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or dentofacial surgery, which can substantially reduce 
their quality of life.1 Based on depth, oral wounds can 
be classified into four categories: superficial wounds, 
which are confined to the epithelial layer of the mu-
cosa; partial-thickness wounds, which extend into the 
underlying lamina propria but do not penetrate the 
submucosa; deep wounds, which penetrate the mu-
cosa and potentially affect the underlying muscles, 
glands or connective tissues; and penetrating wounds, 
which extend through the oral cavity into facial or neck 
regions.2 In terms of duration, they may present as 
acute or chronic wounds.3 These defects can result in 
significant functional impairments, including difficul-
ties with mastication, swallowing, speech articulation 
and salivary control, as well as facial deformities and 
psychosocial challenges. Consequently, a comprehen-
sive understanding of the classification, aetiology and 
reconstruction strategies for oral soft tissue defects is 
vital for improving patient quality of life and functional 
recovery.4 

Oral soft tissue repair is critical for restoring func-
tion, aesthetics and periodontal health following 
trauma, disease or surgical resection. Recent advances 
in regenerative medicine and surgical techniques have 

1 Hospital of Stomatology, Jilin Provincial Key Laboratory of Tooth 
Development and Bone Remodeling, Jilin University, Changchun, P.R. 
China  

2 Hospital of Stomatology, Department of Pediatric Dentistry, Jilin 
University, Changchun, P.R. China 

Corresponding authors: Drs Xiao Duo TANG and Bei CHANG, Department of 
Pediatric Dentistry, Jilin University, 763 Heguang Road, Changchun 130021, 
P.R. China. Tel: 86-0431-8557956. Email: xdtang@jlu.edu.cn; bchang@jlu.
edu.cn.

Dr Hong Chen SUN, Hospital of Stomatology, Jilin Provincial Key Laboratory 
of Tooth Development and Bone Remodeling, Jilin University, 763 Heguang 
Road, Changchun 130021, P.R. China. Email: hcsun@jlu.edu.cn.

This work was supported by the Natural Science Foundation of China 
(82470941, 82101075, 82301044) and the Young Elite Scientists Sponsorship 
Program by CAST (YESS20210407, 2024QNRC001). 

Functional Hydrogels for Intraoral Wound Care: Research 
Progress and Design Strategies
Zi Xin PAN1,2, Wen Jie MA1,2, Chao SI1,2, Chun Ru KONG1,2, Jia Kai QIAO1,2,  
Xiao Duo TANG1,2, Bei CHANG1,2, Hong Chen SUN1

Oral soft tissue defects resulting from trauma, infections, tumour resection or congenital dis-
orders present significant clinical challenges, impairing functions like mastication, speech 
and aesthetics. Current therapeutic approaches, including free gingival grafts (FGGs) and 
connective tissue grafts (CTGs), are associated with certain clinical limitations, such as donor 
site morbidity and structural fragility. Hydrogels are attractive biomaterials for oral soft tissue 
repair owing to their biocompatibility, tunable mechanics and extracellular matrix-mimicking 
properties. This review comprehensively explores hydrogel applications in oral wound healing, 
focusing on the histological structure of oral mucosa and unique challenges of the oral environ-
ment; design strategies using natural and synthetic polymers; advanced manufacturing strat-
egies, such as 3D bioprinting, electrospinning and microfluidic organ-on-a-chip technology; 
and therapeutic applications in mucosa repair, gingival regeneration and periodontal therapy.
Keywords: biomaterials, drug delivery, hydrogel, oral soft tissue regeneration, tissue engin-
eering
Chin J Dent Res 2026;29(2):91–118; doi: 10.3290/j.cjdr.b7044034

Oral soft tissue defects involve the loss or damage of 
soft tissues in the lips, cheeks, tongue, gums, palate and 
floor of the mouth. These defects arise from various 
causes, including congenital malformations, trauma, 
infections, tumour resection and radiation-induced 
injuries. More than 30% of the adult population is affect-
ed by oral lesions resulting from ulcers, physical trauma 
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broadened the available options for managing gingival 
recession and enhancing soft tissue volume. Among 
these, free gingival graft (FGG), an autogenous graft 
harvested from the palate, is still considered the gold 
standard for managing gingival recession and enhanc-
ing keratinised tissue. Despite their predictable ef-
ficacy, FGGs are associated with drawbacks such as 
donor site morbidity and limited tissue availability.5 For 
root coverage and ridge augmentation, subepithelial 
connective tissue graft (CTG) offers superior aesthet-
ics compared to FGG; however, its primary limitation 
is the necessity of a second surgical site, resulting in 
greater postoperative pain and the risk of gingival flap 
shrinkage.6 Initial strategies aimed to mitigate these 
limitations, such as cultured epithelial cell sheets, 
which facilitated the transplantation of intact epithe-
lial or fibroblast layers and thus avoided the complica-
tions linked to scaffolds.7 However, it was hindered by 
structural fragility and poor handling properties due 
to the absence of underlying connective tissue sup-
port.8 Furthermore, the reliance on autogenous grafts 
not only exacerbates patient morbidity but also fails to 
meet the growing demand for off-the-shelf alternatives 
in regenerative dentistry.7,9-11

To advance oral soft tissue restoration, there is a 
pressing clinical need for the development of novel 
biomaterials. An ideal material must meet four key 
requirements. First, it must exhibit excellent biocom-
patibility and non-toxicity, supporting cellular activ ities 
and stable integration with host tissues. Second, its 
mechanical properties (e.g., elastic modulus and tensile 
strength) should closely match those of the target soft 
tissue in order to withstand physiological stresses and 
maintain normal function.12 Furthermore, the mater-
ial must retain structural stability in the dynamic oral 
environment, enduring persistent variations in mois-
ture, pH, temperature and microbial flora.13 Finally, 
if designed to be biodegradable, its degradation rate 
must be synchronised with the tissue regeneration pro-
cess, thereby providing temporary mechanical support 
without compromising long-term restorative outcomes.

Hydrogels are a promising class of biomaterial 
that satisfies these criteria; however, a comprehensive 
review of their design strategies and clinical applica-
tions remains lacking. Although tissue engineering–
based therapies for oral soft tissue regeneration are still 
in early development, they hold significant promise for 
future clinical implementation. This review explores 
the potential of hydrogels as scaffolds for dental soft tis-
sue engineering, offering a novel analysis of their roles 
in intraoral regeneration. We begin by outlining the 
histo logical structure of oral soft tissues and the specific 

challenges posed by the highly dynamic intraoral envir-
onment. The second section focuses on the materials 
and fabrication techniques employed in hydrogel devel-
opment, along with their targeted applications in oral 
soft tissue repair. Finally, we discuss current limitations 
in the field and suggest directions for future research. 
Departing from previous reviews that focused primarily 
on material types or general wound healing, this work 
systematically aligns advanced hydrogel design strat-
egies with the structural and biological requirements 
of the oral cavity. Furthermore, it addresses current 
limitations and clinical translation challenges unique to 
oral applications, proposing forward-looking research 
directions and providing a comprehensive synthesis of 
the field.

Histological structure of oral soft tissue and res-
torative requirements

A thorough understanding of oral soft tissue architecture 
is fundamental for advancing restoration strategies. The 
oral mucosa, a specialised stratified epithelium lining 
the cavity, provides essential protection against mech-
anical, thermal and chemical insults. This structural 
adaptation is particularly evident in the gingiva, where 
its dense, collagen-rich lamina propria provides mech-
anical resilience while also serving as a barrier against 
microbial invasion. The oral environment is highly dy-
namic, characterised by constant saliva flow, tissue mo-
bility and masticatory forces. These conditions create 
unique challenges for material retention and wound 
healing. These constraints necessitate the development 
of biomaterials with strong wet-adhesive capabilities, 
excellent biocompatibility and precisely controlled deg-
radation profiles. Current research focuses on elucidat-
ing the mechanisms of mucosal healing and developing 
intelligent responsive materials.

Hierarchy of the oral mucosa and gingiva

The oral mucosa constitutes the main soft tissue struc-
ture within the oral cavity, encompassing both the gin-
giva and the lining membrane that overlies the alveolar 
bone, palate, tongue, oral floor and inner surfaces of the 
cheeks and lips. As a specialised interface, it provides a 
critical defensive barrier against mechanical, thermal 
and chemical insults resulting from mastication, speech 
and swallowing.14

To endure the persistent mechanical stresses asso-
ciated with chewing and biting, the oral mucosa has 
evolved distinct histological adaptations. Structurally 
and functionally, the oral mucosa can be primarily 
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categorised into two types. The masticatory mucosa 
is characterised by a keratinised stratified squamous 
epithelium, which provides notable resistance to abra-
sion and shear forces. In contrast, the lining mucosa 
is covered by a non-keratinised stratified squamous 
epithelium, and its elastic properties facilitate flexible 
movement during speech and mastication.15

The oral epithelium and the underlying connective 
tissue of the lamina propria form a highly interdigitated 
interface, where ridges and projections greatly increase 
the contact surface area, thus improving mechanical 
attachment and overall structural integrity. Serving 
as the main supportive layer, the lamina propria con-
sists of rich vascular networks, neural elements, and a 
robust extracellular matrix (ECM). Its cellular popula-
tion is composed predominantly of fibroblasts, along 
with mesenchymal stem cells, macrophages, mast cells 
and various immune cell populations. Beyond struc-
tural support, the lamina propria also plays an essential 
role in immunoregulation and tissue repair through 
complex interactions among stromal cells, immune 
cells and the ECM. In the gingiva, fibroblasts maintain 
tissue homeostasis in the healthy state by regulating 
ECM homeostasis and inhibiting osteoclast differenti-
ation. Excessive or abnormal activation of fibroblasts 
in periodontitis promotes chronic inflammation, bone 
destruction and disease progression. Under normal 
physio logical conditions, oral mucosal fibroblasts 
maintain a quiescent state with minimal proliferative 
activity. However, during wound repair, these cells 
undergo activation and proliferation to facilitate ECM 
deposition and tissue regeneration. The oral mucosa 
receives its vascular supply primarily through submu-
cosal arterial branches that anastomose to form an 
extensive capillary plexus immediately beneath the 
epithelial basement membrane.16,17 This dense micro-
vascular network ensures rapid nutrient exchange and 
oxygen delivery.

The gingiva represents a specialised masticatory 
mucosa characterised by keratinised epithelium that 

demonstrates firm attachment to both the underlying 
connective tissue and alveolar bone (Fig 1). Its lamina 
propria contains a dense collagen fibre network that 
confers exceptional mechanical resilience and struc-
tural integrity. Functionally, the gingiva serves to shield 
periodontal tissues from mechanical trauma and mi-
crobial infiltration and maintain the critical periodon-
tal barrier.18 

Characteristics and challenges of oral wound healing

Oral wound healing exhibits site-dependent variations 
due to differences in mucosal keratinisation. Lining mu-
cosa heals rapidly via epithelial coverage without heavy 
reliance on matrix remodelling, whereas keratinised 
mucosa requires simultaneous epithelial and connect-
ive tissue regeneration, resulting in slower healing rates 
compared to lining mucosa. Besides, these regions are 
prone to impaired healing due to elevated mechanical 
tension during repair.19 

The oral environment further complicates healing 
due to its dynamic humidity, salivary flow and masti-
catory forces, which disrupt biomaterial adhesion and 
retention. Continuous saliva exposure, dietary liquid 
intake and functional movements compromise mater-
ial stability by reducing tensile strength and shorten-
ing interfacial contact duration.20 Consequently, ideal 
biomaterials for oral soft tissue repair must combine 
wet adhesion, biocompatibility, biodegradability and 
mechanical resilience to withstand these challenges 
while promoting regeneration. Recent research aims 
to enhance repair strategies for oral wounds by over-
coming these microenvironmental and biomechanical 
challenges.

Preparation and design of hydrogels

Hydrogels consist of 3D, hydrophilic polymer networks 
interconnected via chemical or physical crosslinks, en-
abling them to absorb hundreds or even thousands of 

Fig 1  Histological struc-
ture diagram of gingiva 
and oral mucosa. 
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times their dry mass in water without losing structural 
coherence. Due to their high water content and soft, 
tissue-like mechanical characteristics, they are excep-
tionally suited for biomedical use. Hydrogel properties 
such as swelling capacity, mechanical strength and deg-
radation kinetics are essential for wound healing. These 
can be tuned by adjusting crosslinking density, poly-
mer composition and responsiveness to environmental 
stimuli. Due to their biocompatibility, hydrogels serve 
as effective drug carriers, supportive tissue scaffolds 
and bioactive wound dressings. Natural hydrogels offer 
superior bioactivity and cell adhesion, while synthetic 
variants provide better mechanical control and repro-
ducibility (Fig 2). Advanced fabrication techniques, 
such as 3D bioprinting and dynamic crosslinking, 
further enhance their functionality, enabling tailored 
structures with stimuli-responsive behaviour for spe-
cific biomedical needs.

Hydrogel material selection

Natural polymers

Natural polymer hydrogels consist of 3D, hydrophilic 
networks constructed from biomacromolecules, includ-
ing proteins and polysaccharides. Due to their inherent 
biocompatibility, biodegradability and biofunctionality, 
natural polymers have emerged as essential building 
blocks for hydrogel fabrication in biomedical applica-
tions. Commonly utilised materials include chitosan, 
hyaluronic acid (HA), collagen, alginate and decellular-

ised ECM, each of which offers unique physicochem-
ical properties and tunability to meet diverse clinical 
requirements.

Chitosan

Chitosan, a cationic polysaccharide derived from chi-
tin, is celebrated for its antimicrobial activity, mucoad-
hesiveness, low toxicity and pH-responsive behaviour. 
Under weak acidic conditions, certain amine groups 
can undergo protonation to form quaternary ammo-
nium structures, thereby exhibiting antimicrobial ef-
ficacy.21 Its protonated amino groups facilitate robust 
electrostatic adhesion to negatively charged mucosal 
surfaces, thereby improving retention within the oral 
cavity. This property also promotes binding to anionic 
bacterial cell membranes, resulting in membrane dis-
ruption, increased permeability and subsequent cell 
lysis.22,23 Despite the many advantages of chitosan, its 
application is limited due to its pH-dependent solubility. 
Furthermore, poor water solubility and limited mech-
anical strength remain challenges prompting modifica-
tions such as glycol chitosan or carboxymethyl-hexanoyl 
chitosan to improve solubility and bioadhesion.24,25 Chi-
tosan-based hydrogels have demonstrated efficacy in 
periodontal drug delivery, such as thermosensitive sys-
tems for sustained release of antibiotics (e.g., metroni-
dazole) and anti-inflammatory agents, showing reduced 
bacterial load and inflammation in preclinical models. 
Absorbable and suturable dense chitosan surgical films 
promote healing of palatal wounds in rats.26,27 Injectable 
thermosensitive chitosan-poly (N-isopropylacrylamide) 

Fig 2  Overview of nat-
ural, synthetic and hybrid 
polymer materials com-
monly used for hydrogel 
fabrication in biomedical 
and tissue engineering 
applications.
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hydrogel enhances antimicrobial efficacy and fibroblast 
proliferation and promotes repair of oral ulcers.28 The 
dental dressing of chitosan significantly enhanced hae-
mostasis and alveolar bone healing after tooth extrac-
tion. It is also effective in reducing inflammation, pain 
and swelling after third molar removal, particularly 
among patients undergoing antiplatelet therapy.29,30 

HA

HA, a naturally occurring non-sulphated glycosamino-
glycan, serves as a fundamental component of the ECM 
in oral tissues. Recognised for its high hydrophilicity, 
moisture-retention capacity, viscoelastic behaviour and 
excellent biocompatibility, HA significantly contributes 
to the regulation of wound healing processes in the oral 
cavity.31,32 Studies suggest that HA supports scarless re-

reducing excessive collagen synthesis.33,34 The biologic-
al functions of HA are critically determined by its mo-
lecular size. High-molecular-weight HA (> 5 MDa) exhib-
its immunosuppressive effects and inhibits blood vessel 
formation; in contrast, its lower-molecular-weight (6 
to 20 kDa) counterpart stimulates pro-inflammatory 
responses and angiogenesis.35 

HA-based hydrogels have emerged as prominent 
biomaterials in oral tissue engineering applications. 
Clinically, HA hydrogels accelerate oral ulcer healing; 
for example, 0.2% HA gel reduces ulcer number, size, 
pain and healing time.36 Drug-loaded HA microneedle 
patches can penetrate tongue mucosa within 3 min-
utes, releasing therapeutics and demonstrating high 
therapeutic potential.37 However, the therapeutic ef-
ficacy of HA in alveolar ridge preservation remains 
clinically contentious,38 with randomised controlled 
trials reporting inconsistent outcomes, including sig-
nificant horizontal ridge resorption in some studies. 
Furthermore, HA-based biomaterials necessitate sub-
stantial optimisation of their viscoelastic properties 
and structural stability to meet clinical demands.39 

HyaDENT BG (Regedent, Zurich, Switzerland) exhibits 
clinically beneficial sustained-release properties, as 
demonstrated by Asparuhova et al.40 In vitro studies 
confirm that it significantly boosts the expansion of 
osteoprogenitor cells and enhances the proliferation, 
migration and wound healing capacity of gingival 
fibroblasts.41 Clinical trials reveal that when combined 
with THE Graft (Purgo Biologics, Seongnam, South 
Korea), HyaDENT BG leads to significant enhance-
ments in clinical attachment levels and reduction in 
probing depth within intrabony defects, although its 
outcomes remain slightly inferior to those achieved 

with Emdogain (Straumann, Basel, Switzerland).42 The 
HA-based product Gengigel (Ricerfarma, Milan, Italy) 
(containing 0.2% to 0.8% sodium hyaluronate and 
xylitol) exhibits dual antibacterial and anti-inflammato-
ry properties. Clinical data demonstrate that Gengigel, 
when used adjunctively with bone grafts, significantly 
improves periodontal regeneration in class II furcation 
defects, yielding superior clinical attachment gain com-
pared to controls.43,44

In biomaterial engineering, UV-curable HA hydro-
gels (e.g., CNB-HA) demonstrate rapid elastic adhe-
sive formation within 5 seconds through thiol-nitroso 
photopolymerisation under 395 nm irradiation. These 
hydrogels achieve superior tissue adhesion strength 
(40 kPa) compared to conventional fibrin glue (~15 kPa) 
while maintaining structural stability in moist oral 
environments for > 24 hours.45 However, their clinical 
utility is constrained by UV-dependent curing mechan-
isms and limited accessibility to light-restricted ana-
tomical sites (e.g., deep periodontal pockets). Emerging 
alternatives include dual-amide-functionalised zwit-
terionic polymers, which leverage robust hydrogen 
bonding networks for effective wet adhesion while 
simultaneously enhancing cellular proliferation and 
neovascularisation. This dual functionality positions 
them as promising candidates for next-generation oral 
adhesive biomaterials.46

Gelatin 

Gelatin, a derivative of collagen, is readily biodegrad-
able under physiological conditions and generates 
metabolic byproducts with high biocompatibility.47,48 
Thus, it can be used to make hydrogels with high bio-
compatibility and low immunogenicity.49 Gelatin-based 
hydrogels have poor mechanical strength because of 
the absence of stable triple helices in collagen. There-
fore, gelatin is often combined with structural polymers 
to enhance bioactivity.50,51 In periodontal regenerative 
therapy, gelatin methacrylate (GelMA), a derivative 
obtained by functionalising gelatin with methacrylic 
anhydride, serves as a photo-responsive hydrogel plat-
form. Its methacrylate groups enable precise light-
initiated crosslinking, yielding significantly improved 
mechanical properties while maintaining favourable 
biological characteristics.52,53 To enhance its func-
tional performance, GelMA has been chemically modi-
fied through incorporation of quaternary ammonium 
groups to impart potent antibacterial properties and 
copolymerisation with methacrylic poly-phosphoester 
to improve elastomeric behaviour while maintaining 
biocompatibility.54-56 Enzymatic crosslinking via micro-
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bial transglutaminase significantly enhances the mech-
anical properties of gelatin hydrogels, achieving a yield 
strength of 61 kPa. These engineered matrices closely 
resemble pre-mineralised bone architecture and have 
been shown to promote osteogenic differentiation of 
bone marrow stem cells (BMSCs) in vitro.57

For intraoral wound care, collagen-based materials 
are favoured for their biocompatibility and structural 
mimicry of the ECM. Collagen membranes adhere to 
oral mucosal defects, promote angiogenesis and reduce 
inflammation, though challenges persist, such as high 
cost and antigenicity.58-61 Recent innovations in colla-
gen-based biomaterials include laser tissue soldering 
for sutureless stabilisation of periodontal membranes62 
and ternary collagen-glycosaminoglycan-chitosan scaf-
folds that successfully replicate the stratified architec-
ture of native oral mucosa.63 Furthermore, bioinspired 
gelatin-polydopamine-nanoclay composite hydrogels 
demonstrate exceptional wet tissue adhesion (38.72 ± 
10.94 kPa) and significantly accelerate healing in pre-
clinical oral ulcer models.64,65 

Alginate 

Alginate is a natural high-molecular-weight polysac-
charide, often used as a key structural additive to signifi-
cantly enhance the flexibility of composite materials. 
It is composed of alternating blocks of guluronic and 
mannuronic acids. This biopolymer forms 3D hydro-
gel networks through ionic crosslinking mediated by 
divalent cations, such as Ca2+, resulting in a distinctive 
“egg-box” microstructure. The resulting porous hydro-
gel matrix provides an optimal microenvironment for 
cellular activities including adhesion, migration and 
proliferation.66 Alginate has emerged as the gold stand-
ard impression material in clinical dentistry owing to 
its favourable biocompatibility and ease of use, and sig-
nificant research efforts have been dedicated to devel-
oping alginate-based hydrogels for use in periodontal 
treatments. Composite formulations incorporating ele-
ments such as silver have been developed to enhance 
mechanical performance for targeted periodontal drug 
delivery compared with single-component alginate 
hydrogels.67,68 Alginate hydrogels can be chemically 
functionalised to significantly improve their physico-
chemical properties. For instance, the covalent conju-
gation of cell-adhesive peptides such as arginine-gly-
cine-aspartic acid-serine (RGDS) to alginate, through 
carboxyl group activation, has been shown to mark-
edly enhance the cell-adhesive capacity of the result-
ing hydrogels.69 These RGD-functionalised alginate 
hydrogels have also been demonstrated to promote the 

reparative functions of human mesenchymal stem cells 
(hMSCs). Further, photocrosslinkable alginate deriva-
tives have been developed by introducing methacrylate 
groups at the hydroxyl sites, enabling shape plasticity 
and tunable mechanical properties, akin to those of syn-
thetic polymers such as GelMA.70 A notable example 
is the OSA-DA-PAM hydrogel, synthesised from dopa-
mine-modified oxidised sodium alginate. This material 
exhibits exceptional mechanical robustness, intrinsic 
self-healing capability, strong tissue adhesion and excel-
lent biocompatibility, along with the ability to sustain 
the release of epidermal growth factors (EGFs). These 
advanced features position it as a highly promising can-
didate for next-generation wound dressings.21

Decellularised ECM 

Decellularised ECM (dECM) is derived by removing cel-
lular components via physical, chemical or enzymatic 
treatments, retaining the natural ECM structure and 
bioactive molecules that support cell migration, prolif-
eration and differentiation. Its lack of cellular antigens 
minimises immune rejection risks. dECM has emerged 
as a versatile bioink for 3D bioprinting applications. 
Kim et al71 fabricated vascularized skin grafts using por-
cine dECM bioink with keratinocytes, fibroblasts and 
endothelial progenitor cells. Kim et al71 and Pourchet et 
al72 developed gelatin-alginate-fibrinogen dECM bioink 
to print 5-mm-thick skin mimicking natural epidermis. 
Beyond printing, dECM enhances vascularisation and 
integration. Heller et al73 created pre-vascularised oral 
mucosa equivalents that rapidly anastomosed with host 
vasculature post-transplantation. For antimicrobial and 
wound healing, dECM has been combined with syn-
thetic materials to improve functionality. Afghah et al74 
incorporated silver nanoparticles into dECM-PCL scaf-
folds to boost antimicrobial activity and skin regener-
ation. Ilhan et al75 used plant extract–modified dECM 
scaffolds to accelerate diabetic ulcer healing and com-
bat infections. 

Despite its potential, dECM suffers from batch vari-
ability, inconsistent composition across sources (por-
cine, bovine, human), and inadequate mechanical 
strength, often requiring synthetic reinforcement. 
Future efforts should be made to standardise prepar-
ation, optimise mechanics and advance clinical appli-
cations in gingival and oral tissue engineering.

Other materials

In addition to the materials mentioned above, silk fibroin 
has attracted growing interest as a leading biomaterial 
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candidate for load-bearing tissue repair, primarily due 
-
-

able elastic resilience to formed hydrogels, while deg-
radation rates (ranging from weeks to months) can be 
precisely modulated through crystallinity control.76,77 

Collagen, which constitutes up to 30% of total body 
protein, serves as the primary structural component 
of the ECM. Its characteristic triple-helical conforma-
tion presents multiple cell-adhesive domains (e.g., 
RGD sequences) that mediate cellular attachment and 
directional migration. While collagen hydrogels dem-
onstrate enzyme-specific degradability (primarily via 
matrix metalloproteinase-1/collagenase), their limited 
mechanical strength (typically < 1 kPa) necessitates 
reinforcement with synthetic polymers like polyethyl-
ene glycol (PEG) to achieve clinically relevant stability.78 

Despite the excellent biocompatibility and bioactiv-
ity of natural polymer-based hydrogels, three key limi-
tations hinder their clinical translation for oral applica-
tions: insufficient wet adhesion strength (< 10 kPa) in 
saliva-rich environments, mechanical property mis-
match with native oral tissues and uncontrolled deg-
radation kinetics. Emerging strategies to address these 
challenges include hybrid systems or functional modi-
fications to optimise performance in the complex oral 
microenvironment. 

Synthetic hydrogels

Synthetic hydrogels are chemically engineered, 3D 
polymeric networks formed via covalent bonding or 
physical crosslinking of hydrophilic polymer chains.78 
Compared to natural hydrogels, synthetic variants offer 
several distinct advantages: simplified and reproducible 
fabrication processes that facilitate large-scale produc-
tion, precisely tunable physicochemical properties and 
controllable degradation kinetics, enhanced structural 
and functional stability under physiological conditions 
and superior mechanical strength, making them suit-
able for load-bearing applications.79 These properties 
make synthetic hydrogels highly attractive for biomed-
ical applications requiring material durability, long-
term stability and design flexibility.

Polyvinyl alcohol

Polyvinyl alcohol (PVA) hydrogel exhibits excellent 
water solubility, hydrophilicity, biodegradability and 
low cost, along with the ability to create a moist wound 
environment.80 However, PVA materials have bioinert 
properties, poor exudate absorption capacity and insuf-

ficient elasticity. Blending or modifying PVA with other 
bioactive substances can improve its performance. 
After modification with dopamine (DOPA), PVA can be 
used to prepare materials with enhanced mucosal adhe-
sion.65 Scaffold materials made of PVA allow connective 
tissue and bone to grow into them due to their porous 
and biocompatible structure. Notably, Sinclair-Hall81 
investigated the effects of PVA sponge implants in treat-
ing alveolar bone defects in dogs over 3 to 74 weeks. 
More recent studies further confirm the potential of 
PVA-based scaffolds in tissue engineering and wound 
healing applications.80 The PVA sponge delayed early 
bone repair but enhanced later ossification and calcifi-
cation, which is beneficial for hard tissue recontouring. 
PVA can serve as an inert scaffold for cell encapsulation 
and storage. Building on this, by leveraging the stabil-
ity of boronate ester bonds under physiological pH and 
their dissociation upon glucose addition, combining 
PVA with thermoresponsive polymers, a dual-respon-
sive smart system capable of reacting to both tempera-
ture and glucose has been developed. This technology 
has been successfully applied in areas such as stem cell 
encapsulation and cryopreservation.82 

Polylactic acid (PLA)

Polylactic acid (PLA) is an eco-friendly and biodegrad-
able polyester,83 suitable for processing techniques such 
as fused deposition modelling (FDM).84 It releases lactic 
acid via hydrolytic degradation in vivo, which acts as a 
signalling molecule for wound healing.85,86 Based on 
this mechanism, PLA-based biomaterials play import-
ant roles in tissue repair, collagen deposition, angiogen-
esis and infection prevention.87 PLA also serves as an 
ideal carrier for encapsulating bioactive compounds.88

Chen et al89 engineered thermo-mechanically 
enhanced nanocomposite scaffolds by incorporating 
graphene oxide into a polyurethane (TPU)/PLA matrix. 
In a separate development, Go et al90 designed an inno-
vative star-shaped PLA-heparin construct that exhibited 
superior biocompatibility, as evidenced by reduced 
platelet adhesion and protein adsorption, along with 
enhanced fibroblast spreading compared to heparin-
free controls. 

PEG

PEG, a synthetic polymer with tunable physicochemi-
cal properties, has emerged as a cornerstone mater-
ial in biomedical engineering. This synthetic polymer 
demonstrates remarkable biocompatibility and bio-
degradability profiles, making it an ideal candidate 
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for applications ranging from controlled drug deliv-
ery systems to 3D tissue scaffolds. Notably, its intrinsic 
high water solubility and unique capacity for molecu-
lar weight customisation enable precise modulation of 
hydrogel mechanical strength and degradation kinetics, 
critical parameters in replicating native tissue micro-
environments. Its ease of chemical modification fur-
ther enhances its adaptability, enabling the design of 
functionalised hydrogels tailored to specific therapeutic 
needs. As a methacrylate-functional derivative of PEG, 
polyethylene glycol dimethacrylate exhibits unique 
photo-crosslinkable characters that enable rapid hydro-
gel formation under UV irradiation. When combined 
with lithium phenyl-2,4,6-trimethylbenzoyphosphinate 
(LAP), this monomer undergoes chain-growth polymer-
isation to form a covalent network, achieving gelation 
times as short as 5 seconds under optimised light inten-
sity (50 mW/cm2).91 Moreover, residual monomer tox-
icity from unreacted N-isopropylacrylamide (NIPPAm) 
requires rigorous purification protocols, with high-per-
formance liquid chromatography (HPLC) analysis con-
firming monomer clearance below 0.1% (w/w) for bio-
medical applications.92 In periodontal disease contexts, 
the pH (4.5 to 5.5) and matrix metalloproteins 8 (MMP-8) 
levels of the gingival sulcus fluid are affected (more than 
threefold increase compared to healthy tissues). Based 
on this rationale, Li et al93 engineered an innovative pH-
responsive hydrogel system using PEG as a backbone 
that is capable of responding to acidic environments 

94 synthesised MMP-8-responsive 
hydrogels based on PEG diacrylate with cysteine-capped 
peptide crosslinkers, which can be cleaved by MMP-8 
to control drug release. Application of liquid PEG in 
extraction sockets results in in situ crosslinking to form 
a hydrogel within 90 seconds. The molecular network 
of PEG guides tissue response by permitting nutrient 
penetration while inhibiting soft tissue cell migration, 
thereby significantly preserving alveolar ridge width.95 

Stimuli-responsive polymers

Stimuli-responsive polymers are a specialised class of 
synthetic materials designed to undergo environmen-
tally triggered structural rearrangements when exposed 
to defined external stimuli, including variations in tem-
perature, pH, light, enzyme activity or biomolecular 
concentrations. Their transformations are marked by 
high specificity, predictability and adjustable proper-
ties, which underpins their broad utility in applications 
such as controlled drug release, tissue scaffolding and 
biosensor development. A hallmark feature of these 
materials is their dual-phase responsiveness, with their 

nonlinear kinetic behaviour (unlike linear polymer 
systems, these materials exhibit threshold-dependent 
responses) and dynamic reversibility, achieved through 
reversible covalent bonds (e.g., disulphide bridges with 
103 s-1 exchange rates) or non-covalent interactions that 
enable multiple activation/deactivation cycles.

For instance, PEG itself does not possess typical stim-
uli responsiveness. However, it can be endowed with 
stimuli-responsive capabilities through modification 
or compounding. It exhibits excellent biocompatibility, 
and its degradation products are non-toxic, harmless 
and easily metabolised in the human body. Moreover, 
poly(N-isopropylacrylamide) (PNIPAM) exhibits a tem-
perature-dependent phase change, transitioning from 
a solution to a gel as temperature increases, which 
has been extensively studied to date. Its lower critical 
solution temperature (LCST) is adjacent to physiologic-
al temperature conditions.96 This property makes it 
suitable for injectable hydrogel design.97 In addition, 
PNIPAM-based hydrogels can be used in cell-sheet tech-
nology: intact cell sheets can be recovered nondestruc-
tively by cooling the hydrogel below LCST to dissolve it. 
However, the low mechanical strength of pure PNIPAM 
often requires copolymerisation with methacrylate-
based monomers (e.g., HEMA) or the introduction of 
dynamic covalent crosslinks (e.g., bisulfide bonds) to 
improve stability, but they may also affect the thermal 
response properties of PNIPAM. It is worth noting that 
although PNIPAM demonstrates favourable biocom-
patibility with minimal immunogenic response in bio-
logical systems.98 However, N-isopropylpropionamide 
is cytotoxic and neurotoxic, and therefore requires 
complete removal of the residual monomer after poly-
merisation.88 Zheng et al99 fabricated a thermally 
responsive hydrogel system composed of PDLLA-PEG-
PDLLA reinforced with catechol-functionalised quater-
nised chitosan (QCS-C). The incorporation of QCS-C not 
only significantly reduced the LCST of the hydrogel but 
also markedly enhanced its tissue adhesion strength.

A series of innovative injectable hydrogels have 
emerged for targeted periodontal therapy, combin-
ing thermoresponsiveness with multifunctional drug 
delivery. Almoshari et al100 engineered a thermore-
sponsive hydrogel by conjugating PNIPAM with osteo-
philic pyrophosphate. This modification enhanced the 

-
ing appeal of 3.2 ± 0.5 μm as measured by isothermal 
titration calorimetry.100 The system effectively pro-
tects alveolar bone and periodontal ligaments while 
concurrently mitigating inflammatory responses in 
periodontal applications.100 Wang et al101 developed an 
injectable polyisocyanopeptide hydrogel loaded with 
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doxycycline and the lipoxin A4, which significantly 
reduced the subgingival bacterial burden. This work 
presents an innovative approach to engineering smart 
hydrogels integrating biomimetic mechanical prop-
erties with programmable drug release capabilities, 
showing promising applicability for precision peri-
odontitis treatment.101

Hybrid materials (natural/synthetic composites)

Hybrid biomaterials combine the mechanical strength 
and tunability of synthetic polymers with the biocom-
patibility and bioactivity of natural polymers, address-
ing key limitations of each.102,103 While synthetic mater-
ials offer excellent structural stability and controlled 
drug delivery, their slow degradation can hinder tissue 
regeneration. Conversely, natural polymers promote 
cell adhesion and haemostasis but often lack sufficient 
mechanical robustness. By integrating these compo-
nents, hybrid hydrogels achieve synergistic effects, 
namely enhanced mechanical performance, improved 
bioactivity and tailored degradation.104 

This design philosophy finds exemplary implemen-
tation in bacterial cellulose (BC)-based systems. With 
its superior properties compared to plant cellulose, 
including high purity, crystallinity (60% to 80%), tensile 
strength (200 to 300 MPa) and water retention cap-
acity,105 BC serves as an ideal matrix for oral applica-
tions requiring sustained moisture retention and muco-
sal adhesion. Recent advancements below demonstrate 
its unique applications. Singh et al106 developed a light-
curable BC-poly(amido-amine)-g-diazepane composite 
hydrogel that forms elastic membranes conforming 
to irregular wounds. Other hybrid biomaterials have 

also been designed in clinical fields. For example, 
for enhanced clinical utility, sprayable hydrogels like 
pectin-lignan formulations demonstrate strong mu-
cosal adhesion, resisting phosphate-buffered saline 
(PBS) rinsing after application in rat models.19 Zhang 
et al107 developed a Schiff base-crosslinked chitosan-
polydextran hydrogel integrated with silver nanoparti-
cles. This composite system effectively modulated the 
oral microbiota and potentiated antitumour immun-
ity in models of oral squamous cell carcinoma.107 In 
haemostasis, phenylboronic acid-alginate quaternised 
chitosan-catechol powders developed by Du et al108 
rapidly absorb blood and form stable hydrogel barri-
ers upon hydration. Meanwhile, the calcium alginate/
fucoidan hydrogel fabricated by Dou et al109 maintains 
robust wet adhesion even when subjected to rinsing. 
The crosslinking of calcium ions with alginate results 
in the formation of a wet-adhesive hydrogel that exhib-
its high resistance to rinsing with water. Utilising the 
antibacterial capacity of quaternary ammonium salts, 
Jiao et al110 and Zhou et al111 developed dental restora-
tive materials endowed with antimicrobial properties. 
Quaternised chitosan has antimicrobial efficacy against 
caries-inducing pathogens such as Streptococcus mutans, 
comparable to that of chlorhexidine. The enhanced bio-
film radioprotection and bacterial viability inhibition 
were attributed to the synergistic action of hydropho-
bic alkyl chains and hydrophilic quaternary ammo-
nium moieties. Furthermore, modifications with glycol 
chitosan and carboxymethyl hexanoyl chitosan were 
shown to improve water solubility and biocompatibil-
ity, paving the way for the application of chitosan-based 
hydrogels in periodontal drug delivery.112 

Table 1  Common physical crosslinking methods and their characteristics.

Method Crosslinking mechanism Key characteristics Representative systems

Ionic interactions
Ionic bridges formed between 
multivalent cations and ani-
onic polymer chains

Rapid gelation under ambient 
temperature and physiological 
pH; reversible crosslinks; limited 
mechanical robustness

Ionically crosslinked chitosan hydrogels for 
drug delivery;116 chitosan/PSBMA ionic–
covalent double-network hydrogels with high 
mechanical strength and self-recovery cap-
ability117

Crystallisation

Formation of crystalline 
domains via ordered chain 
alignment, typically induced 
by freeze–thaw cycles

Reversible and biocompatible; 
thermosensitive behaviour; mech-
anical properties highly depend-
ent on molecular weight, polymer 
concentration, and freezing condi-
tions

PVA/alginate blends with tunable mechanical 
strength and drug release profiles;118 high-
concentration dextran crystallisation-based 
hydrogels119

Hydrogen bonding

Dynamic secondary interac-
tions between hydrogen 
atoms and electronegative 
atoms (O, N)

pH and temperature-responsive; 
often self-healable; moderate 
mechanical strength; suitable for 
injectable or printable systems

NAGA-based bioinks for 3D printing applica-
tions;120 freeze–thaw induced PVA–Phytagel 
hydrogels121,122
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Preparation techniques

Physical crosslinking method

Physical crosslinking forms polymer network struc-
tures mainly through non-covalent interactions. Phys-
ical crosslinking does not require crosslinking agents, 
so the toxicity is greatly reduced. Physical crosslinking 
prepares hydrogels under mild reaction conditions with 
little cellular damage,113,114 but the hydrogels typically 
exhibit limited mechanical strength, while the dynamic 
nature of their crosslinking often compromises struc-
tural integrity.115 Some common physical crosslink-
ing methods and their characteristics are outlined in 
Table 1.

Chemical crosslinking

Chemical crosslinking forms hydrogel networks through 
strong covalent bonds, typically requiring crosslink-
ing agents, which can raise biocompatibility concerns. 
While this method produces hydrogels with superior 
mechanical strength and high structural stability, the 
often-harsh reaction conditions may compromise cell 
viability when used in biomedical applications.123 Some 
familiar chemical crosslinking methods and their char-
acteristics are presented in Table 2.

Emerging technologies

There are four major emerging technologies in biomed-
ical and tissue engineering: electrostatic spinning, 3D 

bioprinting, microfluidic organ-on-chip systems and 
scaffold-free tissue engineering (Fig 3).

Electrostatic spinning

The electrostatic spinning technique can mimic the col-
lagen/elastin fibre structure of the natural ECM for cel-
lular interactions by modulating fibre diameter (50 to 
500 nm).135 Multilayered electrospun scaffolds mimic 
the layered structure of gingival tissues (epithelial layer, 
lamina propria, basement membrane) and promote vas-
cularisation.136 Functional enhancements are achieved 
through strategic material engineering. For example, 
GelMA-based electrospun fibres loaded with azithro-
mycin can control drug release and fight infection.137 
Polycaprolactone/collagen multilayer scaffolds showed 
angiogenic capacity in in vivo experiments.138 

The diameter of electrospun fibres critically affects 
cell migration and phenotype, e.g., human umbilical 
vein endothelial cells (HUVECs) have higher infiltration 
and survival on 4.83-μm fibres.139 Conversely, smooth 
muscle cells (VSMCs) migrate more easily on 7- to 10-μm 
fibres.140 The porosity (> 30%) and pore size (100 to 700 
μm) of electrospun scaffolds are critical parameters for 
vascularisation.141,142 However, single-layer electrospun 
membranes are difficult to use for constructing thick tis-
sues and need to be combined with multilayer design or 
3D printing. Further validation of efficacy in large animal 
models is required.136 Chen et al143 developed carboxy-
methyl chitosan-based hydrogel-Janus nanofiber scaf-
folds with unidirectional biofluid storage-drainage for 
accelerating full-thickness wound healing. The hydrogel 

Table 2  Familiar chemical crosslinking methods and their characteristics.

Method Reaction mechanism Key characteristics Representative systems/examples

Free radical  
polymerisation

Radicals generated by light, 
heat or redox initiators trig-
ger vinyl monomer polymeri-
sation

Enables in situ gelation; potential 
cytotoxicity from radicals or residual 
initiators; widely applied in commer-
cial hydrogels

Vinyl-based hydrogels initiated by persulfate/
TEMED;124 UV-polymerized ulvan methacrylate 
hydrogels;125 allyl cellulose-based ionic hydro-
gels126

Schiff base  
reaction

Condensation between alde-
hyde and amine or hydrazide 
groups forming reversible 
imine (C=N) bonds

Catalyst-free; pH-responsive; suitable 
for bioactive molecule delivery; glutar-
aldehyde may induce cytotoxicity

Chitosan–aldehyde HA hydrogels for controlled 
release;127 glutaraldehyde-crosslinked gelatin 
systems;128 aldehyde-functionalised HA–anti-
body films129

Enzymatic 
crosslinking

Enzyme-catalysed covalent 
bond formation between 
specific functional groups

Mild reaction conditions (physiologic-
al pH and temperature); avoids toxic 
crosslinkers; suitable for cell and pro-
tein encapsulation

Transglutaminase-catalysed PEG–poly (lysine) 
hydrogels with tunable degradation;130,131 Ca2+-
dependent transglutaminase systems enabling 
temperature-triggered gelation132

Click chemistry
Highly selective and efficient 
coupling reactions under 
mild conditions

Excellent biocompatibility and modu-
larity; allows dynamic bond formation; 
catalyst removal may be required in 
some systems

CuAAC systems (fast reaction but potential 
copper cytotoxicity);133 metal-free SPAAC 
reactions; catalyst-free Diels–Alder and IEDDA 
reactions suitable for physiological environ-
ments134 
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showed antibacterial activity against Escherichia coli 
and Staphylococcus aureus, supported L929 fibroblast 
proliferation without evident cytotoxicity and signifi-
cantly accelerated wound closure, granulation tissue 
formation, collagen deposition and neovascularisation 
in a rat full-thickness skin defect model.

3D bioprinting 

3D bioprinting enables precise arrangement of cells, 
biomaterials and signalling factors through layer-by-
layer assembly technology, which is able to mimic the 
anatomical and functional properties (e.g., mechan-
ical strength and porosity) of natural gingival tissues, 
offering the possibility of personalised regenerative 
therapy.144 Hydrogels of collagen,145 fibrin,146 gelatin147 
and methacrylated polymers are widely used for their 
biocompatibility and bionic ECM properties. Nutrient 
delivery and host vascular integration are enhanced by 
co-printing endothelial and mesenchymal cells to form 
a functional microvascular network or by incorporating 
microfluidic organ chips to mimic tissue fluid flow.148-150 

In oral soft tissue regeneration, gelatin-based bioinks 
play a critical role as cell carriers. For instance, gelatin-
fibrinogen-collagen type I-elastin bioinks encapsulat-
ing neonatal human dermal fibroblasts have been 
used to engineer dermis-like structures, demonstrating 
barrier functionality through electrical impedance test-
ing.151 This aligns with studies on gingival fibroblast 

-
ity in 3D cultures for epithelial morphogenesis and 
immune response modulation.152-155 

In skin tissue engineering, the use of decellularised 
matrix bioinks or polycaprolactone (PCL) hydrogels 
loaded with silver particles can enhance antimicrobial 
properties and barrier function, and ideally, the rate 
of degradation of the graft material should match the 
time required for gingival tissue regeneration.74,156,157 
The ideal graft would both prevent the gingival epi-
thelium from growing into the defect and promote the 
formation of new ligament tissue, a process that takes 
4 to 6 weeks. Choosing the right material is currently 
a challenge. A recent study by Ma et al158 developed 
a photosensitive composite hydrogel composed of 5% 
GelMA and 0.5% HA methacrylate (HAMA), utilising 
epidermal stem cells and skin-derived precursor cells 
as seed cells. Employing a 3D bioprinting technique, a 
grid-structured scaffold was fabricated to enable pre-
cise co-printing of cells and hydrogels. The resulting 
hydrogel demonstrated an optimal pore size range (5 
to 30 μm), robust mechanical integrity and excellent 
biocompatibility. When the bioprinted artificial skin 
was transplanted into a full-thickness skin defect model 
in nude mice, complete wound healing was observed 
after 4 weeks. Notably, the regenerated tissue included 
key skin appendages such as the epidermis, dermis, 
hair follicles, blood vessels and sebaceous glands, 
closely replicating the structural complexity of native 
skin. While these findings are promising for skin tis-
sue engineering, the applicability of such bioprinted 
constructs in the oral environment requires further 
investigation.158

Fig 3  Four major emerging technologies in 
biomedical and tissue engineering: electrostatic 
spinning, 3D bioprinting, microfluidic organ-on-
chip systems and scaffold-free tissue engineer-
ing. 
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Microfluidic organ-on-chip systems

Beyond biofabrication techniques, microfluidic organ-
on-chip platforms enable precise regulation of fluid 
dynamics, nutrient delivery and metabolic waste re-
moval, effectively reproducing the vascular perfusion 
and interstitial fluid exchange observed in native tis-
sues. With their zoned culture capability and dynamic 
fluid control,  organ-on-chip platforms enable the pre-
cise spatiotemporal delivery of microorganisms, micro-
bial products or pharmaceutical compounds to gingival 
cells. This biomimetic strategy supports cellular devel-
opment within microengineered architectures that bet-
ter replicate in vivo microenvironments.

Microfluidic technology has emerged as a trans-
formative tool for recapitulating gingival micro-
environment dynamics. Makkar et al145 developed 
a microfluidic device they termed a “gingival crev-
ice-on-a-chip.” This platform allowed for sustained 
host-microbe coculture, mimicry of microbial clear-
ance mechanisms, and modulation of innate immune 
responses.145 Rahimi159 used a similar horizontally 
stacked three-channel design to grow oral mucosal 
structures on a microchip, thereby elucidating host-
material and host-microbe interactions. In this de-
sign, the lack of an air-liquid interface resulted in an 
immature epithelial barrier.159 Whole-layer gingival 
equivalents in a microfluidic chip (gingiva-on-chip) 
achieved superior epithelial morphogenesis, matura-
tion and barrier function compared to static cultures 
through a vertical stacking design and dynamic cul-
turing at the air-liquid interface. When simulating the 
mechanical effects of mouthrinse, researchers found 
that flow conditions exacerbated cytotoxicity of oral 
care preparations on tissues.10 Microfluidics and 3D 
bioprinting can precisely control the spatial arrange-
ment of cells/ECM and enable perfusion culture of 
vascularised tissues to advance the development of 
personalised gingival constructs.160-163 Microfluidics 
significantly improves the physiological relevance of 
gingival tissue models by mimicking physio logical 
flow, mechanical stress and dynamic microenviron-
ments, providing a research platform closer to in vivo 
for regenerative medicine and drug testing. Machla 
et al164 employed a stereolithography-based additive 
manufacturing approach using BioMed Clear V1 resin 
(Formlabs, Somerville, MA, USA) for the main body 
and Elastic 50A resin (Formlabs) for the sealing ring, 
resulting in an open double-chamber structure. The 
upper chamber was seeded with TR146 epithelial cell 
lines, while the lower chamber housed either human 
gingival fibroblasts or a collagen/fibrin hydrogel, 

designed to mimic the lamina propria. Following 3 
weeks of dynamic culture, a well-organised multilay-
ered epithelium and a viable fibroblast-laden lamina 
propria analogue were successfully developed. The 
resulting tissue construct closely resembled the struc-
tural characteristics of native oral mucosa, offering a 
promising in vitro model for oral tissue regeneration 
and testing.164 

Scaffold-free tissue engineering

Scaffold-free tissue engineering is a regenerative strat-
egy that relies on cellular self-assembly rather than 
exogenous scaffolds to form functional tissues. This 
approach avoids the issues associated with traditional 
scaffolds, such as immune reactions and mismatched 
degradation rates, while better replicating natural 
cell-cell interactions.165 Cell sheet engineering utilises 
temperature-responsive polymers to cultivate cells into 
intact ECM-rich sheets that can be layered to create 3D 
tissues. For example, human dental pulp stem cell (hDP-
SC) sheets have been used to generate vascularised pulp-
like tissues for dental pulp regeneration and promote 
periodontal ligament and alveolar bone repair.166-168 
Although this technique preserves native ECM and 
enhances cell survival, its manipulation is technical-
ly complex, particularly in confined spaces like root 
canals.169 Cellular spheroids employ low-adhesion cul-
tures, microfluidics or magnetic levitation to enable cell 
self-assembly into 3D microtissues. Co-cultured hDPSC 
and HUVEC spheroids enhance vascularisation and 
pulp regeneration, while hDPSC spheroids also improve 
osteogenic differentiation and periodontal repair.170,171 
However, spheroid size inconsistency and suboptimal 
culture conditions remain challenges. Despite their 
promise in dental regeneration, scaffold-free methods 
still face hurdles in cell survival, vascularisation and 
nerve integration.

The primary scaffold-free methods for constructing 
cellular spheroids include the liquid overlay method 
and the hanging drop method. In the liquid overlay 
method, the bottom of the culture vessel is coated with 
non-adhesive materials such as agarose, poly-HEMA or 
HA to prevent cell attachment and promote spontan-
eous aggregation into spheroids. However, this method 
lacks cell–ECM interactions and the spheroid size is 
limited.

The hanging drop method involves placing droplets 
of cell suspension on the inner side of a culture plate 
lid, where cells aggregate at the bottom of the droplet 
due to gravity, forming spheroids. This technique allows 
for precise size control (by adjusting the initial cell 
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number), generates uniformly shaped spheroids and is 
well-suited for high-throughput screening. However, it 
is labour-intensive, making culture-medium exchange 
difficult while lacking ECM support.

The stirring method/rotating culture systems uti-
lise spinner flasks, rotating vessels or bioreactors to 
dynamically suspend cells, promoting spheroid forma-
tion. This method is suitable for large-scale spheroid 
production.172

A water-swellable hydrogel serves as a culture sub-
strate, supporting the formation of a confluent cell 
sheet over a 14-day period. The hydrogel with the 
adherent cell sheet is then inverted and placed into a 
new culture plate. By reducing the culture temperature 
from 37°C to approximately 15°C for around 40 minutes, 
the hydrogel undergoes enhanced hydrophil icity, lea-
ding to the spontaneous detachment of the entire cell 
sheet from the hydrogel surface. Following removal of 
the hydrogel, the cell sheet adheres to the new culture 
substrate. This method preserves cell–cell and cell–
ECM connections, eliminates the need for enzymatic 
digestion and avoids associated cellular damage.173

Hydrogel design and applications for oral soft 
tissue repair

The successful application of hydrogels in the dy-
namic oral environment requires a design strategy that 
addresses two fundamental challenges: achieving stable 
adhesion under wet conditions and fulfilling the specific 
biological needs of different tissues. This section first 
outlines the critical design principles for overcoming the 
adhesion challenge. It then introduces the role of hydro-
gels as programmable delivery platforms, a core func-
tionality that enables their therapeutic action. Finally, 
it reviews how these foundational designs are applied 
across key clinical scenarios in oral soft tissue repair.

Foundational design strategy: achieving robust wet 
adhesion

The primary challenge for any intraoral biomaterial is 
achieving stable adhesion in a constantly wet, mobile 
and mechanically active environment. While saliva con-
tains proteins and growth factors beneficial for heal-
ing,174 its flushing effect can rapidly displace unsecured 
dressings. Therefore, enhancing adhesion to moist 
surfaces is a top priority. Current strategies are largely 
bioinspired, exploiting specific chemical and physical 
interactions to create strong interfacial bonds (Fig 4).

Catechol-based adhesion

Marine mussels possess the ability to firmly attach to 
wet surfaces even in environments with strong waves 
and turbulent currents, thus inspiring the development 
of numerous oral-related materials. Mussels secrete 
mussel adhesive proteins (MAPs) from their feet. These 
proteins are rich in glycine and 3, 4-dihydroxy-L-phenyl-
alanine (L-DOPA), and the catechol groups in the side 
chains of L-DOPA are primarily responsible for the ad-
hesive properties of mussels.

The mussel-inspired bionic adhesive Janus hydrogel 
achieves adhesion mainly through polydopamine (PDA) 
generated by the oxidation of dopamine.64 The hydro-
gel achieves non-covalent and covalent interactions 
with various functional groups on the tissue surface 
through the catechol groups in PDA. These interactions 
include hydrogen bonds, Schiff base reactions and 
binding to functional groups such as amino, sulfhydryl 
and carboxyl groups. Additionally, PDA adhesives can 
undergo further reactions with amine and thiol groups 
through Michael addition reactions. Apart from dopa-
mine, its derivatives, including DOPA, norepinephrine, 
gallic acid and tannic acid, can also be used to modi-
fy polymers via self-polymerisation techniques.175,176 
Modifying dopamine and its derivatives using the coup-
ling chemistry of 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide and N-hydroxysuccinimide facilitates the 
efficient formation of amide bonds between -NH2 and 
-COOH groups under acidic conditions. As most nat-
ural polymers are rich in amino and carboxyl groups, 
dopamine and related compounds can readily attach 
to them.177-179 Schiff base chemistry provides another 
effective approach for synthesising catechol- or gallol-
functionalised polymers. This method involves the 
reaction between amino and aldehyde groups under 
mild conditions to form C=N double bonds.180,181 

Catechol groups are highly versatile and capable of 
undergoing physical and covalent crosslinking with dif-
ferent functional groups. For example, their hydroxyl 
groups can interact electrostatically with metal oxides 
and form hydrogen bonds with hydrophilic surfaces. 

-
ing with adherends exhibiting diverse interfacial char-
acteristics. When catechol is oxidised to quinone, 
the resulting products can form covalent bonds with 
amines and thiols via Michael addition, while also 
establishing strong coordination complexes with metal 
oxides.182 
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Hydrogen bonding-mediated adhesion

Hydrogen bonding interactions possess relatively 
low binding energies, typically ranging from 0.5 to 
1.8 kcal mol-1. Under moist conditions, hydrogen bonds 
tend to form preferentially between water molecules and 
either the substrate or the adhesive rather than between 
the adhesive and the substrate surface itself, resulting 
in diminished adhesion energy. Among various candi-
dates, PVA stands out as one of the most competitive 
materials for hydrogen bond-mediated adhesion due to 
its high density of hydroxyl groups. In dimethyl sulfox-
ide (DMSO), PVA exhibits high fluidity, promoting effect-
ive interfacial interactions. Upon replacing DMSO with 
water, strong intrachain hydrogen bonding is induced, 
leading to the formation of tough PVA hydrogels, while 
residual hydroxyl groups on PVA chains establish hydro-
gen bonds with adjacent substrates.183

To enhance the wet adhesion capacity via hydrogen 
bonding, Cui et al184 developed a Janus hydrogel with 
a gradient distribution of polyelectrolyte complexes, 
transitioning from a fully neutralised carboxyl-rich sur-
face to one with fewer carboxyl groups. Consequently, 
the hydrogel presents asymmetrical properties: one 
side offers strong adhesion to wet tissues while the 
other exhibits non-adhesive characteristics to prevent 
undesired tissue adhesion. Experiments confirmed that 

this hydrogel could achieve rapid and strong adhesion 
to wet biological tissues while effectively inhibiting 
postoperative tissue adhesion on the opposite surface.

Electrostatic interaction-based adhesion

In wet environments, conventional hydrogels that rely 
on electrostatic interactions often struggle to adhere to 
biological surfaces because both hydrogels and many 
biological tissues typically carry net negative charges,185 
resulting in electrostatic repulsion at the interface.186,187

A recent study reported a class of polymer hydrogels 
whose copolymers feature adjacent cationic–aromatic 
sequences via sequence-controlled copolymerisation. 

complexation-assisted free radical polymerisation strat-
egy. The resulting hydrogels demonstrate fast, strong 
and reversible adhesion even in high ionic strength 
saline environments, where conventional electrostat-
ic interactions are typically screened. Remarkably, 
despite the presence of such electrostatic screening, 
the designed hydrogels maintain robust adhesion to 
negatively charged surfaces, offering a promising 
approach for underwater and saline condition applica-
tions. These interactions enable the hydrogel to firmly 
adhere to the surface of biological tissues in a moist 
environment. The interlayer structure of nano-clay can 

Fig 4a to c  Several differ-
ent adhesion mechanisms. 
The hydrogel is based on 
a cation-π complex-aided 
free radical polymerisation 
strategy to synthesise poly 
(cation-adj-π) with adjacent 
cationic–aromatic sequenc-
es. The resulting supramo-
lecular hydrogel exhibits 
electrostatic adhesion in sea-
water (a). The adhesive layer 
adheres to the oral mucosal 
surface, while the barrier 
layer prevents mutual adhe-
sion between dressings and 
forms a barrier against exter-
nal foreign matter (b). Exog-
els were formed via solvent 
exchange-induced polymer 
crosslinking, while cryogels 
were prepared through re-
peated freeze–thaw cycles. 
The resulting PVA hydrogels 
exhibit strong underwater 
adhesion (c).
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restrict the oxidation degree of dopamine, preserve 
the number of unoxidised catechol groups and thereby 
maintain a stronger adhesive capacity.

Enabling technology: hydrogels as programmable de-
livery platforms

Beyond adhesion, the transformation of hydrogels from 
passive dressings into active therapeutic devices funda-
mentally depends on their functionality as advanced de-
livery platforms. The controlled spatiotemporal release 
of bioactive agents, including drugs, growth factors and 
cells, enables precise intervention in the complex pro-
cesses of oral wound healing and regeneration. Con-
ventional delivery systems face limitations for intraoral 
use, such as rapid degradation of active compounds, 
uncontrolled release, and potential local toxicity.188,189 
Addressing these requires systems designed for sus-
tained, low-dose and localised delivery.

The necessity for such sophisticated carriers is illus-
trated by specific agents. Curcumin, despite its poten-
tial, has poor solubility, low stability and dose-depend-
ent toxicity, necessitating specialised systems like 
mucoadhesive formulations (MFCs) for oral mucositis 
to prolong contact and control release.190 Similarly, 
anthocyanins degrade easily in saliva and require nano-
carrier encapsulation to improve stability and mucosal 
permeability.191,192

Hydrogels, with their crosslinked hydrophilic poly-
mer networks, present an ideal foundation for these 
delivery systems due to their high biocompatibility, 
porous structure and ability to maintain a moist wound 
environment.193,194 Natural polymers are particularly 
promising. Gelatin-based hydrogels offer excellent bio-
compatibility and a porous structure for encapsulation, 
with advanced variants enabling stimuli-responsive 
release.195 Sericin can be modified into sericin meth-
acryloyl (SerMA) hydrogels, where crosslinking density 
dictates release rates for tunable delivery.196 Chitosan-
based hydrogels are notable for their injectability and 
pH/temperature responsiveness, allowing precise de-
livery of diverse agents for applications like bone regen-
eration.197,198 Furthermore, chitosan can be ionically 
crosslinked to form hydrogels suitable for drug deliv-
ery.116 Hydrogel-based drug carriers have proven effec-
tive in managing chronic wounds, including diabetic 
ulcers and burns, by promoting re-epithelialisation, 
reducing fibrosis and stimulating angiogenesis.199 

Hydrogel applications in oral soft tissue

Building upon the fundamental adhesion strategies and 
delivery platform technology outlined in the preceding 
sections, the targeted application of functional hydro-
gels addresses the distinct requirements of various oral 
soft tissue defects. This section describes how integrat-

Table 3  Different materials and their biological functions.

Material Biological functions

Amniotic membrane
Serves as a bioscaffold for postoperative mucosal defects, promoting epithelialisation and pain 
relief; applied in cleft palate repair and salivary gland regeneration203-206 

Salamander skin secretion Induces angiogenesis and accelerates palatal mucosal healing in rat models207,208 

Curcumin
Attenuates inflammation and enhances collagen deposition through inhibition of the NF-κB sig-
nalling pathway209 

Anthocyanin niosomes
Enhance mucosal permeability and reduce inflammation associated with traumatic oral 
ulcers192,210 

Histones and growth factors in saliva Accelerate cell migration during mucosal wound healing212 

Table 4  Different hydrogel type materials and their properties.
Hydrogel type Functional component Mechanism of action Oral application and outcome

Chitosan-based 
hydrogel

Tretinoin + catechol 
modification

Covalent binding to mucosal proteins via cat-
echol groups; hydrogen bonding and electro-
static interactions enable wet adhesion

Promoted oral ulcer healing with pro-
longed drug release and stable adhesion 
in humid oral conditions214

UV-curable CNB-HA 
hydrogel

Photo-reactive aldehyde 
groups

Aldehyde groups bind to tissue amines via 
Schiff 

Retained under salivary washout for 24 
h; suitable for oral mucosal defect repair 
without affecting oral function45 

Polydopamine nano-
particles in hydrogel 
matrix

PDA NPs ROS scavenging; anti-inflammatory
Reduced mucosal oxidative stress and 
inflammatory infiltration in periodontitis 
model215 

Acidic hydrogel 
dressing

pH-modulating agents Local pH regulation of wound environment
Promoted wound healing via optimised 
acidic microenvironment213
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ed hydrogel design is tailored to meet the challenges 
posed by three key clinical areas (Table 4).

Repair of oral mucosal wounds

Oral mucosal wounds, resulting from trauma, ulcera-
tion or surgery, require a healing environment that pro-
motes rapid re-epithelialisation. Hydrogels designed for 
this application provide a protective barrier, maintain 
moisture and adhere securely to the moist, mobile mu-
cosa. Critically, their therapeutic function is augment-
ed by their role as delivery systems for bioactive com-
pounds that modulate the healing process.

Oral mucosal wound healing proceeds through four 
stages: haemostasis, inflammation, proliferation and 
remodelling.200 Compared with skin, oral mucosa 
exhibits a milder inflammatory response and a higher 

201 which contributes to reduced scar 
formation; disruption of tissue homeostasis leads to 
delayed or impaired healing.202 Hydrogel-based deliv-
ery systems can incorporate various agents to support 
this process. For instance, naturally derived bioactive 
agents provide essential biological cues. An amni-
otic membrane serves as a bioscaffold to cover postop-
erative mucosal defects, promoting epithelialisation, 
reducing pain203,204 and finding application in cleft 
palate repair and salivary gland regeneration.205,206 
Salamander skin secretion contains a variety of growth 
factors and exhibits excellent antibacterial, antioxi-
dant, wound healing promoting and haemostatic prop-
erties. In both normal and diabetic rat models of palatal 
defects, salamander skin secretion–derived powder 
promotes angiogenesis, attenuates the immune re-
sponse and accelerates wound healing.207,208 Natural 
plant extracts, known for being low-cost and accessible 
with remarkable antibacterial and antioxidant proper-
ties, can accelerate healing through immunomodula-
tory and anti-inflammatory effects. Curcumin attenu-
ates inflammation and promotes collagen deposition 

209 while anthocyanin 
niosomes improve mucosal permeability and reduce 
inflammation in traumatic ulcers.192, 210 The chitosan-
based thermosensitive hydrogel demonstrates dual 
functionality, offering antibacterial effects and enhanc-
ing gingival fibroblast proliferation via electrostatic 
interactions.27,28 HA mimics the ECM environment, 
reduces collagen overdeposition and accelerates lin-
gual mucosal re-epithelialisation.36,211 Furthermore, 
histones and growth factors (e.g., vascular endothelial 
growth factor [VEGF]) present in saliva are known to 
accelerate cell migration.212 Collectively, these studies 
demonstrate that a wide range of naturally derived bio-

active agents can be effectively incorporated into hydro-
gel-based delivery systems to promote oral mucosal 
wound healing (Table 3). While natural agents provide 
essential biological cues, synthetic materials enable 
the rational design of hydrogel systems with program-
mable mechanics, degradation and drug release behav-
iours. For example, antimicrobial hydrogels can inhibit 
biofilm formation, and acidic dressings can modulate 
wound pH to promote healing.213 Synthetic design also 
allows for enhanced wet adhesion. Ryu et al214 devel-
oped a chitosan-based hydrogel loaded with tretinoin, 
where catechol modification enhanced adhesion. The 
catechol moiety covalently binds to mucosal proteins 
to prolong drug release, and the hydrogel stabilises 
adhesion in a humid environment through hydrogen 
bonding and electrostatic interactions, significantly 
accelerating ulcer healing. Zhang et al45 designed 
a UV-curable hydrogel (CNB-HA) that forms strong 
adhesion via a photolytic reaction generating aldehyde 
groups, which bind to tissue amino groups. This hydro-
gel retains adhesion for over 24 hours despite salivary 
washout and oral movements, gels within 5 seconds, is 
degradable and does not affect oral function, making it 
suitable for mucosal defect repair. Additionally, Bao et 
al215 reported that polydopamine nanoparticles (PDA 
NPs) attenuate oxidative stress-induced mucosal injury 
by scavenging ROS, and in a periodontitis model, they 
significantly reduced inflammatory cell infiltration.

Regeneration of gingival tissues 

The engineering of functional gingival tissues in vitro pre-
sents significant challenges, necessitating sophisticated 
3D microenvironments that extend beyond the capabili-
ties of conventional monolayer cultures or decellular-
ised biomaterials. Biofabrication has therefore emerged 
as a particularly promising approach within tissue en-
gineering, employing a suite of advanced techniques to 
precisely construct complex, living tissue structures.216 
The success of such endeavours hinges on several crit-
ical design factors. First, scaffolds must be fabricated 
from porous biomaterials that closely mimic the native 
ECM to facilitate essential cellular activities such as 
attachment, migration and nutrient diffusion; the pore 
architecture, including its size and interconnect ivity, 
critically influences subsequent vascularisation and tis-
sue integration. Second, the mechanical properties of 
the engineered construct should match those of natural 
gingival tissue to ensure it can withstand physiological 
masticatory forces. Third, the material must possess ap-
propriate permeability to allow for efficient oxygen and 
nutrient transport as well as the removal of metabolic 
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waste. Finally, the biodegradation rate of the scaffold 
must be carefully synchronised with the pace of new tis-
sue regeneration to provide temporary support without 
impeding long-term healing.217 

Current strategies in gingival tissue engineering 
utilise a diverse array of biomaterials, each offer-
ing distinct advantages. Acellular dermal matrix, for 
instance, serves as a well-established alternative to 
autogenous CTGs. Its application has been shown to 
effectively increase gingival thickness and keratinised 
tissue width,218 reduce postoperative inflammation219 

and accelerate processes of epithelialisation and angio-
genesis,220,221 although its long-term stability in clinical 
settings continues to be a subject of discussion.6,222 
Collagen membranes represent another cornerstone 
biomaterial that is widely used to support post-surgical 
repair. They provide essential structural support, help 
in reducing pain and the risk of infection223 and cre-
ate a conducive environment for the regeneration of 
both soft and hard tissues.224 For the repair of buccal 
mucosa, scaffolds derived from sericin protein have 
demonstrated efficacy by minimising wound contrac-
tion and actively promoting the growth of new epithe-
lium.225 Furthermore, commercially available formula-
tions like Gengigel, which is based on a high-molecular-
weight HA hydrogel (1000 to 1890 kDa) supplemented 
with xylitol, a compound known to inhibit plaque and 
promote remineralisation, have shown measurable 
efficacy in the management of gingivitis and as an 
adjunct to non-surgical periodontal therapy.226,227

Management of periodontitis and periodontal re-
generation

Periodontitis is a chronic inflammatory disease affect-
ing the periodontal tissues, characterised by dysbiotic 
microbial biofilms and an exaggerated host immune re-
sponse, which together drive progressive periodontal 
destruction. The pathophysiology of periodontitis stems 
from a disrupted equilibrium in host–microbe interac-
tions. Although bacterial biofilms initiate periodontal 
inflammation,228,229 excessive and dysregulated host 
immune responses are recognised as the primary driv-
ers of tissue breakdown.230,231 

At the cellular level, epithelial cells in both healthy 
and inflamed gingival tissues can be classified into 
basal cells (KRT15 ), spinous cells (KRT76 ) and super-
ficial cells (SPRR3 ). Notably, the proportion of basal 
epithelial cells is significantly increased under in-
flammatory conditions.155 In addition, periodontitis 
is associated with a marked infiltration of immune 
cells, including plasma cells (IGHA1 ), T cells (CD3D ) 

and monocytes (CD11b ). Among these, plasma cells 
contribute to alveolar bone destruction through high 
expression of CXCL12.232 The key mediators of peri-
odontal bone resorption include proinflammatory 

-
side the activation of the receptor activator of nuclear 

233,234 
Furthermore, systemic diseases can exacerbate the pro-
gression of periodontitis by modulating metabolic and 
immune pathways, thereby amplifying local inflamma-
tory responses.235 

Given this pathophysiology, anti-inflammatory, 
immunomodulatory and antioxidant strategies consti-
tute major therapeutic directions for hydrogels used 
in periodontal restoration. pH-responsive hydrogels 
encapsulating dexamethasone demonstrate efficacy by 
selectively targeting acidic inflammatory microenvir-

236 
A simvastatin-loaded Pluronic F127 temperature-sen-
sitive hydrogel has been shown to reduce alveolar 
bone loss in a rat periodontitis model by modulat-
ing inflammation and bone metabolism. Hydrogels 
incorporating plant extracts also offer a promising 
avenue for assisting periodontal regeneration.93 For 
instance, a glycan-based hydrogel loaded with the fla-
vonoid naringenin reduced inflammatory infiltration 
and bone loss through its anti-inflammatory effects 
in a mouse periodontitis model.237 Similarly, a self-
repairing hydrogel loaded with ginsenoside Rg1 and 
glaucogenin promoted anti-inflammatory effects and 
bone regeneration in a rat periodontitis model.238 Xu et 
al239

gelatin temperature-sensitive hydrogels loaded with 
aspirin and erythropoietin, which inhibited inflamma-
tion and promoted bone regeneration in a rat periodon-
titis model. In another approach, He et al57 developed 
transglutaminase-crosslinked gelatin hydrogels loaded 
with immunomodulatory cytokines to repair alveo-
lar bone defects. To address the characteristic high 
ROS microenvironment in periodontitis, Zhao et al240 
designed an injectable ROS-responsive hydrogel co-
loaded with metformin and doxycycline. This hydrogel 
demonstrated significant antibacterial efficacy in vitro, 
along with attenuated inflammatory responses and 
reduced alveolar bone loss in a diabetic rat model.240 
Furthermore, the hydrogel developed by Saita et al241 
effectively suppressed osteoclast differentiation from 
precursor cells and impeded Porphyromonas gingivalis-
induced alveolar bone resorption in a rat periodontitis 
model.It is important to note that these findings are 



108 Volume 29, Number 2, 2026

PAN et al

derived primarily from rat models. Inherent differ-
ences exist in both pathophysiological mechanisms and 
clinical manifestations between these animal models 
and human periodontitis. Therefore, the translation of 
the aforementioned therapeutic strategies and conclu-
sions to clinical applications requires further validation 
(Fig 5).

Clinical translational challenges and solutions

At present, hydrogel-based restorative materials for oral 
applications face several key limitations that hinder 
their clinical translation. A primary issue is the short 
tissue retention time; existing dressings often exhibit 
limited adhesion in the moist oral environment, typic-
ally remaining in place for only 2 to 8 hours before being 
dislodged by saliva or mastication.242 Furthermore, 
achieving sufficient tissue compatibility is challenging 
due to the significant variation in mechanical properties 
across different oral tissues, which necessitates tailored 
designs; for instance, keratinised mucosa possesses low 
elasticity whereas lining mucosa is more extensible. The 
complexity and high cost associated with multifunc-
tional modifications further impede the development 
of clinically viable dressings. Regarding antimicrobial 
strategies, while the use of narrow-spectrum antibi-
otics can delay resistance, the complexity of the oral 
microbiota frequently demands materials with broad-
spectrum activity.20 Another common problem is the 
initial burst release of drugs from hydrogels upon im-
plantation, which risks local toxicity and shortens the 
effective therapeutic period.243

Beyond these material-centric challenges, achieving 
predictably complete tissue regeneration remains a 
significant hurdle. Even established materials such as 
Emdogain, platelet-rich fibrin (PRF) and bone grafts 
often fail to achieve complete closure of defects, par-
ticularly in complex scenarios like Class III furca-
tion defects.244,245 Their limitations may include poor 
space maintaining capability, rapid degradation or 
insufficient antimicrobial activity.246-248 For example, 

the fluid consistency of Emdogain can lead to mem-
brane collapse, thereby compromising the outcome of 
bone regeneration procedures.249,250 The regeneration 
of complex defects, including Class III furcations or 
single-walled intrabony defects, remains particularly 
challenging. Even in more favourable defects such as 
Class II furcations or two- to three-walled intrabony 
defects, rates of complete clinical closure are often 
low. Additionally, methodological flaws in clinical study 
design, such as inadequate randomisation protocols in 
split-mouth studies or a lack of histological evidence, 
may introduce bias and limit the interpretability of 
research findings.245,251,252 Finally, effective biofilm 
control is critical during the regenerative process, yet 
current biomaterials frequently offer limited inherent 
antimicrobial efficacy.253

To address these persistent limitations, several 
advanced design strategies with promising translation-
al potential have emerged.254 One innovative approach 
involves the incorporation of dynamic covalent bonds, 
such as boronate esters. These bonds can impart self-
healing properties to hydrogels and create robust, 
long-lasting adhesion capable of withstanding the chal-
lenging moist conditions of the oral cavity.255 Another 
promising strategy is the design of multilayered or gra-
dient hydrogels that mimic the inherent biomechanical 
anisotropy and heterogeneity of oral tissues. In such 
systems, a mechanically stiffer outer layer can enhance 
adhesion and provide protection, while a softer, more 
porous inner layer facilitates cellular infiltration and 
nutrient diffusion. This hierarchical structure pro-
motes better integration with host tissues and helps 
address issues related to mechanical mismatch.256

Furthermore, technologies such as light-activated 
polymerisation enable rapid in situ gelation directly at 
the wound site. This ensures intimate tissue coverage 
and prolongs material retention. Hydrogels like GelMA, 
especially when functionalised with antimicrobial pep-
tides, have demonstrated the potential for sustained 
antibacterial action and controlled drug release.257 
Lastly, the integration of micro- or nano-encapsu-

Fig 5  Application scen-
arios and therapeutic out-
comes of hydrogel-based 
systems in oral soft tissue 
repair.
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lation systems within hydrogel matrices, combined 
with engineered gradient diffusion layers, allows for 
sophisticated spatiotemporal control over therapeutic 
delivery.258 Such designs are particularly effective in 
mitigating the issue of burst release by enabling multi-
stage, prolonged release of antibiotics, growth factors 
or anti-inflammatory agents over periods ranging from 
days to weeks. Collectively, these innovations represent 
viable and scalable pathways towards the successful 
clinical implementation of next-generation hydrogel 
therapies for oral tissue repair.

Future directions

To advance the development of bioadhesive materials, 
future research should focus on enhancing adhesion 
performance and stability through biomimetic strat-
egies. For instance, catechol chemistry inspired by 
mussel foot proteins and electrostatic interactions such 
as polyelectrolyte complexation could be further opti-
mised to improve interfacial bonding strength and dur-
ability in physiological environments.259 Additionally, 
dynamic covalent chemistry can endow materials with 
reversible adhesion capabilities, whose tunable stability 
allows for adaptation to dynamic tissue microenviron-
ments. The development of self-stabilising elastomers 
represents another critical direction, as such systems 
hold promise for bridging the gap between temporary 
wound closure and long-term tissue regeneration.260

Smart responsive materials constitute a transforma-
tive frontier. Integrating pH- or temperature-responsive 
polymers into material systems enables real-time mon-
itoring and adaptive therapeutic delivery.261 Combining 
these features with bioactive components such as 
growth factors, stem cells or platelets can synergistic-
ally accelerate the tissue repair process while minimis-
ing off-target effects.262-265

Future antimicrobial materials should aim to target 
bacterial cell membranes while avoiding damage to 
intracellular organelles, thereby balancing antibacter-
ial efficacy with the mitigation of resistance devel-
opment.20 Combination therapies show significant 
potential, such as the synergistic use of Emdogain with 
Bio-Oss bone grafts for space maintenance266 or the 
combination of PRF with bone grafts to enhance re-
generation.267 Furthermore, novel materials including 
hydrogels that promote angiogenesis and cell prolifera-
tion,268 bone putty with improved handling and stabil-
ity, and host modulators possessing anti-inflamma-
tory and osteogenic properties are also gaining atten-
tion.269,270 Given that periodontal disease originates 
from microbial dysbiosis, integrating probiotics and 

prebiotics into hydrogel delivery systems to restore mi-
crobial balance represents a promising strategy.271-273

Regarding clinical translation, future studies must 
strike a balance between personalisation and practical-
ity. Advanced designs, such as metal-organic frame-
work-modified proteins, can enhance mechanical 
robustness and enable spatiotemporally controlled 
drug release.274 Simultaneously, simplifying fabrica-
tion processes is crucial for reducing production costs, 
improving scalability and facilitating widespread clin-
ical adoption.275

Finally, clinical studies should adhere to CONSORT 
reporting guidelines, extend follow-up durations and 
incorporate more histopathological evidence.276 In 
periodontal research, refining the classification of peri-
odontal defects is essential to improve the comparabil-
ity of study outcomes.277 

Conclusions 

Oral soft tissue defects pose significant clinical chal-
lenges due to their complex aetiology, functional impair-

Traditional repair strategies, such as autografts and syn-
thetic membranes, are limited by donor site morbidity, 
poor adhesion and inadequate mechanical properties. 
Hydrogels, with their tunable physicochem ical proper-
ties, biocompatibility and ability to mimic the native 
ECM, have emerged as promising alternatives for oral 
soft tissue regeneration.

This review has highlighted the diverse materials 
used in hydrogel design, including natural polymers 
(e.g., chitosan, HA, gelatin) and synthetic polymers 
(e.g., PVA, PEG, PLA), as well as innovative preparation 
techniques such as physical/chemical crosslinking, 3D 
bioprinting, and microfluidics. Hydrogels functional-
ised with bioactive agents (e.g., drugs, growth factors, 
antimicrobials) demonstrate enhanced wound healing, 
anti-inflammatory effects and antimicrobial activity. 
Their applications span oral mucosa repair, gingival re-
generation and periodontal therapy, effectively address-
ing the unique demands of the oral environment, such 
as the need for wet adhesion and resistance to dynamic 
stresses (Fig 6). 

Despite considerable progress, challenges remain, 
including short intraoral retention time, initial burst 
drug release and scalability for clinical translation. 
Future research directions should focus on developing 
smart-responsive hydrogels (e.g., pH- or temperature-
sensitive), creating hybrid systems that combine nat-
ural and synthetic materials and exploring micro-
biome-modulating strategies to optimise tissue regen-
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eration. By advancing hydrogel technology, specifically 
by improving adhesion strength, mechanical resilience 
and personalised therapeutic delivery, it will be pos-
sible to bridge the gap between laboratory innovation 
and clinical practice, ultimately improving outcomes 
for patients with oral soft tissue defects.

In summary, hydrogels represent a transformative 
approach to oral soft tissue repair, offering a versatile 
platform to address unmet clinical needs. Continued 
interdisciplinary collaboration will be essential to re-
fine these biomaterials and realise their full potential in 
regenerative dentistry. Future efforts should prioritise 
enhancing the intelligent responsiveness, safety and 
biocompatibility of hydrogels, as well as accelerating 
their clinical translation, to achieve the ultimate goal 
of alleviating patient suffering and promoting optimal 
healing.
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