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1. Introduction
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Oral diseases are prevalent but challenging diseases owing to the highly movable and wet, microbial and
inflammatory environment. Polymeric materials are regarded as one of the most promising biomaterials
due to their good compatibility, facile preparation, and flexible design to obtain multifunctionality.
Therefore, a variety of strategies have been employed to develop materials with improved therapeutic
efficacy by overcoming physicobiological barriers in oral diseases. In this review, we summarize the
design strategies of polymeric biomaterials for the treatment of oral diseases. First, we present the
unique oral environment including highly movable and wet, microbial and inflammatory environment,
which hinders the effective treatment of oral diseases. Second, a series of strategies for designing
polymeric materials towards such a unigue oral environment are highlighted. For example,
multifunctional polymeric materials are armed with wet-adhesive, antimicrobial, and anti-inflammatory
functions through advanced chemistry and nanotechnology to effectively treat oral diseases. These are
achieved by designing wet-adhesive polymers modified with hydroxy, amine, quinone, and aldehyde
groups to provide strong wet-adhesion through hydrogen and covalent bonding, and electrostatic and
hydrophobic interactions, by developing antimicrobial polymers including cationic polymers,
antimicrobial peptides, and antibiotic-conjugated polymers, and by synthesizing anti-inflammatory
polymers with phenolic hydroxy and cysteine groups that function as immunomodulators and electron
donors to reactive oxygen species to reduce inflammation. Third, various delivery systems with strong
wet-adhesion and enhanced mucosa and biofilm penetration capabilities, such as nanoparticles,
hydrogels, patches, and microneedles, are constructed for delivery of antibiotics, immunomodulators,
and antioxidants to achieve therapeutic efficacy. Finally, we provide insights into challenges and future
development of polymeric materials for oral diseases with promise for clinical translation.

globally. The oral and maxillofacial region is an open and
closed structure composed of soft and hard tissues such as

Oral diseases are the most prevalent diseases with severe health  teeth, periodontium, oral mucosa, maxilla, and salivary gland.
and economic burdens, affecting over 3.5 billion people Its complex physical and chemical environments, such as food,

microbiota, saliva, and functional movement, lead to the wide
existence of oral diseases and challenges in treatment." The
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many oral diseases, but is also responsible for the failure of
dental materials.>® Current clinically used biomaterials in the
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site resin for dental restorations and filling, inorganic salts as
dental cement, elastomers as impression materials, fibres for
wound healing and dressing, and scaffolds as bone substitutes
for guided bone regeneration.””” Owing to their advantages and

t These authors equally contributed to this work. wide clinical applications, advanced biomaterials have
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significantly promoted the diagnosis and treatment of oral
diseases.®®

Polymers are macromolecules composed of a large number
of repeat units. The diversity in monomers, initiators, polymer-
ization and post-modification methods endows polymers with
multifunctionality."®™"> Polymeric materials such as nano-
particles (NPs), nanofibers, hydrogels, and microneedles man-
ufactured by advanced nanotechnology and engineering show
great potential in biomedical applications.'®! Owing to their
advantages in flexible design and facile preparation, an increas-
ing number of polymeric materials have been developed and
applied in oral diseases, making them a very hot topic in the
cutting edge of oral disease treatment.*>">°

Over the past five years, several reviews have been published
focusing on polymeric materials for treatment of oral
diseases.>*! For example, Guo and colleagues have focused
on mandibular tissue engineering related to hydrogels with
better mechanical properties, antibacterial ability, injectability,
and three-dimensional bio-printed hydrogel structure.*® Alqur-
ashi and co-workers have reviewed thermoplastic polymer
polyetherketoneketone (PEKK), which has a wide range of
dental applications, including dental restorations, crowns,
bridges, internal columns, denture frames, implant-supported
fixed prostheses and dental implants.”” Kalelkar et al. have
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summarized biomaterial-based antibacterial therapies.** Poo-
yan has described the advance in antibacterial polymer fillers
used in dental materials and evaluated the structure, prepara-
tion, and application of antibacterial polymers and inorganic
fillers and compounds.”® Mao has emphasized the oral and
maxillofacial wet-adhesive materials with wet environment
retention, internal stability and plasticity that can be used for
oral mucosal administration, oral vaccination, wound healing
and bone defect treatment.*’ However, previous reviews have
focused on certain properties of the materials. Nevertheless,
oral diseases associated with the highly movable and wet,
microbial and inflammatory environment are barely discussed.
To the best of our knowledge, there is no review on polymeric
materials for treatment of oral diseases by overcoming the
important challenges from the unique oral environment. Con-
sidering that oral cancer is one of the most prevalent cancers,
reviews are continuously presented concomitant with the pro-
gress in the targeted treatment of oral cancer, including
exosomes,” intraoral polymeric delivery systems,** and
mucoadhesive polymers.>® Therefore, this review will not
include a specific discussion on the treatment of oral cancer.
In this review, we aim to highlight the latest progress of
emerging polymeric materials for the treatment of oral diseases
(Fig. 1). We summarize the oral environments that are
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conducive to the pathogenesis of various oral diseases and the
key factors in the treatment before emphasizing the design
strategies towards the specific oral environment and their
applications in the treatment of oral diseases. Finally, chal-
lenges and perspectives are discussed to provide insight and
inspiration for the development of future materials in this field.

2. Oral environment

The oral cavity is the entrance of the digestive and respiratory
systems, making it important in human physiology. It has
many critical anatomical structures, including teeth, period-
ontal tissue, oral mucosa, maxilla, and salivary glands. The
open and closed structure of the oral cavity, accompanied by a
highly movable and wet, microbial, and inflammatory environ-
ment, significantly affects the diagnosis, treatment, and prog-
nosis of various oral diseases. Therefore, understanding the
complex oral environment and the existing challenges is of
great importance for the design of novel polymeric materials
towards oral diseases.

2.1. Highly movable and wet environment

Fundamental oral movements include breathing, chewing,
swallowing, and speaking. The mainly involved hard tissues
are the mandible, temporomandibular joint, and dentition.*®
These movements and the resulting functional signals regulate
tissue differentiation, occlusal establishment, remodeling, and
decomposition during the growth and development.
Fundamental oral movements also affect the occurrence and
development of oral diseases. Therefore, oral materials are
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Fig.1 Design strategies of wet-adhesive, antimicrobial, and anti-
inflammatory polymeric materials for treatment of oral diseases by over-
coming the highly movable and wet, microbial and inflammatory environ-
ment in the oral cavity. Polymers were modified with hydroxy, amine,
quinone, and aldehyde groups to provide strong wet-adhesion through
hydrogen and covalent bonding, and electrostatic and hydrophobic inter-
actions. Antimicrobial polymers including cationic polymers, antimicrobial
peptides, and antibiotic-conjugated polymers were developed to combat
oral biofilms. Anti-inflammatory polymers with phenolic hydroxy and
cysteine groups function as immunomodulators and electron donors to
reactive oxygen species to reduce inflammation. In addition, various
delivery systems with strong wet-adhesion and enhanced mucosa and
biofilm penetration capabilities, such as nanoparticles, hydrogels, patches,
and microneedles, were constructed for delivery of antibiotics, immuno-
modulators, and antioxidants to achieve therapeutic efficacy.

required to meet the requirements for oral movement. For
example, mouth breathing, which results in abnormal tooth
and maxillofacial development, increases the risk of bad
breath, bruxism, and periodontal diseases.>’” Mouth breathing
and other malocclusion can be corrected by orthodontic clear
aligner materials, mainly made of polymers, which require
long-term resistance to mechanical stress related to oral func-
tional movements as well as the viscoelastic property of
polymers.>® Regarding dental materials, long-term excessive
masticatory movement and food impact can lead to the wear
and tear of teeth and dental materials, resulting in dentin
allergy and damage to dental materials.*®*° Hence, in the area
of future dental filling composites and dental bonding agents,
more attention should be paid to the viscosity and flexibility
before solidification, and the elastic properties and mechanical
strength after solidification.*® In drug delivery and tissue repair
areas, the continuous change of saliva, oral movement, and
involuntary swallowing hinder the stable adhesion of drug-
loaded and tissue repair materials, resulting in a short reten-
tion time of biomaterials. Therefore, developing biological
macromolecules with high cohesion and adhesion strength
can achieve controlled drug delivery or improve the efficiency
of tissue repair.***> Overall, polymeric materials for treating oral
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diseases are immersed in an environment of long-term activity,
cyclic contact force, and wear, which should be particularly taken
into consideration in the design of the materials.

Another character of the oral cavity is the wet environment
induced by saliva and fluid. As the primary contributor to a wet
environment, saliva is crucial in maintaining oral health.** It
encompasses a spectrum of inorganic elements, including
sodium, chloride, potassium, calcium, magnesium, phosphorus,
and bicarbonate.** Additionally, saliva comprises various protein
classes, such as acidic and basic proline-rich proteins, a-amylases,
mucins, cystatins, and approximately 200 other proteins and
peptides.* The complex composition helps maintain the oral
pH within a relatively stable range of 6.5-7.0. Notably, alterations
in the concentration of several molecules presented in saliva have
proven valuable in diagnosing and monitoring oral diseases,
including dental caries, periodontitis, oral squamous cell carci-
noma, and Sjégren’s syndrome.*>*”

The interaction between saliva and polymeric materials used
in oral rehabilitation or tissue regeneration is inherent, which
may lead to chemical-physical-biological changes in polymeric
materials, such as hydrophilicity, degradation, morphology, sur-
face properties, and biocompatibility.***° The acidic conditions
can lead to phase/morphology change and even degradation of
polymeric materials that are sensitive to pH.>° In addition, the
abundant proteins may be adsorbed on the surface of polymeric
materials, which results in a subsequent change in surface
properties, such as alteration in size, variation in zeta potential,
and loss of targeting ability.*® These changes then affect the fate
and efficacy of polymeric materials. For example, saliva can
damage the super-hydrophilic nano-textured surface of dental
implants, which may affect bone healing.”* Furthermore, the high
wetness of saliva and the presence of various proteins and mucins
prevent the strong and stable adhesion of drugs and biomaterials
to the oral mucosa and dentoidin.*>

Besides saliva, the wet environment caused by fluid from food
and drink intake hampers the retention of polymeric materials at
the lesion site. The flashing fluid-induced shearing force quickly
interrupts the integrity of polymeric materials and leads to the
exfoliation of materials. Therefore, much effort has been made to
maintain the adhesive and mechanical strength between poly-
meric materials and oral cavity in a wet environment.*

2.2. Microbial environment

The oral microbes is the most important biological factor
affecting the oral environment.>® It is also one of the most
complex and dense microbial ecosystems in the human body,
containing bacteria, archaea, fungi, protozoa, and viruses.>*
These oral microbes can escape the antibacterial defense of
saliva and adapt to living in warm and humid environments,
and are exposed to oxygen regularly.”® Complex biological
signal systems and interactions with the host regulate the
microbes. Once the oral microbes is out of balance, the
microbes will produce virulence factors and metabolites, lead-
ing to dental caries, periodontal diseases, etc.>>>°

Biofilm is an important mediator for the pathogenicity and
therapeutic resistance of many bacterial species, and is an

3276 | Chem. Soc. Rev., 2024, 53, 3273-330]1
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important obstacle to the treatment of many infections. The
three-dimensional biofilm network serves as a natural defense
barrier that protects enclosed bacteria from the influence of
antibiotic drugs and other antibacterial mechanisms.’” Oral
biofilms are usually formed on the tooth surface and embedded
in a matrix of extracellular polymeric substances (EPS) with
diverse microbiota inside.>® Among them, Streptococcus mutans
(S. mutans) in the oral microbiota is considered to be an
important pathogen in biofilm formation and dysbiosis. With
frequent carbohydrate exposure, continuous metabolism by S.
mutans produces glucan-rich EPS and acidic by-products. The
dense EPS protect microbiota from fluid flashing and thera-
peutic agent penetration. Moreover, the EPS provide nutrition
and facilitate colonization of microbiota, which in turn
strengthens the biofilm. Aciduric microbiota prosper with the
increasing acidity of the biofilm. The local acidity further
demineralizes adjacent teeth and exacerbates the biofilm
growth. In addition, with the aggregation of the biofilm, the
anaerobic microenvironment facilitates the growth of aerobic
and facultative anaerobic Gram-negative bacteria. All these
factors finally contribute to oral diseases such as dental caries
and create a barrier to dental treatment. Therefore, removing or
interrupting the biofilm is a new opportunity for the effective
treatment of oral diseases.”

2.3. Inflammatory environment

Inflammatory diseases in the oral cavity mainly include period-
ontitis and oral mucosal diseases. The complex relationships
among bacterial infection, immune response disorder, and envir-
onmental risk factors induce periodontitis.®® In recent years, more
and more evidence reveals that periodontitis is an inflammatory
disease of oxidative stress. Reactive oxygen species (ROS) induce
the over-expression of pro-inflammatory cytokines (interleukin-1
(IL-1), IL-6, tumour necrosis factor (TNF) family members, etc.),
which directly or indirectly lead to connective tissue destruction
and bone resorption.®* For example, Porphyromonas gingivalis (P.
gingivalis), a key pathogen of periodontitis, secretes peptidyl
arginine deiminase that prolongs neutrophil inflammatory
response with sustainable secretion of pro-inflammatory cyto-
kines and ROS production.®® In addition, macrophage polariza-
tion, a variety of matrix metalloproteinases and signal pathways
are pathological molecular processes of periodontitis.®® Therefore,
improving the level and activity of antioxidants, regulating macro-
phage polarization, enzyme regulation, and signal pathway tar-
geted therapy may be feasible supplements for the prevention and
treatment of periodontitis and other oxidative stress diseases.
Oral mucosa is a barrier to protect oral health, but it is easily
affected by periodontitis.®® Oral mucosa is the intimal tissue of
the oral cavity, composed of two main parts: the physical
barrier, which is composed of layered epithelial cells and
cell-cell junction, and the microbial immune barrier, which
keeps the internal environment in a steady state.®* The physical
barrier of the oral mucosa in the mouth has been subjected to
persistent tissue damage caused by mastication.®® The immune
barrier is constantly exposed to inflammation signals, includ-
ing affluent oral microbes and their metabolites and antigens

This journal is © The Royal Society of Chemistry 2024
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produced by food and air.®®~®® All these factors pose challenges
to the homeostasis of oral mucosa, and result in oral mucosal
diseases, such as oral candidiasis, oral lichen planus, recurrent
aphthous ulcer, oral leukoplakia, and a series of conditions that
affect oral mucosa and soft tissue.®® For example, recurrent
aphtha is the most common disease observed by clinicians.
However, the specific etiology is unclear, but many factors,
including trauma, eating habits, and mouth microbes, may
affect the progress of the disease by regulating immunity.”
Therefore, it is important for successful prevention and treat-
ment of oral mucosal diseases to understand the root causes of
disorders or diseases by investigating the relationship between
physical, microbial, and immune barriers.”"

The inflammatory environment is also related to the occur-
rence and progression of oral cancer.”>”’* It is identified that
certain microbe components, such as P. gingivalis, Fusobacter-
ium nucleatum, and Candida albicans, are associated with an
increased risk of oral cancer.”>”® The microbe induce chronic
inflammation, produce carcinogenic byproducts, and modulate
the host immune response, creating an environment conducive
to cancer development. The role of microbe in cancer develop-
ment has been reviewed in detail.>>”*®*® It has been explored to
understand the host-microbiota interaction and manipulate
the microbiota for cancer therapy.®'*

One key problem is the dysregulation of the immune
system.® In the oral inflammatory environment, immune cells,
such as T lymphocytes, natural killer cells, macrophages, and
neutrophils, and ROS have been found to play a vital role in the
development and progression of oral cancer. Strategies of
immunomodulation, such as down-regulating inflammatory
cytokines by anti-inflammatory materials®®® and inducing
anti-tumor response by activating T cells, are explored.®°
Unfortunately, there are few studies on the immune regulation
of oral cancer by polymeric materials.”’ Future research
deserves an eye on probing the clinical correlation between
immune cells and related molecules and oral cancer to improve
the accurate medical treatment of oral cancer patients, as well
as developing biomaterials including polymeric materials to
regulate the inflammatory tumor microenvironment.

Despite the growing body of research on the relationship
between the oral environment and oral cancer, direct evidence
indicating that a specific increase or decrease in certain micro-
organisms or inflammatory factors is a direct cause of oral
cancer is limited. It is crucial to understand the impact of the
oral environment on the molecular and cellular processes
involved in cancer progression, which could provide guidance
for therapeutic strategies.

3. Wet-adhesive polymeric materials
to overcome the highly movable and
wet environment

The oral cavity, characterized by its highly movable and wet

environment, presents notable obstacles in achieving effective
adhesion and keeping the structural stability of biomaterials.’>

This journal is © The Royal Society of Chemistry 2024
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The oral mucosa lining on the gingiva and palate is elastic and
mobile which is undesirable for the retention of adhesive
materials. Moreover, the continuous endogenous salivation
and exogenous water flushing from food and beverages can
rupture the cross-linking networks, chemical bonds and inter-
actions to hamper adhesion at the tissue surfaces. On the other
hand, the movements by chewing and speaking not only
deteriorate the mechanical strength and tensile strength, but
also shorten the retention of adhesive materials. To address
these challenges associated with the highly movable and wet
environment of the oral cavity, efforts have been devoted to a
range of wet-adhesive materials.”>°* Herein, we start with the
adhesion mechanism, followed by design strategies of wet-
adhesive polymeric materials towards wet and highly movable
environments, as well as their therapeutic applications in
wound healing.

3.1. Adhesion mechanism

Bioadhesive materials can promote wound healing and reduce
complications associated with the inflammation of open
wounds. However, common adhesives face challenges in the
wet environment and even can be eliminated once in contact
with water. Therefore, it is urgent to develop wet-adhesive
materials with robust adhesion, applicable viscoelasticity and
excellent retention capability to adapt to the oral wet
environment.

The adhesive mechanisms of materials in the oral cavity
depend on the compositions of materials and their interaction
with the surrounding environment.”**> These mechanisms
include mechanical locking and chemical bonding (Fig. 2).
Biomaterials can form physical connections with the surround-
ing tissue or matrix through mechanical forces such as porous
structures and topological entanglement, which interlock geo-
metries or surface textures to enhance the adhesive
strength.”®” Functional groups presented on the surface of
oral tissues, such as primary amines, carboxylic acids, hydro-
xyls, and thiols, can interact with reactive groups of adhesives,
forming chemical bonds through activated chemical
reactions.”® These chemical bonds involve hydrogen bonds,
dynamic covalent bonds, electrostatic interactions, hydropho-
bic interactions, etc.***°® Moreover, cell-substrate affinity can
be achieved by transmembrane proteins like integrins, cell
adhesion molecules such as calreticulin and bridges.'®" Incor-
porating bioactive molecules into biomaterials or creating
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Fig. 2 Adhesion mechanisms between polymeric materials and the oral
cavity: mechanical locking and chemical bonding.
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micro- or nanoscale surface structures that mimic the natural
extracellular matrix can facilitate the cell adhesion and tissue
integration.

To meet the requirements of wet-adhesion, polymers are
equipped with functional groups for forming mechanical lock-
ing and chemical bonding with the oral tissue. Typically,
mucoadhesive polymers such as chitosan, cellulose, hyaluronic
acid, polyelectrolytes, and polyacrylates are used as polymer
backbones. Then, functional groups are attached to the poly-
mer backbones and side chains. Hydrogen bonds between
primary amines and hydroxy groups, dynamic covalent bonds
including metal coordination bonds between Ca** and hydroxy
groups, Michael addition and Schiff base reaction between
quinone and ammonia, electrostatic interactions between posi-
tively charged amine groups, quaternary ammonium, and
carboxy groups, etc. are introduced to the adhesive materials
to enrich the adhesion strength. Detailed modification strate-
gies are discussed in Section 3.2.

In addition to modifying functional groups with strong wet-
adhesive properties, there is research aiming to transform the
disadvantages of the moist environment into advantages. The
existing water hinders interactions between adhesive and tis-
sue; therefore, removing interfacial water can facilitate the
adhesion. Strategies have been developed to perform gelation
under water using powders and dry double-sided tapes that
form cross-linked hydrogels after absorbing water.'*>"'°

3.2. Polymeric materials for wet-adhesive wound healing

Wound healing involves four phases including haemostasis,
inflammation, proliferation, and remodelling.'®® As the
first step of wound healing, haemostasis with the formation
of blood clotting is important. Polymers with different
haemostatic mechanisms are employed as haemostatic
materials.*"*>*°71% For example, most natural polymers like
chitosan function in promoting adhesion and aggregation of
platelets, while synthetic polymers like polyethylene glycol
(PEG) are excellent vehicles for delivering active components
with increased coagulation factor concentrations.'®® In the
following two subsections, in addition to discussing the role
and mechanism of polymeric materials in haemostasis
(Table 1), we focus on the design strategies for polymeric
materials with enhanced wet-adhesion strength to overcome
the wet oral environment and promote wound healing.

3.2.1. DOPA modification. The remarkable adhesive prop-
erties of mussel-inspired biomaterials have gained significant
attention in the field of wound healing, particularly in the oral
cavity.'® This interest stems from the unique adhesive cap-
abilities exhibited by mussels under underwater conditions.
The secretory plaques found in the mussel foot contain a
combination of collagen, mucus material, and polyphenols,
which extend into the adhesive interface. Among them, mussel
foot proteins (mfps) are the most representative and promising
compounds with adhesion functions. These proteins are rich in
3,4-dihydroxyphenylalanine (DOPA). Therefore, the DOPA mod-
ification strategy is promising to improve the adhesion func-
tions of polymeric materials.
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A range of biomaterials that can enhance adhesion and
promote wound healing were developed based on the adhesive
mechanisms observed in mussels. mfp-6, an acidic substance
rich in thiols, acted as a reducing agent to revert the oxidized
dopaquinone to DOPA, maintaining the latter’s reduced
state."™® Leveraging this reduction mechanism, the oxidized
dopaquinone can be reduced through Michael addition reac-
tion between thiols and amines. Accordingly, the secretion of
mfps was promoted and the adhesion or cohesion of DOPA was
enhanced upon low-concentration periodate treatment.''*''?
Based on this theory, films of buccal tissue adhesives have been
proposed, providing a strategy for achieving mucosal adhesive
capacity by modifying DOPA to polymer chains (Fig. 3)."** The
accomplishment of surface modification between polymer
chains and DOPA can be proven by the vibration absorption
peak of the C=0 bond (1734 cm™'). The adhesion tests on
freshly excised porcine buccal mucosa (the flow-through
method and rotating disc method) and several mechanical
tests (lap-shear tests, tensile tests, and peel tests) demonstrated
that DOPA-modified polymers displayed better adhesion to
tissues than the unmodified ones. The difference in the UV-
vis spectra and the shift of amide II to 1528 cm ™' under FTIR
revealed the covalent binding of catechol groups in DOPA to
mucin in tissues. Moreover, thermodynamic analysis (differen-
tial scanning calorimeter, DSC) showed that the heat of fusion
(AHy,) of the DOPA-mucin blend increases with the DOPA
content, possibly caused by interactions of large molecules
including hydrogen bonds and chain entanglement. A similar
wavelength shift of hydroxy groups (-OH) from 3254 cm™" for
unmodified polymers to 3277 cm™ " was observed in the bind-
ing process of polymers with DOPA, which indicates that the
hydrogen bonding has formed between the matrix and catechol
groups. In general, the mucosal adhesive property of DOPA
might originate from the interpenetration and entanglement of
polymer chains with the mucus in tissues, as well as the
formation of hydrogen bonds and covalent bonds between
DOPA and mucin in tissues.

However, the adjacent phenolic hydroxyl structure of DOPA
is highly unstable and prone to oxidative reactions with active
hydrogen on hydroxy, amino, or thiol groups, yielding adjacent
quinones.'™ The adjacent quinones and DOPA moieties
further undergo complex chemical reactions, which leads to
the failure of adhesion. One strategy to enhance the stability of
DOPA is the combination of stabilizers or antioxidants with
adhesives to prevent oxidation.'*>''® Despite the drawbacks
associated with DOPA, it remains a noteworthy component in
the fields of biomedicine and materials science, particularly in
the study of biomimetic adhesives. Efforts have been continu-
ously devoted to overcoming these limitations to enhance its
feasibility and performance in clinical applications.

3.2.2. Catechol modification. DOPA is a catecholic amino
acid with catechol side chains. A wide consensus is that
catechol is the original adhesion group that facilitates wet-
adhesion functions by catechol chemistry, including hydrogen
bonds, n-m stacking, coordination, and covalent bonding with
surface amines such as Michael addition."*>

This journal is © The Royal Society of Chemistry 2024
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Table 1 Adhesive chemistry of different polymeric haemostasis materials for the wet oral cavity
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Abbreviations: DOPA: 3,4-dihydroxy-p-phenylalanine, PVA: polyvinyl alcohol, PLEL: PDLLA-b-PEG-b-PDLLA triblock copolymers, nBG: nano-scaled
bioactive glass, QCS-C: catechol modified quaternized chitosan, QCS: quaternized chitosan, TA: tannic acid, SA-BA: benzeneboronic acid-modified
sodium alginate, CNB-HA: cyclic o-nitrobenzyl-modified hyaluronic acid.

Catechol modification endows polymers with wet-adhesion
properties, extending their applications in haemostasis and
wound healing."**'** For example, Zheng et al. developed
a thermo-responsive hydrogel based on poly(p,-lactide)-b-
poly(ethylene glycol)-b-poly(p,L-lactide). Catechol-modified qua-
ternary chitosan was incorporated into the hydrogel. The
incorporation led to a 4-fold increase in the gel adhesion
strength compared to that without incorporation, reaching
16.98 + 0.84 kPa at 37 °C (Fig. 4).""” This enhanced adhesion
can be attributed to multiple interactions between catechol-
modified quaternary chitosan and the substrate surface,

This journal is © The Royal Society of Chemistry 2024

including electrostatic interactions, hydrogen bonding, hydro-
phobic interactions, and interfacial bonding formed between
the oxidized quinone and primary amine groups on the tissue
surface. This contributes to excellent adhesion, which is crucial
for treating infected wounds in the oral cavity.

Some natural polymers possess inherent adhesive properties
and can form strong bonds in wet environments, making them
ideal for use in the oral cavity. Chitosan with abundant -OH
and -NH, groups is capable of forming hydrogen and covalent
bonds, enabling interactions with reactive groups on the sur-
face of oral tissues and triggering various chemical reactions."*®

Chem. Soc. Rev,, 2024, 53, 3273-3301 | 3279
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Fig. 3 Synthesis of the PVA-DOPA@NPs-Dex mucoadhesive film with
enhanced mucoadhesion for buccal drug delivery. Reprinted from Hu
et al.™*® with permission from Springer Nature. Copyright (2021).
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Fig. 4 Schematic illustration of a catechol-modified quaternary chitosan
incorporated hydrogel with wet-adhesive and antibacterial function. This
thermo-responsive hydrogel underwent in situ gelation at 37 °C and
facilitated wound healing. Reprinted from Zheng et al.''” with permission
from Elsevier. Copyright (2020).

For instance, Ryu et al. developed a catechol modified chitosan-
adhesive hydrogel (Chitoral) that overcame the wet oral
environment (Fig. 5).*> When attached to the oral tissues,
Chitoral immediately interacted with saliva, forming intermo-
lecular interactions with mucins. Moreover, a salivary-induced
cross-linked network and physical entanglement formed with
time and further enhanced the adhesive strength. Catechol
modification can further enhance the adhesive strength with a
detachment force increased from 4.1 kPa to 10.3 kPa on porcine
tongues. This strong adhesion enhanced by both chemical and
physical interactions endows Chitoral with long-lasting thera-
peutic effects in the oral ulcer site. Collagen, with a large
number of cationic amino acids, enables strong electrostatic
interactions with mucins. Modifying catechol onto collagen
chains enhanced the adhesion strength by mimicking the
adhesion mechanism of mussel proteins. In addition, using
Ca®" as a cross-linking agent, mucoadhesive hydrogels were
developed with an adhesion strength of 60 kPa.'*® Given the
fact that the hard tissues in the oral cavity have a large amount
of CaCO; and Ca”', this strategy may be suitable for applica-
tions of self-healing hydrogels in the treatment of oral diseases.

3.2.3. Polyphenol modification. Polyphenols are com-
pounds with a certain amount of phenolic hydroxy groups that
can form a variety of non-covalent and covalent bonds to
achieve adherence to tissue."”” Compared with monophenolic
hydroxyl compounds, polyphenols, such as tannic acid (TA),
hold advantage in adhesion by forming strong and complex
interactions between those hydroxy groups. Moreover, the
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Fig. 5 Schematic diagram of the adhesive hydrogel formed by the com-
bined effect of covalent crosslinking and physical entanglement of Chit-
oral. Chitoral loaded with triamcinolone acetonide can expedite the
healing process of oral ulcers. Adapted from Ryu et al.*? with permission
from Elsevier. Copyright (2020).
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antioxidant activity of polyphenols provides opportunities for
wound healing with inflammation and oxidant stress.

Guo et al. employed TA as an additive to facilitate the rapid
and reversible formation of ionic and hydrogen bonds between
quaternary chitosan and TA, thereby creating a hydrogel net-
work for in situ wound repair."'® The presence of polyphenol
groups in TA resulted in a strong binding affinity for thiol and
amino groups presented on the peptides and proteins at the
tissue surface. The enriched ionic and hydrogen bonds thereby
enhanced the cross-linking degree of the TA-modified quatern-
ary chitosan-based hydrogel. As a result, the mechanical prop-
erties of the hydrogel were improved, and the self-healing
efficiency was more than 80%. In addition to the inherent
haemostatic activity of chitosan, the robust adhesion of the
modified hydrogel acted as a barrier, leading to improved
haemostasis and wound healing.

To address the limited wet-adhesive issue of highly water-
soluble TA, self-polymerized poly(tannic acid) (PTA) was pre-
pared via oxidation polymerization. Chen et al. developed a
matrix-independent adhesive bonding material for oral wound
healing, considering the variation in wound pH in the oral
cavity.’*® A polymer-monomer complex was formed and the
hydrogen and n-n bonding between PTA and TA resulted in a
composite coating named MPTA. The adhesive material exhib-
ited pH-dependent behaviour. At high pH, TA experienced
electron loss, leading to the formation of a quinone structure
and oxidative cross-linking of TA. Conversely, at low pH, pro-
tonation of most hydroxy groups destabilized the PTA cross-
links. As a result, the degradation rate was affected by the pH at
the wound site, leading to varying healing time at different
stages of wound healing. The strong adhesive capacity of PTA
allowed for the immobilization of other substances such as

This journal is © The Royal Society of Chemistry 2024
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growth factors and antibiotics. This capability extended the
application of the material by enabling the incorporation of
additional therapeutic agents. Furthermore, this polymeric
material could mimic the extracellular matrix and provide a
scaffold for cell growth, thereby promoting the formation of
new tissue, making it a potentially viable option for next-
generation haemostatic materials in oral wound healing.

In addition to traditional dressing forms, sprayable hydro-
gels appear to be more suitable for therapeutic applications
with improved patient compliance. To achieve this goal, Seung-
Woo Cho et al. employed pyrogallol in pectin polymers to
construct mucoadhesive polymer hydrogels."*® Mucoadhesive
strength was achieved by covalent bonding including Michael
addition and Schiff reactions, and non-covalent interactions
including hydrogen bonding, hydrophobic interactions and n—
n stacking between pyrogallol and mucin proteins. After spray-
ing onto a rat tongue, hydrogels formed in situ and adhered
onto the tongue tightly regardless of vigorous PBS wash.
Beyond the oral cavity, theoretically, this sprayable form is
applicable to other organs containing mucosal tissues, such
as the nose, lungs, stomach, and intestines.

3.2.4. Polysaccharide modification. Mucoadhesion of poly-
saccharides is realized by the abundant hydroxy and carboxy
groups that form electrostatic interactions, hydrogen bonding,
and covalent bonding. To that end, Boda and co-workers
designed a pH-responsive oral adhesive based on a chitosan
nanofiber membrane."*® A dual adhesion to both soft and hard
tissues was achieved by surface modification of a mucoadhe-
sive polysaccharide. The modification degrees governed the
topography of the chitosan nanofiber. The chitosan and poly-
saccharides were able to form aldehyde-amine interactions and
intermolecular hydrogen bonding with mucins. Later, the
electrostatic interaction between the cationic amines (-NH;")
in chitosan and the anionic phosphates (-PO,*”) in teeth
further strengthened the adhesion. The multiple chemical
bonding benefitted this chitosan nanofiber membrane with
3-4-fold stronger adhesion compared to the coated membranes
in an enamel/hard bone mimic model. Embedding ethyl-
cellulose with cationic chitosan patches further improved
mucoadhesive strength and prolonged local retention.”*® After
loading cisplatin, these patches established robust anti-tumor
efficacy in oral cancer animal models and clinical trials. Zhang
et al. prepared a Schiff base-mediated tissue-adhesive hydrogel
composed of chitosan and polyaldehydedextran, which was
subsequently loaded with AgNPs to formulate a mucin-adhesive
hydrogel.’*! This hydrogel leveraged the ability of silver nano-
particles to modulate the oral microbiota, thereby activating
anticancer immune responses and enhancing the effectiveness
of cancer treatment. In a mouse model of oral squamous cell
carcinoma (OSCC), the hydrogel demonstrated sustained adhe-
sion in the oral cavity and modulation of the oral micro