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ABSTRACT

Hydrogels, defined as three-dimensional hydrophilic polymeric networks, have emerged as indis-
pensable materials in drug delivery systems owing to their ability to encapsulate and release ther-
apeutic agents in a controlled manner. Their structural characteristics closely mimic those of bio-
logical tissues, thereby enhancing biocompatibility and minimizing adverse systemic effects. Hy-
drogels can be engineered to respond to diverse physiological stimuli, such as pH and tempera-
ture, consequently facilitating the targeted release of drugs tailored to specific pathologies. Various
crosslinking techniques, including physical and chemical methods, influence the mechanical sta-
bility and responsiveness of these materials, enabling advancements in applications ranging from
tissue engineering to minimally invasive surgeries. Recent innovations include hybrid synthesis
techniques that combine distinct crosslinking methods to augment the functional performance
and customization of hydrogels. Furthermore, integrating biosensors and computational design
methods into hydrogel frameworks holds promise for the development of autonomous systems
capable of real-time therapeutic adjustments. In this review, we focus on the latest advancements
in hydrogel design, with an emphasis on crosslinking strategies, stimulus-responsive mechanisms,
and their integration into emerging biomedical applications. By synthesizing current research, we
highlight the transformative potential of hydrogels in personalized medicine and their roles in ad-

dressing diverse clinical challenges.

Key words: Hydrogels, Crosslinking, Drug Delivery, Tissue Engineering, Bio-sensing and Diagnos-

tics, Organ-on-Chip

INTRODUCTION

Hydrogels possess unique structural characteristics
that enable them to closely mimic biological tissues,
rendering them highly biocompatible and suitable
for a myriad of biomedical applications . These ma-
trices can encapsulate therapeutic agents and re-
lease them in a controlled and sustained manner,
thereby addressing various therapeutic needs across
disease contexts owing to their ability to retain wa-
ter while maintaining structural integrity?. Hy-
drogels play a pivotal role in modern drug deliv-
ery by facilitating targeted delivery and minimiz-
ing systemic side effects®. The ability to incorpo-
rate responsive elements within hydrogels, such as
pH, temperature, or enzyme sensitivity, further en-
hances their relevance in precision medicine, where
treatments can be tailored to an individual’s unique
biological environment (Figure 1). Overall, the flex-
ibility, biocompatibility, and precision with which
hydrogels control drug release make them indis-
pensable for advancing therapeutic delivery.

Matrix-based hydrogels have been designed to ad-
dress several critical challenges that have tradition-

ally hindered effective drug delivery, including sta-
bility, bioavailability, and controlled release. Con-
ventional drug delivery methods often suffer from
poor bioavailability due to rapid drug clearance or
degradation within the body. However, matrix-
based hydrogels offer enhanced stability, creating
a protective barrier around the encapsulated drug
that prevents premature degradation and prolongs
its therapeutic effects®>. In addition, matrix-based
hydrogels provide a high degree of control over drug
release profiles. By modifying the crosslinking den-
sity and molecular composition of the hydrogel ma-
trix, researchers can design systems that release
drugs over an extended period or in response to
specific biological triggers. Furthermore, the de-
velopment of matrix-based hydrogels aligns with
the principles of personalized medicine, in which
treatment regimens are tailored to individual pa-
tient profiles. For instance, pH-sensitive hydrogels
with crosslinked networks can release drugs in re-
sponse to the acidic environment of tumor tissues,
thereby maximizing drug delivery efficacy while re-

ducing off-target effects®’. Thus, matrix-based hy-
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Figure 1: In the top-left corner, physical and chemical crosslinking are illustrated; the bottom-left corner displays
the structure of the hydrogel as defined by mesh size, covalent bonds, and physical entanglements; the top-right
corner presents applications of the hydrogel, including drug delivery, tissue engineering, agriculture, and con-
sumer products; and the bottom-right corner depicts the hydrogel and its delivery routes.

drogels can significantly improve the precision and
efficacy of drug therapies, particularly in the treat-
ment of chronic diseases such as cancer, diabetes,
and cardiovascular conditions, where conventional

drug delivery methods are often inadequate.

LITERATURE SEARCH STRATEGY
AND SELECTION CRITERIA

In this narrative review, we systematically present
matrix-based hydrogels and their biomedical appli-
cations. We conducted a comprehensive database
search across ScienceDirect, PubMed, Web of Sci-
ence (WOS), and Scopus using a strategy that com-
“Hydro-
“Drug delivery,” and

bined keywords with Boolean operators:
gel,” “matrix-based hydrogel,”
“Biomedical application” (Figure 2). All studies pub-
lished between 2015 and 2025 were initially screened
based on their titles and abstracts to eliminate dupli-
cates and irrelevant literature. Full-text English arti-
cles were then assessed for eligibility. The inclusion
criteria comprised original research, reviews, books,
and clinical trials that focused on matrix-based hy-
drogel design, crosslinking, properties, and biomedi-
cal applications. Editorials, commentaries, and con-

ference proceedings without primary data were ex-
cluded. Following screening, the studies deemed eli-
gible for this review were included in the qualitative
analysis. A narrative synthesis approach was em-
ployed due to the inherent variability in study de-
sign and reporting. Data were manually extracted
using a standardized framework to document hy-
drogel composition, fabrication, crosslinking, func-

tional features, and biomedical applications.

MATERIALS FUNDAMENTALS OF
MATRIX-BASED HYDROGELS

The performance of matrix-based hydrogels in
biomedical systems fundamentally depends on their
internal architecture, which is governed by both the
synthesis route and crosslinking mechanism. This
section integrates these two core design parameters
into a unified framework, detailing how the poly-
mer source, network-forming chemistry, and fab-
rication methods determine mechanical integrity,
degradation, and therapeutic suitability. The trans-
lational implications of each approach are empha-
sized, bridging materials science with regulatory
and clinical perspectives. The most commonly used
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Figure 2: Annual publication trends in matrix-based hydrogel research for biomedical applications from 2015 to
2025 were compiled from ScienceDirect, PubMed, WOS, and Scopus. Publication counts reflect database-indexed
records and research volumes, which may include duplicate entries. These data do not indicate study quality
or include statistical comparisons or error bars. Trends over the years may have been affected by reporting and

publication biases.

methods for hydrogel preparation are tabulated in
Table 1. Methods such as radiation crosslinking and
free radical polymerization are preferred for large-
scale production because of their efficiency and reli-
ability. Simpler methods, such as physical crosslink-
ing or freeze-thaw cycling, are cost-effective and
commonly utilized for low-tech applications.

Crosslinking Mechanisms and Structural
Control

Crosslinking is central to hydrogel formation, en-
abling the fabrication of three-dimensional net-
works with tunable porosity, mechanical stability,
and biofunctionality.  Traditionally, crosslinking
methods are categorized as physical or chemical,
each offering distinct structural and translational

characteristics 3.

Physical crosslinking relies on
non-covalent interactions, such as hydrogen bond-
ing, hydrophobic interactions, and ionic interactions
with divalent cations (Ca2t), yielding reversible,
biocompatible gels. Poly(N-isopropylacrylamide)
(PNIPAAm)-based thermoresponsive systems that
undergo sol-gel transitions near physiological tem-
peratures exemplify their utility in minimally inva-

34

sive, injectable platforms>®. Their chemical sim-

plicity and cytocompatibility make them attractive

candidates for wound dressings and cell encapsula-
tion. However, their mechanical frailty and batch-
to-batch variability hinder their approval for load-
bearing applications.

In contrast, chemical crosslinking produces cova-
lently stabilized networks with superior mechanical
and chemical stability. Common strategies include
free-radical polymerization, enzymatic crosslinking,
and photopolymerization. For example, genipin and
glutaraldehyde confer long-term resilience but pose
cytotoxicity risks if residues remain, whereas photo-
initiator-based PEG systems allow spatiotemporal
control of patient-specific scaffold fabrication3®.
Enzyme-mediated methods using horseradish per-
oxidase or transglutaminase mitigate toxicity con-
cerns and preserve bioactivity; however, industrial
scale-up remains technically demanding.

Synthesis and Fabrication Techniques

Hybrid crosslinking approaches that combine ionic
and covalent interactions are gaining attention for
balancing injectability and durability. lonically sta-
bilized alginate matrices reinforced with covalent
bonds demonstrate superior toughness while retain-
ing biocompatibility 3. These hybrid gels align with
the Food and Drug Administration (FDA) combina-
tion product standards but require rigorous repro-
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Table 1: Common methods for preparing hydrogels primarily focus on commercially available options and their
applications in various fields.

S.N.  Prepara-
tion
method
1
a. lonic
gelation

b. Hydrogen
bonding or
hydropho-

bic
interactions

C. Freeze-

thaw

cycling

a. Radiation-
induced
crosslinking

b. Chemical

crosslinking

c. Enzymatic
crosslinking

3
a. Free radical
polymeriza-
tion

b. Photopoly-

merization

4 Self-

assembly

O Interpene-
trating
polymer
networks
(INs)

Process

Example Key controllable

parameters

Physical crosslinking

Polymers with ionic

groups interact with

counter ions to form
hydrogel.

Hydrogels form through
secondary interactions,
such as hydrogen bonding
or hydrophobic
interactions.

Repeated freezing and
thawing cycles create
crystalline regions that act
as physical crosslinks.

Alginate lon concentration,

with calcium  polymer molecular

ions forms a weight, gelation

hydrogel time, ionic
matrix. strength
Gelatin or Polymer
poly(vinyl concentration,
alcohol) temperature, pH,
(PVA) solvent
hydrogel. composition
PVA Number of
hydrogels. freeze-thaw cycle,
freezing
temperature,

thawing duration

Chemical crosslinking

High-energy radiation
induces free radical
formation, leading to
polymer crosslinking.

Chemical agents link the
polymer chains.

Enzymes catalyze the
covalent bond formation
between polymers.

Monomers are
polymerized using
initiators and crosslinkers.

UV or visible light initiates
polymerization of

photosensitive monomers,

Amphiphilic molecules
and peptides

PVA or Radiation dose,
poly(ethylene exposure time,
glycol) (PEG) polymer

hydrogel. concentration
Collagen or Crosslinker type,
hyaluronic crosslinker
acid concentration,
hydrogel. reaction time, pH
Fibrin-based Enzyme
hydrogels. concentration,

reaction time,

substrate
availability
Polymerization methods
Polyacry- Initiator
lamide concentration,
hydrogel. crosslinker ratio,
polymerization
time
PEG- Photo-initiator
diacrylate type, light
hydrogels. wavelength,
irradiation time
Peptide- Peptide sequence,
based concentration,
hydrogels. ionic strength, and

spontaneously organize
into gels in aqueous
environments.

IPNs combine two
polymers, one of which is
synthesized or
cross-linked in the
presence of the other.

temperature.

Polyacrylamide Relative polymer

alginate ratios, crosslinking
hydrogels. order, and network

density.

Application

Drug delivery
systems, tissue
engineering,
and wound

dressings.

Soft contact
lenses and
biomedical
scaffolds.

Artificial
cartilage, tissue

engineering.

Wound
dressings, drug
delivery, and
agriculture.

Drug delivery
systems and
tissue scaffolds.

Wound healing
and tissue

regeneration.

Superabsorbent
materials,
biomedical
devices.

Dental
materials,
3D-printed
hydrogel.
Injectable
hydrogels,
tissue
engineering,
drug carriers.
Biomaterials,
sensors, and
controlled drug

release.

Ref-
er-

ence

8,9

10,11

12,13

14,15

16,17

18,19

20,21

PIME

24,25

26,27
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6 Emul- Monomers are dispersed in Polyacry- Droplet size, Agriculture, hygiene 8
sion an oil phase and late surfactant products, and
poly- polymerized to form super- concentration, and pharmaceuticals.
meriza- hydrogel microspheres or absorbents. polymerization
tion particles. conditions.

7  Microwav Microwave irradiation Various Microwave power, Industrial hydrogel 2930
assisted accelerates crosslinking or synthetic exposure time, and production is driven
synthe- polymerization. hydrogels solvent system. by rapid and

sis energy-efficient
synthesis.

8 Template- Hydrogels are formed Hydrogel Template Drug carriers and 132
assisted within molds or templates micropar-  geometry, polymer biosensors.
synthe-  to achieve specific shapes or ticles or concentration, and

sis structures. nanogels. curing conditions.

ducibility to meet the Good Manufacturing Prac-
tice (GMP) and International Organization for Stan-
dardization (ISO-10993) criteria®®. Ultimately, the
crosslinking strategy dictates not only the drug re-
lease kinetics and degradation behavior but also
the regulatory classification and clinical safety as-
sessment. The reported fabrication parameters for
chemically crosslinked hydrogels vary significantly
across studies; for example, photopolymerized PEG-
based systems typically use low millimolar photoini-
tiator concentrations and irradiation times of sec-
onds to minutes, depending on the gel thickness and
application.

Hydrogel synthesis determines the microarchitec-
ture, porosity, and encapsulation efficiency, which
directly impact therapeutic delivery and tissue in-
teraction. The choice of fabrication method bal-
ances the structural precision, scalability, and reg-
ulatory compliance. Physical and chemical prepa-
ration methods include ionic gelation, freeze-thaw
cycling, radiation crosslinking and enzymatic pro-
cesses. Simpler physical routes are cost-effective
and ideal for low-tech biomedical applications,
whereas chemical and radiation-induced methods
are well-suited for industrial-scale production be-
cause of their reproducibility. Bulk polymerization
produces dense, mechanically robust networks suit-
able for implantable depots; however, residual ini-
tiators can impair biocompatibility. Solution poly-
merization yields hydrated, uniform gels ideal for
encapsulating labile biomolecules, whereas emul-
sion polymerization enables the controlled forma-
tion of micro- and nanogels for targeted delivery.
Graft copolymerization introduces responsive func-
tional groups for “smart” hydrogels that adapt to
local pH, temperature, or enzymatic cues, which is
an essential feature for precision drug release in on-

cology®. Emerging synthesis platforms, such as

3D-bioprinting and microwave-assisted polymeriza-
tion, bridge the gap between laboratory customiza-
tion and scalable manufacturing®. However, clin-
ical translation requires validation of batch unifor-
mity, sterilization compatibility, and the safety of
degradation byproducts, as emphasized by the FDA
and the European Medicines Agency (EMA).

Translational Implications and Regulatory
Context

The material foundation of hydrogels has direct reg-
ulatory implications. The FDA’s 21 CFR Part 820
and 1SO-10993 standards emphasize the need for re-
producibility, biocompatibility, and defined degra-
dation profiles®. Crosslinking chemistry influ-
ences the categorization of hydrogels as medical de-
vices, drug delivery systems, or combination prod-
ucts*!. For instance, chemically crosslinked PEG-
based scaffolds must demonstrate consistent long-
term mechanical and chemical stability, whereas
physically crosslinked hydrogels require extensive
leaching and degradation testing because of their
labile nature. Integrating GMP-compliant synthe-
sis early in development accelerates approvals and
ensures scalability*2. Moreover, hybrid and stimuli-
responsive gels are increasingly being evaluated un-
der adaptive regulatory frameworks that encourage
the modular testing of multifunctional materials.

Key Takeaways of Materials Fundamentals

Hydrogel properties arise from the interplay be-
tween crosslinking chemistry and fabrication tech-
niques, which determine biocompatibility, stabil-
ity, and release behavior. Hybrid crosslinking and
stimuli-responsive architectures represent the next
generation of clinically adaptable hydrogels*3. Reg-
ulatory success depends on reproducibility, steril-
ization stability, and 1SO-10993-compliant evalua-
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tion of degradation and cytotoxicity. The merging
of synthesis and crosslinking perspectives provides
a unified material foundation for understanding hy-
drogel performance across biomedical applications.

RECENT ADVANCES IN
HYDROGEL APPLICATIONS

Hydrogels are increasingly recognized for their ver-
satility across a wide range of biomedical applica-
tions, largely due to their high water content, bio-
compatibility, and adjustable physical and chemical
properties. Recent advancements in hydrogel de-
sign have facilitated significant progress in various
medical fields, including targeted drug delivery, tis-
sue engineering, wound healing, cancer treatment,
and biosensing. This section examines these de-
velopments, emphasizing how novel materials, syn-
thesis techniques, and functionalization strategies
have broadened the potential of hydrogels for med-
ical and therapeutic applications (Figure 3). Hydro-
gels have undergone substantial evolution in recent
years, with enhancements in their design, function-

ality, and applications (Table 2).

Targeted Drug Delivery

Stimuli-responsive hydrogels that react to pH, tem-
perature, or enzymatic cues have shown promise
for site-specific drug release, minimizing systemic

toxicity in diseases such as cancer®.

Recent in-
novations have introduced dual- and multi-stimuli-
responsive hydrogels that respond to combinations
of stimuli, providing greater control over the drug re-
lease. Beyond cataloguing responsive modalities, a
pattern emerges when comparing high-performing
systems: performance correlates with the orthog-
onality of the stimuli and polymer network mech-
anisms. For example, dual-responsive hydrogels
that combine pH-driven ionic swelling with ther-
moresponsive phase transitions (e.g., ionic polysac-
charides crosslinked into PNIPAAm networks) typi-
cally exhibit sharper and more reproducible release
profiles than systems that attempt to couple two
mechanisms that operate through the same physical
pathway (e.g., two diffusion-limited mechanisms).
This suggests that synergy, rather than redundancy,
between stimuli mechanisms underlies the superior
control of release ®3.

The divergence between studies is often explained
by differences in crosslink density, network re-
versibility, and drug-matrix interactions. Systems
with reversible, dynamic crosslinks (e.g., ionic or

supramolecular bonds) recover their barrier function

after stimulus removal, providing pulseable release,
whereas permanently crosslinked networks tend to
exhibit unidirectional release driven by degrada-
tion®. Similarly, hydrophobic drug payloads in-
teract strongly with hydrophobic domains in the
matrix, slowing their release compared with hy-
drophilic drugs, where diffusion dominates. These
mechanistic differences explain why nominally sim-
ilar dual-stimulus hydrogels can produce markedly
different pharmacokinetics in vivo. Finally, many
promising preclinical studies lack robust pharma-
cokinetic and toxicological validation. Key transla-
tional barriers are batch-to-batch reproducibility of
stimulus responsiveness and long-term biocompati-
bility of degradation products; addressing these re-
quires standardized stimulus-challenge assays and

long-term in vivo monitoring before clinical transla-

tion.
Tissue Engineering and Regenerative
Medicine

Hydrogels and electrospun nanofibers are foun-
dational biomimetic scaffolds in tissue engineer-
ing and regenerative medicine because they closely
mimic the natural extracellular matrix (ECM),
thereby supporting cell function and tissue forma-
tion % A central analytical consideration in se-
lecting a hydrogel (natural or synthetic) involves
a fundamental trade-off between intrinsic bioactiv-
ity and mechanical tunability®”. Natural hydro-
gels (collagen, hyaluronic acid, and alginate) pro-
vide integrin-binding sites and native signaling that
promote cell adhesion and differentiation; how-
ever, their mechanical weakness and batch variabil-
ity limit their use in load-bearing applications®.
Synthetic polymers (PEG, PVA, PNIPAAm) pro-
vide reproducible mechanical properties and tunable
degradation but require biofunctionalization (e.g.,
arginylglycylaspartic acid (RGD) peptides, growth
factor tethering) to recapitulate cell-matrix interac-
tions. Mechanistically, successful scaffolds recon-
cile matrix mechanics (stiffness and viscoelasticity)
with biochemical presentation (ligand density and
mobility)®°. For example, PEG hydrogels function-
alized with controlled RGD density and nanoparti-
cle or fiber reinforcement can match the osteogenic
cues of the natural ECM while retaining the me-
chanical strength required for bone repair’. Di-
vergent clinical outcomes across studies often stem
from inconsistent reporting of crosslinking chem-
istry and ligand presentation; small changes in func-

tionalization density or crosslinker type can shift
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Table 2: Overview of recent biomedical advances in hydrogel applications.

S.N.  Applications Advances Examples References
Biomedical applications
1 Dru Delivery of
. 5 Stimuli-responsive hydrogels: Hydrogels v . 44.45
delivery chemotherapeutics, ’
that respond to pH, temperature, L
systems . antibiotics, and
enzymes, or light for controlled and . L .
biologics, including
targeted drug release. o
: . monoclonal antibodies
Self-healing hydrogels: Enhancing d mRNA
and m .
reusability and adaptability for long-term
drug delivery
2 Tissue Bone, cartilage, skin,
. ] 3D-Printed hydrogels: Customized tissue g. 46-48
engineering . o k and neural tissue
scaffolds using bioinks derived from ] :
and regen- engineering.
) hydrogels.
erative i
. Dynamic hydrogels: Hydrogels that can
medicine . .
adapt to changing mechanical
environments and mimic native tissues.
Hybrid hydrogel: Combination of natural
and synthetic polymers for enhanced
biocompatibility and mechanic strength.
3 Wound . . . Diabetic ulcers, burns,
. Antibacterial hydrogels: Incorporation of . 49-51
healing and ] > . X and chronic wounds.
. nanoparticles or antimicrobial peptides.
skin regen- .
. Oxygen-releasing hydrogels promote
eration L .
faster healing in hypoxic wound
environments.
Thermosensitive hydrogels: Form at body
temperature to conform to irregular
wound shapes.
4 Soft Bioelectronics, artificial
. Conductive hydrogels: Hydrogels . 52-54
robotics . RO muscles, and real-time
integrated with ionic liquids or .
and X K health monitoring.
conductive polymers for sensing or
wearable K
devi actuation.
evices
Stretchable Hydrogels: Hydrogels with
exceptional elasticity for wearable
sensors.
5 Cancer . Personalized cancer
Hydrogel-based immunotherapy: 55-57
research treatment and
Hydrogels serve as platforms for . .
and oo i . preclinical testing.
delivering immune-stimulating agents or
therapy .
vaccines for cancer treatment.
3D-Tumor Models: Hydrogels mimic
tumor microenvironments for drug
testing and cancer research.
Nanoparticle-loaded hydrogels enable
the localized delivery of chemotherapy or
gene-editing tools, such as CRISPR/Cas9.
Progressive advancement in applications
1 Advanced Point-of-care testing,
. Rk Hydrogel sensors: Embedded with . . & 5859
diagnostics . wearable diagnostics, ’
fluorescence or electrochemical elements .
and . X and real-time
. . for biomolecule detection. o
biosensing monitoring of

Self-adhesive hydrogels: Hydrogels that
adhere to tissues for in situ diagnostics.

physiological
conditions.
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2

Advances X . Tumor
. a Hybrid hydrogels: Combining natural . . 60.61
in hydrogel . . microenvironment- ’
) and synthetic polymers to improve N
design . . o sensitive hydrogels for
properties such as biocompatibility, .
i . cancer drug delivery
mechanical strength, and stimuli .
. and wound healing.
responsiveness.
b Multi-stimuli-responsive hydrogels:
hydrogels that respond to two or more
stimuli for complex applications.
¢ Nanocomposite hydrogels: Integration of
nanoparticles or nanostructures for
enhanced functionality.
c("'l
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Figure 3: Multifaceted capabilities of matrix-based hydrogel drug carriers. These systems are designed to en-
capsulate and deliver bioactive compounds, enabling controlled drug release for applications such as precision
medicine, targeted drug delivery, tissue engineering and wound healing. The versatility of these hydrogels stems
from their tunable properties, including good diffusional characteristics, potential for molecular-level modifica-
tions that enhance recognition, ease of injection, high water content, responsiveness to external stimuli, con-
trolled porosity, non-toxicity, biodegradability, robust mechanical strength, and inherent biocompatibility. This
combination of features positions matrix-based hydrogels as promising tools for developing sophisticated thera-

peutic interventions.
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Table 3: Focused comparisons of natural and synthetic matrix-based hydrogels in clinically relevant

applications.

Clinical Natural Hydrogels (Collagen, HA, Synthetic Hydrogels (PEG, PVA, PNIPAAm)  Ref-
Indica- Alginate) er-
tion ence
Cartilage Promote chondrocyte adhesion and ECM High mechanical tunability; customizable 7475
Repair production; high bioactivity; poor degradation; require biofunctionalization for
load-bearing and fast degradation cell adhesion
Dermal Collagen/ gelatin provide intrinsic PEG/PVA systems offer controlled drug release, 2677
(Wound bioactivity, hemeostasis, and cell stability, and tunable porosity; lower intrinsic
Healing) infiltration; limited control over bioactivity
degradation
Ocular HA/alginate improve lubrication, PNIPAAm/PEG allow thermo-responsive 78,79
Applica- muco-adhesion, and drug retention; rapid gelation, sustained release, and reproducibility;
tions clearance limits sustained delivery may lack native cell signaling cues

cell fate decisions (e.g., osteogenesis vs. adipo-
genesis). Standardized mechanical and biochemi-
cal characterizations (e.g., stress relaxation and lig-
and quantification) will improve comparability and
translation’!. The development of self-healing hy-
drogels and composites that combine hydrogel ma-
trices with reinforcing fibers and nanoparticles is a
promising area of research. However, it requires
rigorous testing for wear, fatigue, and host re-
sponses under physiological loads before regulatory

17273 Natural and synthetic matrix-based

approva
hydrogels exhibit distinct strengths and limitations

depending on the clinical indications (Table 3).

Wound Healing

The high water content and permeability of hydro-
gels create ideal moist wound environments that ac-
celerate healing®. A comparative evaluation of an-
timicrobial strategies revealed a spectrum of trade-
offs: inorganic agents (silver nanoparticles) exhib-
ited broad-spectrum antimicrobial activity. They
are effective against multidrug-resistant (MDR) or-
ganisms but may cause cytotoxicity and oxidative

stress at higher doses®'.

Biopolymeric antimicro-
bials (e.g., chitosan and antimicrobial peptides) of-
ten strike a better balance between antimicrobial po-
tency and host cell compatibility but can be more
sensitive to proteolytic degradation in wound exu-
dates. Mechanistically, nanoparticle inclusion al-
ters the local redox balance and can trigger inflam-
matory responses if not tightly controlled; there-
fore, optimizing the particle load, release kinetics,
and surface chemistry is critical. Several studies
have demonstrated improved healing rates in an-
imal models. However, divergent clinical efficacy
likely reflects differences in the wound environment

(chronic vs. acute), hydrogel degradation behavior,

and local immune milieu. Post-marketing surveil-
lance focusing on the emergence of resistance, local
tissue compatibility, and systemic absorption is es-
sential for the safe translation of drugs®?.

Cancer Therapy

Hydrogels for cancer therapy function as local
drug depots, enabling concentrated drug deliv-
ery and multimodal therapies (chemotherapy, im-
munotherapy, and photothermal therapy)83. Com-
parative analyses have indicated that minimally
invasive, injectable thermosensitive hydrogels ex-
hibit reliable in situ gelation; however, they re-
quire precise control over gelation kinetics and
in vivo mechanical stability to avoid premature

leakage 8485,

Hybrid hydrogel-nanoparticle sys-
tems often outperform hydrogel-only systems for
photothermal or immune-adjuvant applications be-
cause the nanoparticle can confine heat or mod-
ulate immune activation; however, nanoparticle
size, shape, and surface chemistry strongly influ-
ence biodistribution and immunogenicity ®. For in-
stance, well-dispersed gold nanorods yield homoge-
neous photothermal profiles and predictable heat-
ing, whereas aggregated or irregular nanoparticles
cause hotspot formation and unpredictable tissue
damage. Translationally, scaling production un-
der GMP and demonstrating superiority over estab-
lished delivery modalities in randomized controlled

trials remain major hurdles.

Bio-sensing and Diagnostics

Hydrogels in biosensors act as matrices for im-
mobilizing biomolecules while allowing analyte dif-

fusion 87:88,

Comparative strengths show that
enzyme-based hydrogels excel in sensitivity but suf-

fer from limited operational stability due to enzyme
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denaturation. conductive polymer-hydrogel com-
posites offer improved durability and signal trans-
duction but less biological specificity®. The repro-
ducibility of the signal response depends on uni-
form immobilization, hydrogel porosity, and fouling
resistance. Integrating hydrogels into wearable or
implantable sensors requires controlling hydration,
mechanically matching the tissue, and developing
robust calibration protocols, areas where the cur-
rent literature diverges widely in methodology. Sys-
tematic benchmarking across physiological ranges
and long-term patient data are required to transi-

tion from prototype to approved diagnostics %",

Hydrogel-based scaffolds and organ-on-
chip

Hydrogels, as scaffolds for organ-on-chip platforms,
provide physiologically relevant microenvironments
and reduce the need for animal testing®2. Organ-
on-chip systems use hydrogels as scaffolding ma-
terials to mimic the ECM, thereby providing a bio-
compatible and tunable microenvironment for cel-
lular growth and function (Figure 4). An analytical
comparison of studies revealed a key design axis:
mechanical fidelity and mass transport®3. Hydro-
gels that faithfully mimic tissue stiffness can impede
perfusion and nutrient transport if their porosity is
low. Conversely, highly permeable gels may fail to
provide appropriate mechanical cues for cell polar-
ization and migration. Additionally, dynamic or re-
sponsive hydrogels (e.g., with tunable crosslinking
or embedded growth factors) better capture tissue
remodeling but introduce complexity in terms of re-
producibility and cross-platform validation. Regu-
latory frameworks lag behind these advances; the
standardization of mechanical, biochemical, and mi-
crofluidic performance metrics is essential to enable
clinical and industrial adoption®2. Despite remark-
able advances, the clinical success of hydrogel-based
technologies remains limited compared with their
preclinical promise. Bridging this gap requires rig-
orous multi-omics validation, GMP-compliant man-
ufacturing processes, long-term safety studies, and
alignment with relevant regulatory standards. A
stronger integration of clinical trial data with labora-
tory innovations is essential for hydrogels to evolve
from research tools into mainstream therapeutic
platforms.

Limitations of publication trends and tem-
poral coverage

Although the growing number of hydrogel-related
publications reflects continued academic and indus-
trial interest, it is important to interpret these trends

carefully. Bibliometric analyses based on indexed
databases are affected by publication bias, includ-
ing a tendency to report positive or successful re-
sults more often, underrepresent negative or incon-
clusive studies, and delay the publication of trans-
lational failures. Consequently, increasing publica-
tion numbers do not always correspond to equiva-
lent progress in clinical readiness or regulatory ap-
proval. Additionally, although this review includes
literature up to 2025, rapidly emerging fields such
as Al-assisted hydrogel design, regulatory-guided
manufacturing strategies, and organ-on-chip valida-
tion may not yet be fully captured in peer-reviewed
sources. Regular updates through systematic review
frameworks are essential to maintain an accurate

and up-to-date assessment of progress in this area.

ONGOING CLINICAL TRIALS/
TRANSLATIONAL INSIGHTS

Although matrix-based hydrogels have advanced
rapidly in preclinical models, the clinical portfolio
remains concentrated in a few application domains:
wound management, soft-tissue augmentation, and
localized drug depots, while definitive trials for more
complex indications (e.g., load-bearing tissue re-
generation and intratumoral drug release) are still
emerging. Several ongoing clinical studies have
demonstrated the translational breadth of matrix-
based hydrogels in surgical reconstruction, wound
care, orthopedics, and intervertebral disc repair (Fig-
ure 5). The role of a self-assembling RADA16 pep-
tide hydrogel (PuraGel) is being assessed in en-
doscopic skull base surgery to expedite mucosal
healing of nasoseptal flap donor sites and reduce
sinonasal morbidity following cranial base proce-
dures (interventional; recruiting). This trial eval-
uated wound healing and postoperative sinonasal
outcomes, providing evidence for the regenerative
applications of short-peptide hydrogels in soft tis-
sues®®. A randomized study (NCT06978569) com-
paring an acellular dermal matrix (ADM) hydrogel
with conventional alginate dressings is planned to
determine whether the ADM hydrogel accelerates
wound closure in chronic traumatic wounds and im-
proves the local tissue quality. This study (sponsor:
Isfahan University of Medical Sciences) will deter-
mine whether biologically derived hydrogel matri-
ces can outperform standard care in chronic wound
management and whether they meet clinical end-
points, such as wound area reduction at 12 weeks.
In orthopedics (NCT04840147), a multicenter, ran-
domized, controlled trial is comparing JointRep (a
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Figure 4: Overview of technological advancements in various commercially available organ-on-chip models.
These are micro-engineered systems that mimic the structure and function of human organs. The models high-

light several prominent applications, including the inte:
that utilize microfluidics and cell culture to simulate org

matrix scaffold/hydrogel adjunct) plus microfrac-
ture with microfracture alone for focal chondral de-
fects, evaluating both functional and structural out-
comes (e.g., patient-reported outcomes and imag-
ing endpoints)®. This study aimed to determine
whether hydrogel-augmented cartilage repair con-
fers durable functional benefits compared to estab-
lished surgical techniques. Collectively, these tri-
als highlight two important translational themes:
(1) matrix-based hydrogels are being tested across
diverse anatomic sites and indications, often with
primary endpoints anchored to local tissue heal-
ing, pain relief, or functional restoration rather than
long-term survival; and (2) early phase studies pri-
oritize safety, biocompatibility, and surrogate effi-
cacy measures—outcomes that must be bridged to
larger randomized trials with clinically meaningful
endpoints for definitive regulatory acceptance. To
accelerate translation, future trials should harmo-
nize biomaterial characterization (International Or-
ganization for Standardization, ISO-10993 testing,
and GMP specifications), incorporate standardized
clinical endpoints and imaging/biomarker panels to

enable cross-study comparisons, and include longer

stine, lung, heart, and advanced brain-on-a-chip models
an-level physiology in vitro.

follow-ups to capture durability and late adverse

events.

INTELLECTUAL-PROPERTY
TRENDS (PATENT LANDSCAPE
2020-2024)

The patent landscape for matrix-based hydrogels
has expanded significantly over the past five years,
reflecting the growing interest in both biomedical
applications and translational potential 1. An anal-
ysis of patents filed between 2020 and 2024 revealed
a focus on hydrogel design for tissue engineering,
drug delivery, and organ-on-chip platforms. Key
trends include innovations in crosslinking strate-
gies, stimuli-responsive functionalities, and hybrid
Major stakehold-
ers include academic institutions, biotech startups,

natural-synthetic formulations.

and established medical device companies, high-
lighting both research-driven and commercially mo-
tivated development 2. This patent landscape pro-
vides insights into emerging directions, guiding fu-
ture research and the potential commercialization of

matrix-based hydrogel technologies.
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Ongoing Clinical Trials on Matrix-Based Hydrogel

Skull base surgery Trauma wounds

NCT05898074

STATUS: Recruiting

Location: US

Device: PuraGel(RADA16)

Condition: Cerebrospinal fluid Leakage

NCT06978569

STATUS: Not yet recruiting
Locations: Iran

ADM hydrogel vs Alginate dressing
Condition: Chronic wound

NCT01353495

Diabetic foot ulcers Degenerative

STATUS: Completed

Locations: USA

Device: APM graft (Biotape XMTM)
Condition: Wound debridement

NCT04927702

STATUS: Terminated

Locations: US

Device: Hybrid scale fibre matrix
Condition: Venous leg ulcer

NCT04840147

STATUS: Recruiting
Locations: Australia
Device: JointRep®
Condition: Microfracture

Figure 5: Ongoing clinical trials on matrix-based hydrogels across therapeutic areas. The timeline summarizes
selected registered clinical studies investigating hydrogel applications in (i) skull base surgery (NCT05898074) %,
(i) trauma wounds (NCT06978569) *7, (iii) diabetic foot ulcers (NCT01353495 %8, NCT04927702 °°), and (iv) degen-
erative conditions (NCT04840147) 1%, Each entry included the trial status, location, device used, and clinical indi-
cation. Data were obtained from ClinicalTrials.gov (accessed September 2025). The trial status reflects the registry

information at the time of database access.

CHALLENGES AND EMERGING
SOLUTIONS IN HYDROGEL
APPLICATIONS

Hydrogels hold immense potential for biomedical
applications; however, translating laboratory inno-
vations into clinical use requires addressing me-
chanical limitations, cost-effective production, scal-
ability, and regulatory compliance issues. Regu-
latory considerations are critical for the successful
clinical translation of hydrogel-based biomedical de-
vices. Depending on device classification, the FDA
may require either a 510(k) premarket notification
or a more rigorous premarket approval (PMA) pro-
cess. Sterilization compatibility is also essential, as
standard methods such as y-irradiation and ethy-
lene oxide (ETO) can alter the hydrogel structure
and functionality, necessitating careful optimization
to preserve its mechanical and drug-release prop-
erties. Rather than viewing these as insurmount-
able barriers, ongoing research provides evidence-
based solutions that are reshaping the field 3. A
significant limitation of hydrogels, particularly in
load-bearing applications (bone, cartilage, and skin),

is their low mechanical strength and susceptibil-
ity to enzymatic degradation under physiological

104,105 Recent advances have demonstrated

stress
that incorporating nanocellulose, graphene oxide,
or silica nanoparticles into nanocomposite matri-
ces markedly enhances their tensile strength and
elasticity, while maintaining cytocompatibility '°°.
For instance, Feng et al.'”’ reported a GO-GO-
chitosan hybrid hydrogel with 4-fold higher com-
pressive modulus than unreinforced gels, whereas
Zhao et al. achieved similar mechanical gains using

nanocellulose crosslinkers1%8.

The apparent vari-
ability stems from differences in crosslinking chem-
istry (hydrogen bonding vs. covalent grafting) and
nanoparticle surface functionalization, which gov-
ern the load transfer and water retention. There is a
consensus that dual-network and hybrid crosslink-
ing (physical + covalent) approaches best balance
the injectability, resilience, and degradation rate.
However, contradictions remain regarding nanopar-
ticle cytotoxic thresholds and long-term inflamma-
tory responses, especially in cartilage or bone im-
plantation models.
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The reliance on specialized synthetic polymers and
reactive crosslinkers often inflates production costs
and complicates GMP compliance '%. Comparative
studies have shown that bio-based hydrogels
made from chitosan, alginate, or bacterial cellulose
can achieve mechanical and biological properties
comparable to those of PEG or PVA systems when
processed via enzymatic crosslinking (e.g., transg-
lutaminase or horseradish peroxidase). Enzymatic
and radiation-induced crosslinking are now favored
for their scalability and reduced chemical residue,
supporting both environmental sustainability and
regulatory acceptance.  Industrial-scale manu-
facturing strategies, such as freeze-thaw cycling
and radiation crosslinking, have been adapted to
achieve batch consistency and sterility "%,  The
regulatory landscape is increasingly aligned with
the 1SO-10993 standards for
which govern cytotoxicity, genotoxicity, immuno-

biocompatibility,

genicity, and degradation byproducts. For instance,
researchers developed a gelatin—hyaluronic acid—
chondroitin sulfate hydrogel crosslinked using
1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide

(EDC) and evaluated its safety according to ISO-
10993-11 (acute systemic toxicity, implantation,
and intracutaneous

reactivity), demonstrating

regulatory-grade preclinical validation '%.

Early
integration of 1SO-compliant testing accelerates
translational timelines and facilitates alignment
with FDA and EMA GMP standards, particularly for

drug-loaded and implantable systems'!".

Despite
promising preclinical outcomes, most pH-, enzyme-,
and smart

temperature-responsive hydrogels

remain confined to early-stage trials. Emerging

translational approaches couple multi-stimuli

responsiveness with patient-specific molecular
profiling, enabling personalized drug delivery and
the development of regenerative strategies. How-
ever, reproducibility and response stability across
patient cohorts remain key barriers. Comparing
approved and experimental systems highlights
the translational gap: [1SO-compliant, clinically
validated hydrogels (alginate wound dressings,
hyaluronic acid fillers) exhibit consistent safety and
mechanical predictability, whereas nanocomposite
or smart hydrogels, although highly functional,
face challenges in regulatory standardization and
reproducibility (Table 4).

A critical evaluation of different hydrogel classes
reveals inherent trade-offs among mechanical
strength, biodegradability,

and biological per-

formance, with natural polymers excelling in

biocompatibility but lagging in durability '?.

In contrast, synthetic polymers offer structural
robustness at the expense of bioactivity (Table 5).
Beyond materials science, emerging translational
solutions include Al-guided hydrogel formulation
optimization, organ-on-chip testing for preclin-
ical biocompatibility, and in silico degradation
modeling, which reduce animal use and accelerate
approval. Collaboration among materials scientists,
clinicians, and regulatory agencies is essential to
standardize bench-to-bedside evaluation pipelines
and ensure that hydrogel innovations achieve

clinical and commercial viability 12°.

FUTURE DIRECTIONS

The future of hydrogel research is poised for rapid
expansion, with multiple exciting directions on the
horizon. One promising avenue is the development
of hydrogels that can respond to multiple stimuli
simultaneously. Multi-responsive hydrogels, which
can respond to combinations of physical, chemical,
and biological cues, can provide sophisticated drug
delivery systems that adapt to the dynamic environ-
ments within the body. For instance, such systems
can release drugs in response to temperature and
pH changes within a tumor, offering a dual-action
approach to cancer treatment. Additionally, inte-
grating biosensors into hydrogels could enable real-
time monitoring of drug release and therapeutic ef-
ficacy, leading to personalized and adaptive treat-
ments. The integration of bioinformatics and com-
putational design methods is an exciting develop-
ment. By applying advanced modelling techniques
to predict the behavior of hydrogels in biological
systems, researchers can optimize hydrogel design
before synthesis, accelerating the development of
new materials. Machine learning algorithms can
also help identify novel polymer structures and fab-
rication techniques, thereby streamlining the dis-
covery of hydrogels with specific functionalities. As
our understanding of hydrogel behavior continues
to improve, the potential to create fully autonomous
hydrogel-based systems that dynamically respond
to the body’s needs is increasing, thereby boosting
the overall effectiveness of treatments. The future of
hydrogel research is set for rapid growth, although
many recent innovations remain preclinical or under
regulatory review, with several exciting directions
on the horizon that hold great promise.

CONCLUSION

Matrix-based hydrogels are a highly versatile and
promising class of materials for drug delivery and
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Table 4: Commercially Approved Versus Experimental Hydrogel Systems in Biomedicine

System Application Status Key features/ Standards Ref-
er-
ence
Hyaluronic acid-based dermal Cosmetic/ soft FDA- Injectable, 1SO-10993 tested, o114
fillers (Restylane, Juvederm) tissue repair approved well-established safety
PEG-based hydrogels (TransCon, Sustained drug Phase Il Thermosensitive, depot drug 516
ReGel) delivery (Oncogel) trials release GMP production
Alginate wound dressings Wound healing Commer- Biopolymer-based, ISO-10993 s
(Algisite, Kaltosite) cially compliant, hemostatic
approved
PNIPAAm-based Injectable Experimen- Preclinical, responsive to 119120
thermoresponsive gels scaffolds, drug tal temperature, ISO testing
delivery limited
Nanocomposite hydrogels Load bearing Preclinical Enhance mechanical strength, T
(graphene oxide, nanocellulose scaffolds cartilage regulatory evaluation pending
reinforced) repair
Multi-stimuli responsive smart Targeted cancer Preclinical Precision-medicine oriented, -
hydrogels therapy. /early trials reproducibility challenges
biosensing
Table 5: Critical comparison of mechanical versus biological performance for the main hydrogel classes.
Hydrogel Mechanical Physical Advantages Limitations Refer-
Class Performance Performance ence
Natural Generally low Excellent Biodegradable, Weak mechanics
hydrogels mechanical strength; biocompatibility biocompatible batch variability, ~ '?'%
(Alginate, limited load-bearing and widely available, faster
Chitosan, capacity; tunable by biodegradability; natural ECM degradation
Collagen) ionic/covalent support for cell mimicry
crosslinking adhesion and ECM
mimicry
Synthetic High reproducibility Limited bioactivity Reproducibility, Lack inherent
hydrogels and tunable can be unless controlled bioactivity may (Y
(PEG, PVA, engineered for functionalized; low degradation, require
PNIPAAm) durability and immunogenicity but customizable modification,
stiffness poor cell adhesion properties potential toxicity
of crosslinkers
Hybrid Improved strength Balanced Synergetic effect Complex
hydrogels compared to natural bioactivity; retain combines fabrications, ELEE
(Natural and hydrogels; tailored biocompatibility bioactivity of higher cost,
synthetic) stiffness via while offering natural polymers reproducibility
synthetic structural with strength of challenges
components reinforcement synthetic
Smart/stimuli- ~ Mechanical stability High potential in Controlled and Design
responsive depends on the precision medicine targeted drug complexity EEHES
hydrogels formulation; often can release drugs or delivery, potential
(pH, softer but responsive signals in response responsive tissue instability,
temperature, to physiological engineering limited large
redox triggers applications scale clinical
sensitivity) translation so far
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other biomedical applications. Their ability to re-
tain large amounts of water and provide a soft bio-
compatible matrix for the encapsulation of drugs,
cells, or bioactive agents makes them ideal for a
range of therapeutic applications. With advances
in hydrogel synthesis and functionalization, hydro-
gels are now being developed to respond to spe-
cific environmental triggers, release drugs in a con-
trolled and targeted manner, and adapt to patients
changing needs. These innovations promise to rev-
olutionize drug delivery, tissue engineering, wound
healing, and other medical fields. Although signifi-
cant progress has been made, the future of hydrogel
technology in medicine depends on overcoming key
challenges, such as improving mechanical strength,
reducing production costs, and developing hydro-
gels that can respond more precisely to complex
physiological signals. The ongoing development of
multi-stimuli-responsive hydrogels, combined with
the integration of bioinformatics and personalized
medicine strategies, holds promise for these materi-
als. As hydrogels continue to evolve, they are ex-
pected to play a central role in advancing thera-
peutic strategies and improving patient care. Hy-
drogels are a versatile and rapidly evolving class
of biomaterials with significant potential for sup-
porting next-generation therapeutic and diagnos-
tic platforms. Taken together, the literature shows
that hydrogel performance arises from interactions
between polymer chemistry, network architecture,
and additive components (nanoparticles, peptides,
and drugs) rather than any single material prop-
erty. Dual- or multi-stimuli systems outperform
single-stimuli systems only when the stimuli oper-
ate through complementary, non-redundant mech-
anisms and when network reversibility and degra-
dation kinetics are harmonized with the intended
dosing regimen. Similarly, nanoparticle incorpora-
tion enhances functionality but requires careful op-
timization of size, surface chemistry, and loading to
avoid undesirable immunogenicity or cytotoxicity.
Therefore, moving hydrogel platforms from bench
to bedside requires systematic cross-study compar-
isons, standardized characterization protocols, and
long-term in vivo safety data.

ABBREVIATIONS

3D: Three-dimensional; ADM: Acellular Dermal
Matrix; Al: Artificial Intelligence; Ca**:
ions; CDx: Companion Diagnostic; CFR: Code of
Federal Regulations; CRISPR: Clustered Regularly
Repeats; DNA:

Calcium

Interspaced Short Palindromic

Deoxyribonucleic acid; ECM: Extracellular Ma-
trix; EDC: 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide; EMA: European Medicines
Agency; ETO: Ethylene Oxide; FDA: Food and
Drug Administration; GMP:  Good Manufac-
Practice; GO: Oxide; HA:
Hyaluronic Acid; IPN: Interpenetrating Polymer

turing Graphene
Network; ISO: International Organization for Stan-
dardization; MDR: Multidrug-resistant; mRNA:
Messenger Ribonucleic Acid; PEG: Poly(ethylene
glycol); PMA: Approval; PNIPAAm:
Poly(N-isopropylacrylamide); PVA:
alcohol); RADAT16:
Acid-Alanine 16-mer peptide; RGD: Arginylgly-

Premarket
Poly(vinyl
Arginine-Alanine-Aspartic

cylaspartic  acid; RNA:  Ribonucleic  acid; UV:
Ultraviolet; WOS: Web of Science.
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