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ABSTRACT:

Hydrogels are three-dimensional, hydrophilic polymer networks capable of absorbing and retaining
significant amounts of water while maintaining structural integrity. Due to their excellent
biocompatibility, tunable mechanical properties, biodegradability, and ability to serve as carriers for
therapeutic agents, hydrogels have gained immense attention in biomedical sciences, including dentistry.
In recent years, hydrogels have emerged as promising materials for drug delivery, wound healing, tissue
engineering, bone regeneration, and regenerative endodontics. Their ability to mimic the natural
extracellular matrix makes them ideal scaffolds for periodontal, pulpal, and osseous regeneration.
Furthermore, advancements in smart hydrogels—such as thermo-responsive, pH-responsive, and photo-
crosslinked systems—have expanded their potential in targeted and sustained drug release, implant
integration, and minimally invasive treatments.

This comprehensive review discusses the fundamental properties of hydrogels, their classifications, and
their diverse clinical applications in dentistry. It also highlights recent technological advancements,
current limitations, and future research directions aimed at enhancing their functionality, mechanical
strength, and translational potential in clinical dental practice.
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INTRODUCTION:

Hydrogels are polymeric materials that exhibit
the ability to absorb large amounts of water while
maintaining their structural integrity. Due to their
unique properties, such as biocompatibility, high water
content, flexibility, and ease of modification, hydrogels
have become a topic of great interest in various fields of
biomedical research. One such area where hydrogels
have found significant applications is in the field of
dentistry. Hydrogels have shown potential in several
aspects of dental treatments, ranging from drug
delivery systems and wound healing to tissue
engineering. Owing to their extracellular matrix-like
structure, hydrogels provide a favorable scaffold
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platform for tissue-engineering strategies targeting
dental pulp, periodontal repair, and bone regeneration
i

In this extensive review, we will explore the
various applications of hydrogels in dentistry,
examining their roles, advantages, limitations, and
future prospects. We will also discuss the latest
research and developments in hydrogel technology and
how they are transforming the field of dentistry.

Properties of Hydrogels:

Before diving into their applications, it is
essential to understand the basic properties of
hydrogels that make them ideal candidates for use in
dentistry.
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Water Absorption: Hydrogels are capable of absorbing
large amounts of water (up to 90% of their
weight),giving them a unique ability to maintain
moisture in biological tissues. This property is
especially valuable in dental treatments, where
hydration is crucial for preventing tissue dryness and
promoting healing."”

Biocompatibility: Hydrogels are generally non-toxic
and compatible with human tissues,"” making them
suitable for use in the body. In dentistry, this means
hydrogels can be safely used in applications such as
wound healing and tissue regeneration without causing
adverse reactions.

Owing to their high biocompatibility,
hydrogels have gained significant attention as carriers
for drug-delivery applications.

Flexibility and Elasticity: Hydrogels can be
engineered to possess varying degrees of flexibility and
elasticity, allowing them to mimic the mechanical
properties ofnatural tissues."’ This is beneficial in
dental applications where materials need to adapt to
dynamic forces such as chewing or movement.

Controlled Release: Many hydrogels can be designed
to release active substances, such as drugs or growth
factors, in a controlled manner."’ This property has
significant implications in drug delivery systems,
where it allows for the sustained release of therapeutic
agents over an extended period.

Porosity: Hydrogels can be engineered to have a
porous structure, enabling the exchange of nutrients,
gases, and other essential components. This property is
critical for applications in tissue engineering, where
cell growth and regeneration are essential.

Applications of Hydrogels in Dentistry:

Hydrogels have a wide range of applications in
modern dentistry, providing solutions for both
restorative and therapeutic purposes. Some of the most
notable applications include:

Drug Delivery Systems: Akey application of hydrogels
in dentistry is their role as drug-delivery vehicles. They
enable targeted release of agents like antibiotics, anti-
inflammatory drugs, and growth factors to specific oral
sites, thereby improving treatment outcomes and
limiting systemic exposure.

Periodontal Therapy: Periodontal diseases, such as
gingivitis and periodontitis, are caused by bacterial

infections in the gums and supporting structures of the
teeth. Traditional methods of treating these conditions
include scaling and root planing, but hydrogels can be
used to deliver antibiotics or antimicrobial agents
directly to the affected area. The hydrogel matrix
ensures that the drug is released gradually over time,
leading to prolonged therapeutic effects."”’

By delivering medications directly into the
periodontal pockets, hydrogels support tissue repair
and effectively reduce inflammatory responses.

Post-Surgical Drug Delivery:

Postoperative discomfort and inflammation are
frequent after dental surgeries like extractions and
implant placement. Hydrogels can provide localized
delivery of analgesics and anti-inflammatory drugs,
promoting faster recovery and greater patient comfort.
Sustained drug release additionally reduces dosing
frequency and supports better compliance.”

Wound healing: Hydrogels can be used to promote
wound healing in the oral cavity, including wounds
caused by surgery, trauma, or disease.””

Oral surgery: Hydrogels can be used to promote
healing and reduce bleeding after oral surgery.™”

Pulp capping: Hydrogels can be used as a pulp capping
material, promoting the growth of new tissue and
reducing the risk of pulp necrosis."

Cavity Protection and Fluoride Release: Hydrogel
matrices enable controlled fluoride delivery to high-
risk tooth areas, providing sustained ion release that
supports remineralization and reduces caries
development.”

Wound Healing and Tissue Regeneration:

Hydrogels have proven to be highly effective
in promoting wound healing and tissue regeneration,
particularly in oral soft tissues. The moist environment
provided by hydrogels supports cell migration and
tissue regeneration, facilitating the healing process
after dental procedures.

Local drug delivery of active drugs has been
utilized as an effective strategy to address the

inflammation and promote tissue repair."”

Soft Tissue Wound Healing: Following dental
surgeries or injuries to the soft tissues of the mouth,
hydrogels can be applied to the wound site to promote
healing. The hydrogel provides a moist environment
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that prevents desiccation and accelerates tissue repair.
Additionally, hydrogels can be loaded with growth
factors or cytokines to further enhance healing.”

Regeneration of Oral Mucosa:

Hydrogels play an important role in repairing
injured oral mucosa by serving as scaffolds for cell
growth and tissue regeneration.”” There benefits are
especially evident in oral mucositis associated with
cancer therapies, where they help reduce pain and
promote healing.

Hydrogel wound dressing can play a vital role
in wound healing by protecting the wound from
contamination and trauma and creating an optimal
environment to support endogenous cell growth and
promote wound closure.” Due to their high —water
content and similarity to biological soft tissues ,
hydrogels can be seamlessly integrated into human
biological environment."’

Tissue Engineering and Bone Regeneration:

Addressing inflammation while promoting
periodontal tissue regeneration is crucial for inhibiting
alveolar bone resorption. A thermo-responsive
chitosan-based injectable hydrogel containing CS, -
sodium glycerophosphate (3-GP), and gelatin has
shown promise in achieving these objectives."

In addition to soft tissue regeneration,
hydrogels are being explored for their potential in bone
regeneration, a critical area in dental implantology."”

Periodontal Ligament Regeneration: The periodontal
ligament (PDL) is a crucial tissue that connects the
tooth root to the surrounding bone.."”

Dental implantology: Hydrogels can be used to
enhance the integration of dental implants, promoting
bone growth and reducing the risk of implant failure ."”

By means of the injectable chitosan hydrogels
with physio- chemical properties, CS- based delivery
system can be employed as reliable vehicle to release
the encapsulated active drugs (statins, doxycycline,
antibiotics and antiseptics) at the disease site with
periodontal pockets.""

The release profile of hydrogels can be tailored
to ensure targeted and sustained delivery of antibiotics,
growth factors, and other therapeutic molecules based
on clinical demands.""

Simultaneous anti-inflammation and
periodontium regeneration is vital for terminating the
alveolar bone resorption.A thermo-responsive CS-
based injectable hydrogel with the main components of
CS, B-sodium glycerophosphate (B-GP) and gelatin."

After tailoring the continuous release
behaviour of aspirin (ASP) and erythropoietin (EPO),
CS/B-GP/gelatin@ASP/EPO scaffolds exerted
pharmacological roles of anti-inflammation and
periodontium regeneration, indicating the suitable
candidate for dental treatment in the clinical fields.”’ A
thermo-sensitive bone morphogenetic protein-7
(BMP-7) and ornidazole (ORN)-encapsulated CS/p-
GP composite hydrogel. The BMP-7 and ORN
molecules could be stably and sustainably released
from the hydrogels, displaying the significantly
antimicrobial activity and improved osteoclasts ability
than that of control groups. The results indicated that
CS/B-GP hydrogels with the controllable delivery of
BMP-7 and ORN were valuable and promising for the
periodontal therapy."”

Bone Regeneration in implantology:

Dental implant therapy often requires bone
grafting to strengthen the implant site. Hydrogels act as
supportive scaffolds for osteoblast growth” and new
bone development. When enhanced with
osteoinductive molecules like BMPs, they significantly
improve bone regeneration outcomes."” When this
ligament is damaged due to diseases or trauma, it can
lead to tooth mobility and loss. Hydrogels can be used
to support the regeneration of the PDL by providing a
three-dimensional scaffold that promotes cell
attachment and growth. Hydrogels can be used as
scaffolds for bone tissue engineering, providing a
s[;[rlgcture for cells to grow and form new bone tissue.
(1) They are soft and rubbery, which reduces the

inflammatory response in the tissues and cells
surrounding them."”

(2) Their porous structures are similar to the ECM,
facilitating cell adhesion and proliferation.”

(3) They have controlled degradability with rapid
growth of the mandible, which eliminates the need
for a second excisional procedure.”

(4) They are ideal for delivering bioactive factors,
antimicrobial agents, and nanoparticles to enhance
therapeutic effects such as osteogenesis,
angiogenesis, and anti-infection.""

(5) Their injectable nature allows for minimally
invasive surgery to meet aesthetic restoration goals
of facial features."”

(6)They can increase structural stability and
mechanical strength through various methods."”

Dental Fillings and Restorative Dentistry:
Hydrogels are also being explored as potential
materials for dental fillings and restorations. Due to
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their flexibility, biocompatibility, and ability to form
strong bonds with tooth structures, hydrogels could
offer an alternative to traditional dental materials like
composite resins and amalgams.

Bioactive Fillings: Bioactive hydrogels can be
designed to release bioactive molecules, such as
calcium and phosphate ions, to promote
remineralization and prevent further decay. These
hydrogels can be used as dental fillings that not only
restore the function of a decayed tooth but also help to
remineralize the tooth structure over time."”

The fundamental components of hydrogels
determine the properties and function of the material.
Additionally, hydrogels can encapsulate bioactive
substances to provide the hydrogels with antibacteria,
anti-inflammatory, osteogenetic, and
osteoimmunology capabilities and improve the
regenerative effect of periodontal tissue as needed."”’

Advantages of Hydrogels in Dentistry:
Enhanced Healing: By preserving moisture at the
wound site, hydrogels enhance the healing process and
serve as effective materials for post-surgical
management.[4’5]

Localized Drug Delivery: The ability of hydrogels to
deliver drugs locally and in a controlled manner
enhances the effectiveness of treatments while
minimizing systemic side effects.”

Customization:

These materials can be tailored to release
selected drugs”™'" including antibiotics and growth
factors, in a controlled manner based on clinical needs.
Biocompatibility: Hydrogels are generally
biocompatible, reducing the risk of adverse reactions
when used in dental applications."’

Tissue engineering: Hydrogels can be used as a
scaffold for tissue engineering, promoting the growth
of new tissue and enhancing wound healing."”’
Antimicrobial properties: Some hydrogels have
antimicrobial properties, which can help prevent
infection and promote healing."”

Enhanced patient comfort. Hydrogels can provide a
comfortable and protective barrier for wounds,
reducing patient discomfort and pain."”

Challenges and Limitations:

While hydrogels offer numerous advantages,
there are some challenges and limitations to their use in
dentistry.

Mechanical Strength: Hydrogels, in their natural
form, may lack the mechanical strength required for

certain dental applications, such as filling cavities or
supporting implants. Research is ongoing to improve
the mechanical properties of hydrogel for such
applications.”

Degradation Rate: The degradation rate of hydrogels
may not always align with the time required for
therapeutic effects. This can result in premature loss of
function or insufficient healing. Researchers are
working to develop hydrogels with tunable degradation
rates to address this issue.

In dentistry, hydrogel degradation rates vary
significantly depending on the hydrogel composition
and intended application, ranging from rapid
degradation within days to slower degradation over
weeks or months. Factors like crosslinking density,
polymer type, and the presence of degradable groups
influence the degradation process."”

Factors Influencing Hydrogel Degradation
Rate in Dentistry:

Crosslinking Density: Higher crosslinking density
generally leads to slower degradation as it increases the
hydrogel's stability.

Polymer Type: Different polymers degrade at different
rates. For example, some natural polymers like
hyaluronic acid (HA) can be designed to degrade
quickly, while others like collagen degrade more
slowly.

Degradable Groups: Incorporating degradable groups
(e.g., ester bonds) into the polymer backbone or
crosslinking agents can facilitate enzymatic or
hydrolytic degradation.

Enzymatic Degradation: Certain enzymes, like
hyaluronidase, can degrade specific hydrogel
components, impacting degradation rate.

Swelling Behaviour: The swelling properties of a
hydrogel can influence its degradation rate, as swelling
can expose more surface area to degradation
mechanisms.

Mechanical Properties: Hydrogels with poor
mechanical properties may degrade faster due to
increased susceptibility to mechanical stress and
degradation.

Examples of Hydrogel Degradation Time scales
in Dentistry:

Hydrolytic Degradation: The breakdown of chemical
bonds in the hydrogel polymer chains due to water
molecules.

Enzymatic Degradation: Degradation mediated by
enzymes, such as hyaluronidase or collagenase, which
cleave specific bonds in the hydrogel.

Solubilization: The hydrogel material dissolving into
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the surrounding medium due to the breakdown of its
structure.

Obtaining regulatory approval for new
hydrogel-based dental products can be a time-
consuming and costly process.

Cost and Scalability: The production of hydrogels,
especially those that are customized for specific dental
applications, can be costly. Moreover, scaling up
production for widespread use in clinical settings
remains a challenge.

Although hydrogels are promising for dental
uses like regeneration and drug delivery, their
affordability and scalability are influenced by the
material type and fabrication process. Natural
hydrogels often pose more scalability limitations than
synthetic variants.

Cost Considerations:

Raw Material Costs: The cost of hydrogel materials
varies significantly. Natural hydrogels, like alginate or
collagen, can be more expensive due to their sourcing
and extraction processes, while synthetic hydrogels,
like polyacrylamide, might be more cost-effective.
Manufacturing Processes: The complexity of the
hydrogel synthesis and processing method influences
the overall cost. Chemical crosslinking can be more
expensive and time-consuming than physical
crosslinking.

Scale of Production: The cost per unit can decrease
with increased production volume, but the initial
investment for establishing large-scale manufacturing
facilities can be substantial.

Scalability Challenges:

Hydrogel Type: Natural hydrogels, while
biocompatible, might present challenges in large-scale
production due to inconsistent raw material availability
and purity."”

Manufacturing Techniques: The scalability of
hydrogel production depends on the chosen method.
Some techniques, like 3D printing or in-situ gelation,
might be more scalable than others.

Quality Control:

Maintaining consistent quality and properties
across large batches of hydrogels can be a challenge,
requiring robust quality control measures.
Regulatory Hurdles:

Obtaining regulatory approval for new hydrogel-based
dental products can be a time-consuming and costly

process."*"”

Future Directions:

As research into hydrogels continues, new
developments are expected to overcome current
challenges and open up further possibilities for their use
in dentistry.

Recent advances in hydrogel technology have
expanded their potential applications in the prevention
and management of dental caries. Functional hydrogels
with antimicrobial, remineralizing, and regenerative
properties represent a promising area of future research.

Some promising areas of future research
include:

Smart Hydrogels: The development of "smart"
hydrogels that respond to environmental stimuli (such
as pH or temperature) could lead to more dynamic and
effective drug delivery systems in dentistry."”
Hydrogels Composites: Combining hydrogels with
other materials, such as ceramics or nanomaterials,
could enhance their mechanical properties and make
them more suitable for load-bearing applications."
Regenerative Therapies: Hydrogels loaded with stem
cells or growth factors could be used to regenerate
damaged tissues and even teeth, offering exciting
possibilities for the future of restorative dentistry."”

CONCLUSION::

Hydrogels have emerged as highly valuable
materials in dentistry due to their distinctive properties,
making them ideal for diverse applications such as drug
delivery, wound healing, tissue engineering and bone
regeneration. Although certain challenges persist,
ongoing research into hydrogel technology offers
significant potential to enhance dental treatments and
patient outcomes. With continued progress in material
science and bioengineering, hydrogels are poised to
play an increasingly pivotal role in the future of dental
care.
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