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ABSTRACT

The drug delivery systems of hydrogels presented themselves with a very versatile platform by virtue of their capability
for encapsulating therapeutic agents and controlled release. Recent efforts limiting hydrogel-based drug delivery aim at
developing systems more responsive toward a change in external stimuli like pH, temperature, or light for targeted and on-
demand drug release. Recent advances in polymer chemistry have fabricated hydrogels with improved biocompatibility,
mechanical strength, and degradation profiles, thereby yielding a wide range of biomedical applications. Moreover, the
combination of nanotechnology with hydrogels has rendered new opportunities not only for drugs but also for the delivery
of complex drugs such as proteins, peptides, and nucleic acids, which are difficult to administer by traditional drug delivery
methods. These novel systems are being explored also for localized and sustained drug delivery, especially in cancer
therapy and wound healing, and in tissue engineering. The flexibility of the hydrogels for different routes of administration,
namely, injectable formulations and implantable devices, underlines further their potential for application as next-
generation drug delivery vehicles. More ongoing research is done in optimizing the drug loading efficiency, release kinetics,
and targeting capabilities of the hydrogel system, while increasing therapeutic outcomes and limiting side effects. This

review reflects recent trends within hydrogel-based drug delivery but focuses on the role in personalized medicine.
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INTRODUCTION

Hydrogels represent one of the most important
achievements in drug delivery systems due to their elastic
and innovative tool for therapeutic administration.
Hydrogels are three-dimensional networks of hydrophilic
polymers that are capable of absorbing and retaining
significant water volumes.! These characteristics can be
used to provide a peculiar matrix for the encapsulation and
subsequent release of drugs.> The major property of
hydrogels is their ability to swell, maintaining a gel-like
structure capable of supporting a wide range of therapeutic
agents, starting from small molecules and peptides and
finishing with proteins and cells.? This approach provides
not only enhancement of drug stability and bioavailability
but also sustained and controlled release, turning hydrogels
into one of the most promising tools of contemporary
medicine.*

One of the most valuable benefits of using hydrogel-based
drug delivery systems relates to their potential use for
controlled drug release. The use of traditional drug delivery
methods has been associated with fluctuating drug levels
within the bloodstream, which tends to reduce efficacy and
commonly presents various side effects.> On the contrary,
hydrogels can be specifically fabricated for steady,
sustained drug release over an extended time period. This is
achieved through the careful manipulation of the physical
and chemical properties of the hydrogel, including the
density of cross-linking, composition of the polymer, and

functionality.® Given the broad range of hydrogel
classifications in Figure 1 that could help to design hydrogel
which can release drugs at such a rate as to decrease dosing
frequency and thereby increase patient compliance.
Hydrogels play a pivotal role in the field of controlled drug
release, offering a sophisticated platform that addresses the
challenges of traditional drug delivery systems.’
Conventional drug delivery often results in fluctuating drug
levels in the bloodstream, leading to inconsistent
therapeutic effects and an increased likelihood of side
effects.® It considerably improves the therapeutic effect by
maintaining drug levels within a small therapeutic window.
This may be considered important because most drugs have
a small difference between their therapeutic and toxic
doses. Sustained release systems minimize the chances of
drug concentrations falling below minimum effective levels
during treatment, thus preventing suboptimal dosing and
hence possible failures in treatment.” Besides, controlled
release reduces the incidence of side effects related to peak
drug concentrations.!? By avoiding high levels of the drug
that are likely to cause adverse effects, hydrogels make the
treatment much safer and more comfortable for the patients.
Hydrogels can be designed to respond against different
physiological conditions, which makes them highly
variable for certain medical uses. For instance, in
gastrointestinal drug delivery, pH-sensitive hydrogels are
designed to release their payload in response to changes in
the pH value.!! This comes very handy in delivering drugs
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Figure 1: Classification of Hydrogel
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in the gastrointestinal environment, where the hydrogels are
stable in the acidic pH of the stomach and release their
content once it reaches the intestine, where the pH changes
to nearly neutral to slightly alkaline.'”> Accordingly,
temperature-sensitive hydrogels can be engineered to
release drugs upon temperature shift of the body or changes
in environmental temperature.'> This property is of
particular value in applications that demand a critical
thermal regulatory system in the delivery of a drug, mainly
that sensitive to heat, or a biologic. The other important
property of hydrogels upon drug delivery is entirely
biocompatibility with biological systems and complete
biodegradability. Hydrogels native biopolymers include
alginate, collagen, and chitosan.'"* All naturally
biocompatible and degrade into non-toxic by-products. This
makes their application possible in numerous biomedical
fields, such as wound healing, tissue engineering, and cell
therapy. Even though the synthetic hydrogels do not always
fulfill the requirements of biodegradability, by design they
are able to mimic the properties of native tissues through
support applications in regenerative medicine and tissue
repair.!* However, the work of controlled drug release
systems does not end with enhancement of therapeutic
efficacy and safety. Such systems also contribute to
personalized medicine, in which individual patient needs
can be met. Designing hydrogels of specific release profile
and responsiveness to conditions specific to the patient can
help health professionals provide more tailored and
effective therapies.'® This approach contributes not only to
improved outcomes of treatment but also supports the
creation of new therapies for diseases of increased
complexity and chronicity. Hydrogels offer significant
advantages in drug delivery due to their high water content,
biocompatibility, and tunable properties.!” They enable
controlled and sustained drug release, improve therapeutic
efficacy, reduce side effects, and enhance patient
compliance by minimizing dosing frequency, making them
highly versatile for various biomedical applications.'® Some
key advantages are shown in Figure 2.

Applications of Hydrogel

Hydrogels have become a highly versatile and innovative
platform for drug delivery, providing numerous advantages
stemming from their distinct properties, including high
water  content, adjustable = mechanical strength,
biocompatibility, and responsiveness to environmental
stimuli.'® Their application in drug delivery encompasses a
broad spectrum of therapeutic areas, rendering them
essential in the development of advanced treatment
modalities. Some key applications of hydrogel are given
with the help of Figure 3.

Basic Principles of Hydrogel Preparation

Hydrogels are three-dimensional, hydrophilic polymer
networks capable of storing large amounts of water or
biological fluids within their structure.?’ Thus, the ability to
absorb and retain water in their structures, with
maintenance of integrity, places the material in a acquiring
position of high value in several fields such as medicine,
agriculture, and environmental sciences. Hydrogels are
prepared via complex interplays of chemical and physical
processes, which, in turn, would dictate the properties and
functionalities of the final product.?!

Polymerization and Cross-Linking Mechanisms

The principle of forming hydrogels is based on the
polymerization-cross-linking of monomers or polymers.
Polymerization is a process in which small molecules
combine chemically to form long chains or networks called
polymers. Within the preparation of hydrogels, the polymer
network has to be cross-linked in order to get a stable
structure with swelling ability in water without dissolving.??
The method of cross-linking has immense effects on the
mechanical properties, swelling behavior, and degradation
rate of the hydrogel. For example, covalently cross-linked
hydrogels are relatively more stable and less degradable
than physically cross-linked hydrogels, which may show
reversible or temporary network formation.?* The formation
of hydrogels is influenced by several factors that affect their
properties and functionality as summarized in Table 1.24

RECENT ADVANCES IN HDDS
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Figure 3: Applications of hydrogel

The unique characteristic to retain water by their three-
dimensional network has put hydrogels in the lead for drug
delivery purposes for a while. Significant advances in the
technology behind hydrogels have placed them as devices
exhibiting enhanced efficacy, improved versatility, and
higher specificity, leading to breakthroughs in different
therapeutic fields.? To this end, the current review attempts
to outline recent advances in hydrogel-based DDSs and to
highlight reports on the development of smart hydrogels,
novel materials, advanced manufacturing techniques, and
emergent applications.

Smart Hydrogels

Smart or stimuli-responsive hydrogels represent one of the
most interesting fields of investigation in drug delivery.
Such hydrogels react to a given physiological or external
stimulus with controlled and targeted release of therapeutic
agents.?

pH-Responsive Hydrogels: Current studies have focused
on enhancing the functionality of pH-responsive hydrogels
for drug release. Zhu et al., in 2023, developed a pH-
responsive, injectable nonapeptide hydrogel as a local
chemotherapy reservoir for doxorubicin. The hydrogel,
formed through hydrophobic and electrostatic interactions,
demonstrated high drug encapsulation efficiency,
injectability, and sensitivity to acidic conditions. In vivo and
in vitro studies showed enhanced therapeutic effects and
increased doxorubicin accumulation at tumor sites. It
pointed out that this might provide targeted cancer therapy
at reduced systemic adverse effects.?’ pH-responsive

hydrogels, formulated as ternary hydrogel films, were
developed using a polyelectrolyte complex of chitosan,
guar gum, and polyvinyl pyrrolidone cross-linked with
sodium tripolyphosphate. The characterization showed
interactions  between  polymeric  chains, surface
morphology, and thermal stability. Swelling decreased with
higher crosslinker concentration, and ciprofloxacin
hydrochloride release demonstrated the hydrogels' potential
for drug delivery in different pH environments.?®

Temperature-Responsive  Hydrogels: = Temperature-
sensitive hydrogels have great potential for the control of
drug release at body temperature.”’ A thermoresponsive
graft copolymer, combining poly(N-isopropyl acrylamide)
(PNIPAM) side chains and a chitosan (Chit) backbone, was
synthesized via RAFT polymerization. The copolymer
demonstrated dual functionality, with pH-responsive amino
groups and thermoresponsive behavior, as studied through
dynamic light scattering (DLS). Additionally, it was capable
of binding DNA and forming nanosized polyplexes,
suggesting potential for gene delivery applications.>
Manish K. et al reported nanoscale magnetic hydrogels
based on poly(N-isopropylacrylamide) were developed for
theranostic applications, incorporating FesOs magnetic
nanostructures (MNS) with an LCST of ~40°C. The system,
with PEG-functionalized 12 nm MNS (HGMNS-PEG-12),
showed adequate MR relaxivity and enhanced RF-induced
drug release, delivering over twice the doxorubicin
compared to room temperature. This hydrogel system is a
promising candidate for combined therapy and diagnostic
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Figure 2: Advantages of Hydrogel

applications.?’ In a study, an injectable chitosan-carbon
nanotube (CNT) hydrogel was developed for methotrexate
(MTX) delivery in tumor therapy. CNTs were first
incorporated into a hydrogel formed by chitosan and B-GP,
which was then used to load MTX. The hydrogel containing
CNTs showed a reduced MTX release rate compared to the
hydrogel without CNTs.*

Light-responsive hydrogels have received great interest in
drug delivery for the simple irradiation at a certain
wavelength of light may provide a way of drug release.*® In
this regard, Lim S. et al. developed a light-responsive
hydrogel-based system for controlled epidermal growth
factor (EGF) release in wound healing. A photocleavable
linker attached EGF to a hyaluronic acid (HA) hydrogel,
allowing UV light to trigger its release. In vitro and in vivo
experiments showed that this system enhances EGEF's
therapeutic effect on wound healing.>* In another study
PASP-SS hydrogel and ProK-PtNPs were synthesized,
achieving injectability through redox reactions and rapid
sol-to-gel conversion. The photothermal effect of PtNPs
under NIR irradiation enhanced ProK activity, accelerating
hydrogel degradation and controlling drug release.
Cytotoxicity tests showed the carrier materials and drugs
were non-toxic to NIH3T3 cells, while the drug inhibited
MCF7 cell proliferation. This study successfully developed
an injectable, in situ gel-forming drug delivery system with
NIR-controlled degradation for on-demand drug release,
advancing the design of novel controlled drug delivery
systems.>® This study developed a hydrogel with
photoswitchable cross-linkers that allows reversible
stiffness changes upon light irradiation, without affecting

cell behavior. The hydrogel was used to study bone-
marrow-derived mesenchymal stem cells (MSCs), showing
that increased substrate stiffness from blue light exposure
led to characteristic cell spreading and higher aspect ratios.
The hydrogel is noncytotoxic and provides a platform for
studying mechanosignaling in response to dynamic
stiffness changes, offering insights into
mechanotransduction and biological processes like
development, aging, and fibrosis.*®

Novel Materials in Hydrogel Drug Delivery

Novel Materials in Hydrogel Drug Delivery reviews the
development of advanced materials to improve hydrogel-
based drug delivery. Innovations like stimuli-responsive
polymers, nanocomposites, and biohybrid hydrogels
enhance drug release control, biocompatibility, and
targeting. Supramolecular hydrogels offer precise release
through dynamic assembly, while injectable hydrogels
enable localized, minimally invasive treatments.>” These
materials promise more efficient, precise, and convenient
drug delivery solutions.

Biodegradable and biocompatible polymers are of growing
interest in the formulation of hydrogels.3® The addition of
nanoparticles, such as gold, silver, or magnetic particles in
nanocomposite hydrogels, results in a material with even
greater functionality. These may enhance mechanical
strength for the hydrogel, increase drug loading, and even
develop responsiveness to external stimuli-for example,
magnetic fields or light.* The incorporation of magnetic
nanoparticles in hydrogels may be used for directing the
drug-loaded hydrogel through specific sites in the body,
thus enhancing targeting and reducing systemic exposure.*’
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Table 1: Factors influencing the properties and functionality of hydrogels

Factor Description Influence on Hydrogel Formation

Monomer The concentration of monomers or cross-linkers Higher concentration generally leads to

Concentration in the solution. increased gel density and stiffness.

Cross-Linking Substances used to link polymer chains together.  Affects the mechanical strength and stability

Agent of the hydrogel.

Polymer Type The type of polymer used, such as natural (e.g., Influences the hydrogel’s properties, including
alginate, collagen) or synthetic (e.g., biocompatibility and swelling behavior.
polyacrylamide).

Solvent The liquid in which the polymerization occurs, Determines the swelling behavior and gel
often water. formation process.

Temperature The temperature at which polymerization occurs.  Affects the rate of polymerization and the final

hydrogel's properties.

pH Level The acidity or alkalinity of the solution. Influences the solubility of the monomers and

the stability of the hydrogel.

Polymerization ~ The method used to initiate polymerization, such ~ Impacts the rate and uniformity of gel

Method as chemical, thermal, or UV-induced formation.

polymerization.
Ionic Strength

(e.g., alginate).

Degree of The affinity of the polymer for water.
Hydrophilicity

Time The duration of polymerization.

Additives Presence of other substances, such as plasticizers

or surfactants.

The concentration of ions in the solution, often
affecting hydrogels based on ionic interactions

Affects the gelation process and final hydrogel
properties.

Determines how much water the hydrogel can
absorb and retain.

Affects the extent of cross-linking and the
final structure of the hydrogel.

Can modify the hydrogel’s mechanical
properties, swelling, and stability.

Besides, the addition of a nanomaterial can often confer
duality in functionality, and in those cases, hydrogels can
work as therapeutic-diagnostic tools-theranostics.*!
Biohybrid hydrogels result from a simple combination of
synthetic polymers with natural biopolymers such as
chitosan, alginate, or collagen.*? This provides features of
both individual materials. Such hydrogels can simulate the
natural ECM and are hence especially valuable in tissue
engineering and regenerative medicine. While the natural
constituents improve their biocompatibility and cell
proliferation/differentiation, structural stability and tunable
properties are provided by the synthetic constituent.*’

The supramolecular hydrogels self-assemble through non-
covalent interactions and are dynamic in nature owing to
their reversible self-assembly process.** Therefore, this
makes them ideal candidates for the purpose of on-demand
drug release. Hydrogels can also respond to changes in
environmental conditions-for example, changes in pH-or
the presence of certain molecules, through which drugs
could be released at exactly the right time.* Injectable
hydrogels, which are formatted for in situ gelation,
represent a minimally invasive method for drug delivery
directly to the target site. Upon injection, they would form
a gel that could release drugs over a prolonged period of
time.*6

Advanced Fabrication Techniques

Advanced fabrication techniques have turned hydrogels
into extremely functional and precisely engineered
materials, tailored for specific biomedical and industrial
applications. Since the dawn of their history, the excellent
biocompatibility, tunable mechanical properties, and
versatility of hydrogels as a network of hydrophilic

polymers have been appreciated for their capability to hold
large amounts of water.*’ Various fabrication techniques
developed, especially 3D  printing  methods®,
microfluidics®, electrospinning®®, and photolithography?’,
have extended the capabilities of hydrogels toward the
design of complex structures with precisely controlled
physical and chemical properties.

3D printing, otherwise stated as additive manufacturing, has
turned into one of the powerful approaches in hydrogel
fabrication. This technique enables the layer-by-layer
assembly of hydrogels into complex architectures, therefore
allowing the realization of tailor-made shapes and
structures which were hitherto unreachable or highly
difficult to achieve.’> Three-dimensional printing of
hydrogels is eminently useful in tissue engineering, wherein
the biomimicking of complicated geometries of tissues and
organs matters a great deal.>® The precise control of
hydrogel material deposition can fabricate scaffolds that
truly mimic the structure of the extracellular matrix,
encouraging cell growth and tissue regeneration.’* In
addition, this technique also offers 3D printing with
different materials in one structure and enables the
preparation of hydrogels that will be multifunctional,
possessing regionally distinct areas for different biological
functions, including drug delivery, mechanical support, and
bioactive signaling.*

Another most revolutionary advanced technique to change
the face of hydrogel fabrication is microfluidics. This
approach mainly incorporates small-volume fluid handling
within microchannels to generate hydrogels that have very
controlled properties. These hydrogel particles, fibers, and
capsules, prepared by microfluidic fabrication, must be of
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uniform size and shape in drug delivery and cell
encapsulation.>® The outstanding control over fluid flow in
microfluidic devices allows fabricating hydrogels with
gradient properties, in fact, composition, stiffness, or
concentration of bioactive molecules can change in space
within the material. Such hydrogels are a great tool to
explore the cell behavior in artificial conditions of gradients
of tissue oxygen, nutrients, or growth factors.”’” The
technique of electrospinning exploits an electric field to
draw fine fibers out of a polymer solution. This has been
modified into fabricating hydrogel-based nanofibers.
Electrospun hydrogel fibers have a high surface area-to-
volume ratio for such applications that demand rapid drug
release or enhanced cell attachment.® The fibrous
architecture of the electrospun hydrogels also closely
resembles the natural extracellular matrices, hence suiting
them for tissue engineering and wound healing
applications.®® The adjustment in the electrospinning
parameters allows regulation of hydrogel fibers in diameter
and alignment, hence the mechanical properties and
degradation rates in the resulting material.®!
Photolithography has now adapted to the wide use from the
semiconductor industry for the precise patterning of
hydrogels. The process selectively cross-links or degrades
regions of a hydrogel precursor with the use of light,
yielding well-defined micro-structures.®? Photolithography
allows for complex shapes and patterns in hydrogels at the
microscale, which proves highly instrumental in several
applications, such as microfluidic devices, biosensors, and
cell culture platforms.®® High-resolution patterning of
hydrogels opens the route to microenvironments able to
direct cell behavior and for performing studies on cell-
material interactions, thus opening the way toward
advanced biomedical devices.*

Emerging Applications

In this regard, the versatility of the drug delivery systems
has made hydrogels applied in a wide range of medical and
therapeutic fields. Recent advancements increase these
applications in various ways by solving complicated
medical challenges with novelty.

In biomedicine, hydrogels are being used in the
development of novel drug delivery systems and tissue
engineering. Due to the encapsulation properties of
hydrogels, many avenues have opened up in targeted drug
delivery systems.% Hydrogels can be engineered to respond
against physiological conditions, pH, or temperature-
specific for releasing drugs at a specific site to reduce side
effects and enhance the therapeutic action of drugs.®
Hydrogels are also being used in developing scaffolds that
are applied in tissue engineering. Most of these scaffolds are
said to successfully mimic tissues' extracellular matrices.®’
This is due to the fact that they provide an appropriate
environment for the growth and differentiation of cells. This
has been considered relevant in the regeneration of
damaged tissues or organs.®® Injectable scaffolds in
hydrogel form are also being researched for minimally
invasive surgery; they may be delivered in a liquid state at
the site of the injury and then allowed to solidify in situ,
thus offering new prospects for wound healing and
regenerative medicine.®

Hydrogels are being investigated for various applications in
the field of environmental engineering, including water
purification and environmental remediation.”’ Given the
high absorbing capacity of water and the possibility of their
functionalization with specific chemical groups, they can
work effectively as adsorbents in water purification from
pollutants.”! Additionally, hydrogels can be designed to trap
heavy metals, dyes, and contaminants of that sort, hence
making them useful in solving water pollution.”” In
addition, environmentally responsive smart hydrogels,
responding to environmental stimuli like a change in
temperature or pH, will be elaborated on for controlled
release or adsorption of substances to further raise the
effectiveness of different environmental remediation
processes.”> Moreover, hydrogels are under research as
conditioners for agricultural soil. It can enhance water
retention in soil to reduce frequency of irrigation, hence
improving growth and development in places with low
availability of water.”* This application is particularly
relevant in the context of global climate change, where
water scarcity and desertification are becoming
increasingly prevalent.

The potential of hydrogels is also being recognized in the
fields of robotic and wearable devices.” Hydrogels can be
prepared so that their mechanical properties resemble those
of biological tissues; hence, they are ideal for soft robotics
applications in actuators and sensors.”® These soft robots,
sometimes referred to as biohybrids, are capable of
performing delicate tasks-lifting fragile objects, interacting
with humans-Impossible with more traditional rigid
robots.”” Furthermore, the flexibility and stretchability of
hydrogels enable the development of wearable devices to
monitor physiological signals, such as heart rate or glucose
levels in real time.”® These hydrogel-based wearables offer
a friendly interface to the human body, for which integration
in more integrated and less-invasive health monitoring
systems is foreseen.”

FUTURE PERSPECTIVES

Hydrogel drug delivery systems are set for transformative
advancements, with innovations in stimuli-responsive
technologies, personalized medicine, and nanotechnology.
Future hydrogels could be engineered to respond to a wide
range of biological and external stimuli, making them
highly targeted and precise in drug release. Personalized
hydrogels, informed by genomics, will be tailored to
individual patients' genetic profiles, optimizing therapeutic
outcomes. Nanotechnology will enhance hydrogels through
hybrid systems with multifunctional nanoparticles,
improving drug loading and targeting. The future will also
focus on sustainability with degradable, renewable
hydrogels and real-time monitoring systems for dynamic
drug delivery adjustments, expanding their use in gene
therapy, regenerative medicine, and hybrid therapies.

CONCLUSION

In that respect, hydrogel drug delivery systems represent
one of the marvels in modern drug delivery and continue to
promise boldly for the any overcome of drawbacks
associated with conventional drug therapies. The current
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review has discussed the recent trends and developments
concerning hydrogel drug delivery systems, emphasizing
how they have transformed therapeutic modalities and
augmented patient outcomes. Hydrogels have received
significant interest due to their distinct properties, which
include a high water content, excellent biocompatibility,
and controlled encapsulation and release of active
therapeutic agents. Recent progress has widened their
application from mere conventional uses to encompassing
high-tech specialized techniques, including stimuli-
responsive mechanisms, personalized medicine, and even
nanotechnology.
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