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Smart and Bioactive Hydrogels in
Dentistry: Emerging Regenerative
Applications

Dis Hekimliginde Akilli ve
Biyoaktif Hidrojeller:
Yeni Rejeneratif Uygulamalar

ABSTRACT

Smart and bioactive hydrogels offer significant potential for regenerative applica-
tions in dentistry. Their biocompatibility, capacity to carry bioactive agents, and
function as tissue engineering scaffolds are opening new horizons in oral tissue re-
generation. They provide advanced solutions for a variety of dental problems such
as periodontal disease, endodontic lesions, and bone defects. With ongoing research
and technological advancements, smart and bioactive hydrogels represent future
options for improving dental practice and providing better treatment outcomes at
affordable prices. This review examines the re-creation and stored records of smart
and bioactive hydrogels in dentistry. It highlights the transformative potential of
hydrogels in oral tissue engineering in the face of the limitations of traditional treat-
ment methods. In particular, recent research and advancements discuss how these
advanced biomaterials are shaping, or will shape, dental practice.
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Akallt ve biyoaktif hidrojeller, dis hekimliginde rejeneratif uygulamalar igin biiyiik
bir potansiyel sunmaktadir. Biyouyumluluklari, biyoaktif ajanlari tasima yetenekleri
ve doku miihendisligi iskeleleri olarak islev gérmeleri, oral doku rejenerasyonun-
da yeni ufuklar agmaktadir. Periodontal hastaliklar, endodontik lezyonlar ve kemik
defektleri gibi ¢esitli dis hekimligi sorunlarina yonelik yenilik¢i ¢oziimler sunmak-
tadirlar. Devam eden arastirmalar ve teknolojik gelismelerle birlikte, akilli ve bi-
yoaktif hidrojellerin gelecekte dis hekimligi pratigini doniistiirmesi ve hastalar i¢in
daha iyi tedavi sonuglart saglamasi beklenmektedir. Bu derlemede, dis hekimliginde
akilli ve biyoaktif hidrojellerin rejeneratif uygulamalarini derinlemesine inceleme-
ktedir. Geleneksel tedavi yontemlerinin smurliliklart karsisinda, hidrojellerin oral
doku miihendisligindeki déniistiiriicii potansiyeli vurgulanmaktadir. Ozellikle son
yillardaki giincel aragtirmalar ve ilerlemeler, bu yenilik¢i biyomateryallerin dis hek-
imligi pratigini nasil sekillendirdigi veya sekillendireceginden bahsedilmektedir.

Anahtar Sozciikler
Hidrojeller, Rejeneratif, Biyotip
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INTRODUCTION

Hydrogels are three-dimensional polymer networks ca-
pable of absorbing vast quantities of biological fluids or
water. In the field of biomedicine, they have evolved into
materials that are versatile, especially in dentistry (1).
Their unique properties, such as biocompatibility, ad-
justable mechanical properties, and the ability to respond
to different stimuli, make them indispensable for a wide
range of dental applications, from targeted drug delivery
and tissue regeneration to faster wound healing. Hydrogels
are suitable for regenerative endodontics and periodontics
because they can replicate the natural extracellular matrix
(ECM). They provide crucial requirements for tissue de-
velopment, including regulated biodegradability and vis-
coelasticity (2,3). Long-term stability in the aqueous oral
environment is further guaranteed by their exceptional hy-
drophilicity, which is crucial for sustained performance (2).

The oral cavity environment hinders drug delivery be-
cause of the way chemicals and physical interactions ope-
rate. By acting as supporting carriers for various bioac-
tive substances and cells, hydrogels effectively overcome
these challenges (4,5). The porous structure of hydrogels
facilitates metabolic waste removal disposal and nutrient
delivery, both of which are essential for cellular viability
and proliferation in tissue engineering applications (3,6).
Innovative antibacterial hydrogels provide a promising
approach for addressing dental tissue infections, which
often result in significant discomfort and tooth loss, by
mimicking the original extracellular matrix of soft tissues
(7). The creation of multifunctional hydrogels is essential
for addressing infections, reducing inflammation, and al-
leviating oxidative stress, therefore enhancing dental re-
generation methods (3).

This paper seeks to underscore the expanding potential of
smart hydrogels (SHs) in the treatment of diverse oral pa-
thologies. This review aims to highlight their developing
functionalities as responsive, bioactive platforms in end-
odontics, periodontal regeneration, and oral and maxillo-
facial tissue reconstruction, emphasizing their translation-
al significance in modern dental medicine.

SHs in Periodontology

Periodontal disease is a highly prevalent chronic inflam-
matory condition affecting a significant proportion of the
global population and remains one of the leading causes
of tooth loss in adults. Its treatment primarily consists of
professional supragingival debridement to remove cal-
culus and plaque deposits during the first treatment visit,
along with behavioral changes related to the patient, es-
pecially the improvement of oral hygiene habits. The sec-
ond therapeutic step consists of scaling and root planning,
especially in the presence of subgingival calculus and
periodontal pockets exceeding 4 mm in probing depth.
Despite adequate plaque control and the removal of local
contributing factors, certain sites may continue to exhibit
residual periodontal pockets greater than 4 mm, associated
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with bleeding on probing. These pockets can also be asso-
ciated with vertical intrabony defects characterized by 1-,
2-, or 3-wall bony configurations. In such situations, re-
generative surgical therapy may be considered. As a result
of their hydrophilic nature and ability to act as carriers for
a variety of bioactive agents, hydrogels offer a promising
adjunctive option in the regenerative management of these
defects. Additionally, their injectability makes them easy
to apply. In order to improve their stability and extended
therapeutic action within the defect site, advanced formu-
lations can be designed to undergo polymerization in res-
ponse to thermal stimuli or ultraviolet light.

A thermo-reversible polyisocyanopeptide-based hydrogel,
augmented with doxycycline and lipoxin A4, exhibited
considerable therapeutic efficacy in an experimental peri-
odontitis model including 41 Beagle dogs. The local app-
lication of this injectable hydrogel significantly reduced
subgingival bacterial load, accompanied by a significant
decrease in pro-inflammatory interleukin-8 levels. These
findings highlight the dual antimicrobial and immuno-
modulatory effects of this material, supporting its poten-
tial role as an adjunctive therapeutic strategy in periodon-
tal regenerative approaches (8).

In a murine model, PiezoGEL, another novel formulation
based on gelatin methacryloyl (GeIMA) combined with
biocompatible piezoelectric barium titanate fillers, has
shown encouraging outcomes both in vitro and in vivo.
With the addition of piezoelectric fillers, hydrogels can
produce localized electrical charges in response to bio-
mechanical forces like mastication. By upregulating im-
portant osteogenic markers like RUNX2, COL1A1, and
ALP, this property enhances bone marrow stem cell via-
bility and promotes osteogenic differentiation while also
significantly reducing pathogenic biofilm biomass. In vivo
data demonstrated that PiezoGEL considerably enhanced
bone tissue regeneration and decreased periodontal inf-
lammation as compared to control groups, underscoring
its promise as a versatile electroactive platform for perio-
dontal regenerative therapy (9).

SHs in Endodontics

A naturally occurring cationic polysaccharide, chitosan is
well-known for its cost-effectiveness, biocompatibility,
and biodegradability. It can be mixed with the non-tox-
ic anionic substance B-glycerophosphate (B-GP) to form
an injectable thermosensitive hydrogel via electrostatic
interactions at physiological temperature. In order to as-
sist conventional periodontal therapies and encourage tis-
sue repair, Ma et al. (10) created a delivery system that
regulates the release of antioxidants and antimicrobial
peptides. In vitro tests demonstrated the hydrogel's ease
of production, biocompatibility, and potent antibacterial,
anti-inflammatory, and antioxidant qualities. The hydro-
gel demonstrated the potential of thermosensitive chitosan
hydrogels as flexible platforms for combined antimicrobial
and host-modulatory approaches in periodontal regenera-
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tion by successfully reducing alveolar bone loss and sig-
nificantly reducing local inflammation in a rat periodonti-
tis model.

As previously mentioned, hydrogels show great potential
in the management of periodontal, however, their clini-
cal applicability extends far beyond periodontal therapy.
They are increasingly being explored as potential alter-
natives to conventional root canal treatment, as hydrogels
are considered promising scaffolds capable of triggering
dental pulp regeneration in devitalized human teeth. /n vi-
tro cellular studies have shown that the incorporation and
controlled delivery of exosomes significantly enhance the
regenerative capacity of hydrogels, promoting both odon-
togenesis and angiogenesis. In a study that examined a
thermosensitive hydrogel based on hydroxypropyl chitin
and chitin whisker, it was demonstrated that in vivo animal
trials had already produced newly created pulp-like tissues
within implanted tooth root models. These results support
the importance of hydrogel-based platforms as multifunc-
tional biomaterials that can orchestrate complicated tissue
regeneration processes, suggesting their translational po-
tential in regenerative endodontics (11).

These findings have led to additional advancements in
hydrogel-based endodontic treatments, which reinforce
their capacity for regeneration. Using a Schiff base reac-
tion between carboxymethyl chitosan and polyethylene
glycol aldehyde (OHC-PEG-CHO) to create a complex
system, an injectable hydrogel containing modified triple
antibiotic drugs (mTAD) has demonstrated encouraging
outcomes. In addition to enabling localized and sustained
antimicrobial release, this system created an environment
that was conducive to tissue regeneration. The outcome of
the experiment demonstrated that mTCP hydrogel signifi-
cantly promoted the ongoing growth of roots and aided in
the healing of periapical tissue. All these findings suggest
that these innovative, medication-loaded injectable hy-
drogels could be used as a minimally invasive method of
regenerative endodontic therapy and root canal disinfection

(12).

Enterococcus faecalis is a well-recognized pathogen fre-
quently associated with persistent root canal infections
and endodontic treatment failure (13). These are due to
their remarkable resistance to conventional irrigants and
intracanal medicaments (14). The inhibitory effect of cal-
cium hydroxide is often limited because of the complex
root canal anatomy, where complete penetration is diffi-
cult to achieve. Its use has been associated with undesi-
rable side effects, including postoperative discomfort and
potential weakening of the dentinal structure over time.
The development of novel intracanal therapeutic strate-
gies capable of effectively suppressing bacterial growth
and improving the clinical success rate of pulpitis treat-
ment remains of paramount importance. To reduce these
pathogens' activity, antimicrobial agents should be taken
into consideration. While chlorhexidine works against
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bacteria by changing the permeability of the bacterial
cytoplasmic membrane, which causes cell lysis and intra-
cellular component leakage, metronidazole has shown an-
timicrobial activity against anaerobic pathogens, such as
Enterococcus faecalis. In one study, an in vitro evaluation
of a UV-responsive hydrogel loaded with either metroni-
dazole or chlorhexidine shown significant inhibitory ef-
fects against recognized endodontic pathogens. These re-
sults highlight the promise of intelligent, photoresponsive
hydrogels as innovative intracanal drug delivery devices
in endodontic therapy (15).

SHs in Oral and Maxillofacial Surgery

In modern dentistry, alveolar bone regeneration and pre-
vention of subsequent ridge resorption continue to be ma-
jor obstacles, especially in aesthetically demanding areas.
Biocompatible and biodegradable biomaterials with osteo-
conductive and osteoinductive qualities are necessary for
effective bone regenerating techniques. Crucially, these
materials should mimic important structural and func-
tional characteristics of the extracellular matrix of natural
bone, promoting the recruitment, adhesion, proliferation,
and differentiation of stem cells to facilitate the new bone
formation. The good cytocompatibility, large loading ca-
pacity for bioactive chemicals, and versatile mechanical
properties of injectable hydrogels have made them appeal-
ing platforms in bone tissue engineering. These systems
can further improve their regenerative performance when
paired with nano-hydroxyapatite, a bioceramic that close-
ly resembles the mineral phase of human bone. Nano-hy-
droxyapatite is the main inorganic component of bone
extracellular matrix and reflects the crystalline structure
and chemical makeup of skeletal tissue. To help preserve
the alveolar ridge after tooth extraction, composite scaf-
folds that combine inorganic hydroxyapatite particles with
organic hydrogel matrices like hyaluronan and chitosan-
known as hydrogel-hydroxyapatite systems- have been
proposed. Hydrogels' inherent porous structure makes it
easier for endogenous stem cells to migrate into the defect
site and adapt to irregular post-extraction bone cavities.
Additionally, the mineral phase and the hydrogel network
work in concert to produce a favorable microenvironment
that encourages osteoconduction and osteoinduction,
which improves in vivo bone regeneration (16).

High-performance polymer polyetheretherketone (PEEK)
has drawn more interest as a metal-free titanium substi-
tute in implant dentistry. It is biocompatible and has good
mechanical qualities. Researchers have added PEEK to
injectable hydrogel systems made of silk fibroin (SF) and
aldehyde-modified cellulose nanocrystals (ADCNCs) to
increase its regeneration capacity. These composite hy-
drogels combine the structural stability of PEEK with the
bioactive and adaptable characteristics of the polymeric
matrix. PEEK-integrated ADCNCs/SF hydrogels may
promote bone regeneration in craniofacial defects, espe-
cially in peri-implant areas where implant stability is jeo-
pardized by bone loss, according to preclinical research.



Such injectable systems offer a promising approach to
boosting peri-implant bone regeneration and enhancing
long-term implant success by offering a supportive scaf-
fold and a favorable microenvironment for cellular infil-
tration and osteogenic activity (17).

Despite the encouraging outcomes that have been reported
so far, it is important to point out several significant limi-
tations. Most of the existing evidence related to hydro-
gel-based therapies in dentistry has been obtained using in
vitro studies and in vivo animal models. While these studies
are certainly useful for gaining a deeper understanding of
the mechanisms and proof-of-concept, they cannot fully
reflect the biological complexity, microbiological diver-
sity, and mechanical forces that are present in the human
oral environment. Future studies should aim to provide
a more detailed examination of individual hydrogel sys-
tems rather than attempting to broadly assess a variety of
heterogeneous formulations. Standardized experimental
protocols, the utilization of well-established and pathol-
ogy-specific animal models, and multicenter preclinical
validation studies are all critical steps that must be taken
before attempting to enter human clinical trials. In addi-
tion, it will be necessary to utilize high-quality method-
ological approaches and long-term outcome measures in
order to accurately assess safety, efficacy, and true regen-
erative potential.

CONCLUTION

Within the context of the existing level of evidence, hyd-
rogels are a relatively modern and highly promising al-
ternative to existing therapeutic approaches in dentistry.
The multifunctional nature of these systems makes them
innovative platforms that have the potential to alter future
regenerative and minimally invasive dental therapies.
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