

4.1.2. Small Molecules

Small molecules remain the cornerstone of pharmacotherapy due to their broad bioac-
tivity, synthetic tractability, and ability to modulate intracellular targets such as enzymes,
ion channels, and transcription factors. Their therapeutic scope spans inflammation, in-
fection, cancer, and cardiovascular disease, with agents like doxorubicin, diclofenac, and
moxifloxacin [270]. Their efficacy depends heavily on achieving sufficient intracellular
concentrations at the target site, which is often constrained by solubility, metabolism, and
tissue distribution [23,271,272].

Conventionally administered via oral or intravenous routes, small molecules often suf-
fer from rapid systemic clearance and dose-limiting side effects. Hydrophobic compounds
exhibit poor aqueous solubility, requiring cosolvents or surfactants that can irritate tissues
or induce burst release. Even topically or locally administered small molecules frequently
show short retention and broad diffusion away from the intended site [12,272].

Hydrogel systems provide an adaptable framework for controlling the pharmacokinet-
ics of small molecule drugs. By tuning the hydrophilic-hydrophobic balance, crosslinking
density, and mesh size, microgels can encapsulate poorly soluble agents and modulate their
release over clinically relevant time frames. Responsive microgels designed to swell or
degrade under specific pH or redox conditions have demonstrated preferential release in tu-
mor or inflamed tissues. For example, doxorubicin has been successfully incorporated into
core-shell microgels with cationic outer layers that shield premature release but respond to
intracellular triggers [23,271,272]. Similarly, chitosan-based microgels have been developed
to prolong the action of NSAIDs in arthritic joints by sustaining release and minimizing
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systemic dispersion. Such systems extend the therapeutic window while lowering the risk
of toxicity, especially for drugs requiring high local concentrations or repeated dosing [44].

Table 3. Therapeutic cargos and their integration with hydrogel-based drug delivery systems.

. Integration with Representative
Category Subtype Unique Challenges Hydrogel Systems Applications Refs.
. . Affinity binding; pH- . .
Proteins/Peptides Aggregation, proteolysis, /enzyme-responsive Insulin, cytokines, [267,269]
loss of bioactivity . ; monoclonal antibodies
gels; composite depots
. Entrapment in
Small Molecules Rapid clearance, bg1.‘st hydrophobic domains; DOX, NSAIDs, [12,23,273]
release, poor solubility antibiotics
Drug host-guest .com{)lexes
Cargo Nucleic Acids Nuclease degradation, L(I?Itjlfﬁl lf:h%; Se,l siRNA, mRNA
(DNA, siRNA, poor uptake, hvbri dy D1§ A vaccines, [7,16,37,274]
mRNA) immune activation yh;zlrsolgels plasmid DNA
ECM-mimetic . .
. - Sy Cartilage, spinal cord,
Stemn Cells Low viability, shear hydrogels; peptide myocardial [275-277]
stress, poor engraftment functionalized e
microgels regeneration
Entrapment in
Linosomes Low viability, shear hydrogels; Ocular, dermal, and [276,278]
p stress, poor engraftment mucoadhesive or cancer therapies !
injectable composites
DDS Lipid Liver accumulation, Embedding LNPs in mRNA cancer
Nanoparticles transient expression, gels for local release vaccines, regenerative [16,37]
(LNPs) immune activation and spatial targeting medicine
Polymeric Rapid clearance, Physical embedding, .
Nanoparti- non-specific hybrid gels for Antfr?gﬁfét?ients’ [44,270]
cles/Micelles biodistribution staged release

4.1.3. Stem Cells

Stem cell therapeutics are uniquely positioned to promote tissue regeneration and
functional repair through their dual capacity for self-renewal and differentiation into
lineage-specific cells. Their effects are mediated by both engraftment into damaged tissue
and the secretion of trophic factors that modulate inflammation, angiogenesis, and extracel-
lular matrix remodeling. Clinical targets include myocardial infarction, spinal cord injury,
and cartilage degeneration, yet clinical outcomes have been suffered by poor cell survival
and integration [275,277].

Traditional administration of stem cells involves suspension injections through intra-
venous, intrathecal, or intramyocardial routes. However, these approaches often expose
cells to shear stress, hypoxia, and poor mechanical support, which significantly reduce
viability and limit long-term engraftment. The absence of structural cues also impairs the
ability of stem cells to retain their phenotype or differentiate appropriately in vivo [279].

Hydrogel-based matrices offer a biomimetic alternative that better supports stem cell
viability and therapeutic function. Injectable microgels composed of gelatin, alginate, or
hyaluronic acid can encapsulate cells in a soft, hydrated, and adhesive microenvironment
that mimics the native ECM. These platforms reduce anoikis and mechanical stress during
injection and have been shown to enhance cell survival under oxidative or ischemic condi-
tions. In addition to mechanical protection, microgels can be functionalized with bioactive
peptides or growth factors to guide differentiation and integration. Spatially organized
microgels also enable the patterning of heterogeneous environments, such as gradients of
stiffness or ligand density, which are critical for in situ programming of stem cell behavior.
Such architectures are particularly promising in tissue interfaces like cartilage-bone or
nerve-muscle junctions, where zonal control of cell fate is essential [275,276,279].
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4.1.4. Nucleic Acids

Nucleic acids function as therapeutic agents by directly altering gene expression at the
transcriptional or translational level. This class includes plasmid DNA, mRNA for protein
replacement or vaccination, and siRNA or antisense oligonucleotides for gene silencing.
The recent clinical success of mRNA vaccines and the growing interest in RNA interference
therapies underscore the potential of these agents for precision medicine across oncology,
rare diseases, and immunotherapy [1,3,11,274].

Delivery of nucleic acids is complicated by their large size, negative charge, and
susceptibility to nuclease degradation. Systemic administration using lipid nanoparticles
(LNPs) or cationic polymers has enabled some clinical translation, yet is often accompanied
by liver accumulation, immune activation, and transient expression profiles. Moreover,
targeted or sustained delivery to tissues outside the liver remains difficult, limiting the
broader applicability of existing systems [16].

Microgel and hydrogel-based formulations offer a complementary approach by en-
abling local retention, bio-responsive release, and co-delivery with immunomodulatory or
regenerative agents. DNA hydrogels formed through rolling circle amplification or enzy-
matic ligation provide a structural matrix that also serves as a delivery vehicle, allowing
high loading and slow degradation. For mRNA-based therapies, composite systems com-
bining microgels with nanocarriers (e.g., LNPs or polyplexes) have demonstrated prolonged
protein expression and enhanced T cell activation at tumor sites. Also, chitosan-alginate
microgels have shown efficacy in protecting RNA payloads and extending expression
in inflamed or ischemic tissues. These systems reduce exposure to systemic circulation,
improve cellular uptake, and mitigate burst release, offering a more refined alternative to
conventional carriers for local gene modulation [7,37,280].

4.2. Stimuli-Responsive and Controlled Release Systems

Therapeutic efficacy in many clinical contexts depends not only on the activity of the
drug but also on its temporally and spatially controlled release to the target site. In this
regard, stimuli-responsive systems, those capable of control release kinetics in response to
environmental changes or externally applied cues, have emerged as a critical strategy for
enhancing precision in drug delivery. The responsiveness of bulk hydrogel materials to a
wide range of stimuli, including pH, temperature, enzymatic activity, and redox potential,
has been extensively studied and is well summarized in prior literature, as represented in
Figure 5 [19]. Building upon these foundational insights, recent studies are now applying
these principles to hydrogel architecture, enabling greater control over spatial deployment
and injection compatibility.

4.2.1. Single-Trigger Responsive Systems

Stimulus-specific platforms remain a foundational strategy in responsive delivery, with
many microgel and hydrogel systems designed to respond to a single pathological cue such
as acidic pH, elevated temperature, or reduced conditions. These triggers are particularly
relevant in cancer, inflammation, and wound healing, where local environments deviate
significantly from homeostasis [23,271].

One example is polyampholyte-based core-shell microgels designed for pH- and
redox-sensitive doxorubicin (DOX) delivery. This architecture consists of a carboxyl-rich
poly(acrylic acid) (PAA) core and a disulfide-crosslinked PEG-based cationic shell. At
physiological pH (7.4), strong electrostatic interaction retains DOX within the core; however,
exposure to acidic and glutathione (GSH)-rich conditions (pH 5.0, 40 mM GSH) weakens
these interactions and reduces crosslinking density, releasing over 85% of the loaded drug.
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(a)

This system demonstrated cytotoxic selectivity toward MCEFE-7 cells while sparing healthy
MCE-10A cells, supporting its tumor-selective behavior [271,273].

Similarly, thermos- and pH-responsive microgels composed of PNIPAM-co-methacrylic
acid embedded within chitosan hydrogel matrices have been used to prolong moxifloxacin
release. This stimuli-responsive system demonstrated extended drug availability over 68 h,
outperforming either microgels or hydrogels alone, while preserving cytocompatibility and
minimizing hemolysis, indicating suitability for soft tissue applications (Figure 5) [23,281].
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Figure 5. Schematic illustrations of smart hydrogel-based delivery systems. (a) A dual-compartment
microgel designed for time-controlled release of SaB and Cand during the inflammatory and prolifera-
tive phases, respectively [270]. (b) Injectable thermo-responsive P407 hydrogel with GeIMA microgels
encapsulating IGF-1-loaded liposomes, showing gelation at 37 °C (red) for sequential SDF-1x and
IGF-1 release to enhance bone regeneration [278]. (c) A two-phase drug delivery system featuring
a thermally triggered initial release followed by a sustained release from the hydrogel matrix [282].
(d) A composite hydrogel-microgel (MG-HG) platform responsive to pH and temperature, enabling
controlled release of moxifloxacin (MFX) [23].

While single-stimulus systems are conceptually straightforward and have been exten-
sively studied in bulk hydrogel literature, most operate on well-established mechanisms
and design principles [271]. Given the extensive prior works, this subsection selectively
highlights representative microgel-based examples, these systems form the conceptual and
technical baseline upon which more complex, multi-responsive or spatially programmed
designs are built, as discussed in the following subsections.

4.2.2. Multi-Stimuli Responsive Systems

To achieve greater selectivity in complex physiological environments, delivery plat-
forms have increasingly adopted multi-stimuli responsiveness or logic-gated architectures.
These systems are designed to release therapeutic agents only when exposed to a defined
combination of triggers, including pH, temperature, redox potential, or metabolic cues,
thereby reducing off-target effects and minimizing premature leakage. Compared to single-
trigger systems, multi-responsive designs more closely mimic the multifactorial nature
of pathological microenvironments, such as those found in tumors, inflamed tissues, or
diabetic lesions.
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One notable example is a cystamine-crosslinked PAA microgel integrated with gold
nanoparticles (AuNPs) for glucose-triggered and pH-sensitive release of doxorubicin (DOX).
In this design, the AuNPs exhibit catalytic activity, converting glucose into gluconic acid,
which locally lowers the pH. The resulting acidification protonates the carboxyl groups
on the PAA backbone, weakens electrostatic attractions and initiating DOX release. This
cascade process aligns with the elevated glucose concentrations and localized acidosis
commonly observed in tumor tissues and inflamed or diabetic sites. The system demon-
strated a linear release profile over the first 40 min under hyperglycemic conditions (25 mM
glucose), while maintaining minimal drug leakage under normoglycemia, thus leveraging
a pathologically relevant combination to refine spatial and temporal delivery [272].

In another approach, folic acid-conjugated palygorskite/AuNP hybrid microgels
were designed to integrate three stimuli: acidic pH, mild hyperthermia, and light. Each
stimulus corresponds to features of the tumor microenvironment or can be externally
controlled. Tumor tissues are typically acidic (pH~6.5 or lower) and hyperthermic (due to
elevated metabolic activity), while light irradiation provides spatial selectivity benefitted
by long penetration depth of near-infrared (NIR) light. In this system, acidic and thermal
conditions enhanced DOX release up to 74%, and NIR laser exposure further accelerated
the process through plasmonic heating by the embedded AuNPs. Folic acid conjugation
targeted folate receptors, which are frequently overexpressed in various solid tumors
including breast and ovarian cancers, thereby increasing cellular uptake. Together, the
system exhibited multi-modal responsiveness with improved tumoral specificity and
minimized off-target toxicity [273].

These examples highlight how combinatorial responsiveness, when anchored to clini-
cally relevant environmental cues, enables highly selective and pathologically accurate drug
release. The use of metabolite-induced pH shifts, redox gradients, or receptor-mediated
uptake is not only mechanistically effective but also therapeutically strategic. By requir-
ing the co-occurrence of two or more pathological conditions, such systems reduce the
risk of premature leakage and allow more synchronized drug availability relative to dis-
ease activity. As such, multi-stimuli microgels serve as a critical steppingstone toward
disease-responsive, logic-driven therapeutic design [272,273].

4.2.3. Spatially Compartmentalized Systems

Spatially compartmentalized delivery systems are designed to achieve coordinated
release of therapeutic agents through structural segregation within the matrix. These
architectures decouple the physical localization of cargo from its release dynamics, allowing
different payloads, or even the same agent in different phases, to be selectively activated in
response to spatial or temporal cues. Such designs are particularly valuable for multi-stage
therapies or immune modulation, where precise sequence, co-localization, or physical
containment are required.

One strategy integrates mRINA-loaded lipid nanoparticles (LNPs) into hybrid scaffolds
consisting of electrospun nanofibers embedded within hydrogel matrices. In this architec-
ture, the nanofiber mesh serves as a mechanical backbone that stabilizes the scaffold and
limits bulk fluid diffusion, while the surrounding hydrogel provides a hydration environ-
ment and governs molecular diffusion of the mRNA payload. This physical confinement
allows mRNA to be presented locally and persistently, enabling synchronization with
immune cell recruitment and activation. Moreover, hydrogel properties can be tuned to
respond to environmental pH or enzymatic degradation, further regulating temporal disper-
sion. Such systems have shown improved antigen expression and CD8+ T cell activation at
tumor sites, outperforming LNPs alone in both retention and immunogenic response [37].
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In another example, DNA-based hydrogels assembled via strand hybridization were
engineered to function as both the matrix and the cargo. Here, the oligonucleotide se-
quences encode not only the hydrogel structure but also therapeutic information, such as
CpG motifs or siRNA. Degradation of the matrix by tumor-associated nucleases releases
the functional strands into its vicinity, achieving therapeutic effect. The matrix thus serves
as a programmable depot with degradation kinetics intrinsically tied to the pathological
microenvironment, providing molecular-level spatial logic [7].

A further strategy utilizes ionically crosslinked biopolymer systems, such as chitosan—
alginate hybrids, to entrap nucleic acids through charge interactions while controlling their
diffusion via matrix porosity. These systems offer simplicity, biocompatibility, and soft
tissue compliance, and have been employed to extend mRNA expression in localized tissues
without relying on synthetic carriers. The chitosan-rich domains promote gel formation
and mRNA binding, while alginate controls the release kinetics and provides structural
integrity under physiological conditions [280].

In all these designs, compartmentalization is not merely architectural but functional.
Nanofiber regions define retention and mechanical stability, hydrogel domains govern
diffusivity and responsiveness, and certain sequences or ionic domains control cargo
stability and release. Such systems enable layered control over drug localization and release
timing, which is critical for applications such as tissue regeneration, immune priming, or
gene modulation where therapeutic context defines its efficacy [7,37,280].

4.2.4. Translational Pathways from Bulk to Modular Hydrogels

Many programmable delivery principles, particularly those specialized for nucleic
acids, stem cells, and protein drugs, have been first validated in bulk hydrogel platforms.
These systems offer flexible synthesis and sufficient volume for controlled-release studies
but often lack the spatial resolution and injectability required for minimally invasive or
precision-targeted therapies.

Despite this, the underlying logic of these systems is directly translatable to microgel-
scale architectures. For instance, IGF-1 mimetic delivery from a Laponite-alginate compos-
ite hydrogel demonstrated prolonged release in acidic injury environments. This design,
though developed in bulk, could be reconfigured into microparticulate formats to allow
injectable application and localized tissue adaptation [269]. Similarly, chitosan—alginate
matrices for mRNA delivery and enzyme-responsive scaffolds for stem cell support have
shown favorable outcomes in vivo, yet remain constrained by their form factor. Transition-
ing these systems to modular microgels may preserve their bioactivity while enhancing
formulation versatility and clinical usability [280].

Translational feasibility also depends on how fabrication strategies align with pharma-
ceutical manufacturing and regulatory expectations. Methods such as microfluidic droplet
generation and electrospraying offer exceptional control over particle size and composition
but require advances in parallelization and fouling-proof system design to reach industrial
throughput. Emulsion-based polymerization and ionic crosslinking generally perceived as
more scalable technologies and compatible with existing bioprocess infrastructure, though
batch-to-batch variability and limited drug encapsulation control still poses challenges.
Across the fabrication techniques discussed in this review, clinical translation will largely
depend on integrating process reproducibility, in-line monitoring, and post-fabrication
quality control into the design stage.

Thus, while hydrogel-based programmable delivery remains in its early stages for
certain therapeutic classes, the design rationale, materials, and biological principles have
already been explored in bulk systems. Future translation will depend on balancing this
molecular scale complexity with scalable fabrication fidelity, ensuring the new architectures
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can meet the standards expected in pharmaceutical manufacturing. Ongoing translation
efforts should also focus on downsizing these architectures without compromising the
complex responsiveness or stability required for next-generation therapeutics.

4.3. Multi-Drug Delivery and Combination Therapy

Hydrogel-based DDS have provided a modular platform for administering multiple
therapeutic agents with distinct release profiles. These systems are particularly suited for
addressing diseases characterized by sequential pathological phases or requiring combi-
natorial treatment strategies [186,273,278]. This section categorizes recent designs based
on three formulation logics: phase-specific release aligned with disease progression, con-
trolled kinetic modulation within a single drug class, and spatial segregation of structurally
distinct agents.

The first approach involves aligning drug release timing with specific stages of the heal-
ing or disease response. In bone regeneration, an injectable platform combining Poloxamer
407 (P407) bulk hydrogel and GelMA microgels was designed to deliver two protein-based
agents with temporally distinct roles. SDF-1«, a chemokine known for its role in stem
cell homing, was directly mixed into the P407 hydrogel to support early recruitment of
mesenchymal stem cells during the inflammatory phase. IGF-1, associated with osteogenic
differentiation, was encapsulated in liposome-loaded GelMA microgels to sustain its re-
lease over two to three weeks. In a rat calvarial defect model, this dual-protein system
enhanced osteogenic marker expression and achieved approximately 66.9 percent bone
volume recovery by week 8 (Figure 4) [278]. A related application in myocardial infarc-
tion employed a core-shell microgel architecture to deliver two small molecule drugs in
sequence. The hydrophilic anti-inflammatory agent salvianolic acid B was released rapidly
from the outer ROS-responsive hydrogel shell, while the inner oleogel core composed
of arachidic acid and olive oil retained the hydrophobic antifibrotic drug candesartan
for delayed release. In vivo results showed cumulative candesartan release over 21 days
under oxidative conditions, reduced expression of fibrotic markers, and improved cardiac
remodeling and function [270].

A second strategy leverages tunable release kinetics within a single therapeutic class
by varying the physical state and encapsulation environment of the cargo. In one platform,
dextran-based microgels were embedded within a PEG matrix and loaded with the same
model protein, hen egg white lysozyme, in two distinct forms: freely dissolved and coacer-
vated. The resulting release behavior could be precisely tuned by adjusting the ratio of fast-
and slow-releasing microgel populations. This approach enabled predictable control over
protein delivery without altering the chemical structure of the protein or the matrix. Dual-
protein formulations further demonstrated that the platform could synchronize or invert
release sequences. A similar principle was demonstrated in thermal-responsive PMO-CMC
microgels incorporated into PVA hydrogels, where tea polyphenols exhibited a two-stage
release profile governed by microgel responsiveness and matrix diffusion (Figure 4) [282].
In a representative case, coacervated lysozyme showed less than 20 percent release after
two hours, while its soluble form released over 70 percent in ten minutes. In mixed systems,
PEGylated BSA was released more rapidly than coacervated lysozyme, with crossover ob-
served around 12 h. These outcomes were modeled using the Korsmeyer—Peppas equation,
providing a quantitative framework for tuning kinetic profiles [268].

The third category focuses on chemical and structural compartmentalization of thera-
peutics with divergent properties. This approach supports the co-delivery of drugs with
incompatible solubility, stability, or activity requirements. In the myocardial infarction
study described above, the spatial separation of hydrophilic and hydrophobic agents into
hydrogel and oleogel domains enabled their respective release under condition-specific
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cues [270]. Similarly, in protein-based systems, embedding distinct protein cargos into
separately prepared microgels permitted individualized release control while maintaining
compatibility and bioactivity. These architectures reduce the risk of cross-interactions be-
tween agents, simplify formulation logistics, and facilitate the development of combination
therapies targeting multiple biological pathways [268].

While conventional injectable systems, such as polymeric depots, liposomes or other
nanoparticles, have established the groundwork for combination delivery, their design flex-
ibility and capacity for coordinated control remain limited. Hydrogel-based and hydrogel
particulate systems extend this paradigm by allowing multi-drug release to be guided not
only by chemical composition but also by network architecture as well as environmental
responsiveness. Future developments could focus on programmable compartmentalization,
hierarchical assembly, or stimulus-coupled feedback mechanisms that dynamically adjust
therapeutic ratios in response to local cues. These direction position microgel and nanogels
as adaptive therapeutic matrices capable of integrating pharmacological logic directly into
material design.

This categorization highlights how microgel-based and hybrid systems can be ratio-
nally constructed to match the temporal, kinetic, and chemical demands of combination
therapy. Examples drawn from regenerative medicine, cardiovascular treatment, and
protein delivery illustrate the feasibility of implementing multi-drug strategies with formu-
lation precision.

5. Translational Outlook for Hydrogel Drug Delivery

The promising potentials of hydrogel-based DDS are well represented by their modu-
larity, injectability, and capacity for controlled multi-drug release. However, their transla-
tion from laboratory research to clinical application is constrained by a set of inter-related
technical and regulatory hurdles. Among the foremost challenges is achieving consistent
and reproducible fabrication of hydrogel particles at scale, particularly under Good Manu-
facturing Practice (GMP) conditions. Many of the methods used to produce uniform gel
populations, including the techniques discussed here such as microfluidic droplet genera-
tion or emulsion polymerization, offer high precision at bench scale but require substantial
adaptation for scalable, sterile, and cost-effective production. Furthermore, terminal steril-
ization remains a critical barrier, as many formulations are sensitive to conventional gamma
irradiation or autoclave methods and may require aseptic manufacturing, which imposes
additional complexity and regulatory challenges.

Also, it should be emphasized that scalability and reproducibility largely depend
on the fabrication route. Emulsion-based and electrospraying techniques are suitable for
large scale batch processing but could inherently introduce additional variability, whereas
microfluidics-centered techniques allow high uniformity and size controllability but at
limited throughput. Photolithographic strategies require cleanroom environment that
complicates GMP compliance. Moreover, sterilization remains a critical challenge especially
for microgels, since heat or irradiation can alter its polymer chemistry or payload integrity.

Beyond manufacturing, translational feasibility depends largely on the route of admin-
istration. For ocular delivery, constraints include limited injection volume, shear-induced
dispersion, and rapid clearance via aqueous humor turnover, all of which demand high
retention and minimal burst release. In contrast, peritumoral or subcutaneous systems must
tolerate mechanical compression, variable extracellular matrix density, and, in some cases,
immunological reactivity against depot materials. CNS applications, including intrathecal
or intraparenchymal injections, require high precision in anatomical targeting and impose
stringent requirements on injection force, depot viscosity, and neuroinflammatory compati-
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bility. Each use case introduces distinct physical, anatomical, and regulatory boundaries,
indicating that no single microgel architecture can be universally applied across tissues.

While no FDA-approved product currently exists that directly corresponds to particu-
late hydrogel-based therapeutics, relevant precedents can be found in injectable scaffolds,
thermosensitive hydrogels, and long-acting microsphere depots. Products such as Lupron
Depo’c® (AbbVie Inc., Mettawa, IL, USA) and Risperdal Consta® (Janssen Pharmaceuticals,
Inc., Raritan, NJ, USA) demonstrate that injectable particulate systems can gain approval
when reproducibility, depot behavior, and pharmacokinetics are well-characterized. For
microgels to enter this space, developers must consider not only pharmacological per-
formance criteria but also delivery device compatibility, terminal packaging standards,
and pathway-specific regulatory classification. Moving forward, advancing standardiza-
tion in characterization protocols, in vivo depot behavior modeling, and administration-
site-aware design will be essential for integrating micro- and nanogel systems into the
therapeutic landscape.

6. Conclusions

Injectable hydrogel systems represent a versatile convergence point between hydrogel
chemistry, microscale engineering, and drug delivery design. As more than functioning
miniaturized hydrogels, micro- and nanogels enable spatiotemporally controlled drug re-
lease, anatomical site compatibility, and integration with multi-agent or stimuli-responsive
strategies. This review has examined how hydrogel particle platforms are uniquely posi-
tioned to meet the constraints of various injection sites, including ocular, subcutaneous,
mucosal, tumoral, and CNS tissues, and how their structural environmental properties
intersect with the demands of specific drug cargos.

By aligning material characteristics with administration route-specific challenges
and therapeutic goals, hydrogel design has evolved toward increasingly modular, adap-
tive, and programmable systems. Importantly, advances in composite architecture and
environmental responsiveness are progressively defining engineering strategies for next-
generation therapeutics. As key translational barriers are systematically overcome, particu-
late hydrogel-based DDS hold strong potential toward clinically robust solutions, capable
of delivering therapeutic agents with precision while simultaneously reconstructing lo-
cal microenvironments that reflect the biological complexity of disease progression and
tissue repair.
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