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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
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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

Chem. Soc. Rev., 2024, 53, 3273-3301 | 3275


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs01039b

Open Access Article. Published on 20 Machi 2024. Downloaded on 15/07/2025 18:33:38.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

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."*®
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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 microbiota.

Alginate is a polysaccharide that possesses abundant
hydroxy and carboxy groups. These functional groups enable
cross-linking with multivalent cations, such as calcium, result-
ing in the formation of a solid network structure."*? This cross-
linking can be further enhanced by incorporating methacrylate
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and dopamine, which improves the adhesion properties of
alginate-based materials. Moreover, when calcium-cross-
linked alginate adhesives are exposed to blood, the release of
calcium ions can facilitate the coagulation process.”** In a
study conducted by Li et al., phenyl boron-alginate/quaternized
chitosan-catechol powders were developed for haemostasis of
non-compressible haemorrhage."'® These powders not only
absorbed plenty of blood but also formed a stable physical
barrier of hydrogel at the site of bleeding due to their self-
gelation character upon hydration. Particularly, in cases of
post-tooth extraction wounds, these powders offer the advan-
tage of circumventing the complexities associated with tradi-
tional suture removal. This finding underscores the future
commercial viability of haemostatic powders that undergo
in situ self-gelation and exhibit efficient adhesion to wet tissues.
Dou et al. also developed a calcium alginate/fucoidan hydrogel
with robust wet-adhesion."** Cross-linking between calcium
and alginate formed a wet-adhesive hydrogel which could be
maintained against flush water.

Other polysaccharides, such as fucoidan, B-glucan, and
carrageenan, also exhibit mucoadhesive ability. In the complex
oral environment with varying pH, ion composition, and
enzymes, the structure of polysaccharides can be reshaped.
Taking this advantage, fucoidan-based adhesive materials were
developed.”® Interpenetrating polymer networks between
fucoidan and mucins allow polymer chains to easily form
hydrophobic and hydrogen interactions. The abundant func-
tional groups resulted in strong supramolecular interactions
including disulfide bonding, hydrogen bonding, and hydro-
phobic interactions that enhanced the wet-adhesive strength in
the intestinal tract.

3.2.5. UV-generated Another
method was inspired by dental UV-curing technology, which
is expected to replace the rigid and toxic cyanoacrylates, weak
strength fibrin, and N-hydroxysuccinimide ester- and DOPA-
based bioglues with a tendency towards oxidation and
hydrolysis.'****"'3¢ Zhang et al. designed a light-responsive,
cyclic o-nitrobenzyl-modified hyaluronic acid (CNB-HA) gel."”*
The gel was capable of producing three different functional
groups (thiol, nitroso, and aldehyde) upon illumination with
395 nm light. The thiol and nitroso groups rapidly cross-linked
through S-nitrosylation coupling reaction, a common rapid
process in protein post-translation modification, with the alde-
hyde anchoring to the amino groups in the tissues, resulting in
the formation of a thin gel in less than 5 s for in situ adhesion.
In the standard lap-shear measurement, the adhesive strength
of the CNB-HA gel to the fresh hog casing exceeded 40 kPa,
which is three fold higher than that of the 2 wt% methacrylic
modified HA gel (10% substitution) and the clinically used
fibrin glue (ca. 15 kPa). In the saliva-rich and dynamic rat
tongue model, the adhesion strength of the CNB-HA gel
reached 16.46 + 3.02 kPa, and immuno-histochemical staining
against cytokeratin showed that the gel tightly integrated with
the epithelium and lamina propria of the palate. This thin,
elastic, and degradable mucoadhesive hydrogel could be
retained for more than 24 h with the disturbance of liquid
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Fig. 6 Schematic depicting the photo-responsive behaviour of cyclic o-
nitrobenzyl-modified hyaluronic acid (CNB-HA) in the context of period-
ontitis treatment. Upon irradiation with 395 nm light, CNB-HA undergoes a
photochemical reaction that simultaneously generates three distinct reac-
tive groups: thiol, nitroso, and aldehyde. Through rapid non-radical cross-
linking via S-nitrosylation, the generated thiols and nitroso groups form a
thin gel within 5 s. Concurrently, the aldehyde selectively binds the amino
groups of the tissue, facilitating in situ adhesion and establishing a sealed
environment that prevents bacterial infiltration into the wound site.
Reproduced from ref. 121 with permission from Wiley. Copyright (2021).

rinsing, tongue movement, and food friction in rat models,
demonstrating potential applications in oral diseases in a wet
environment, indicating that the CNB-HA gel achieves ideal
adhesion in the actual oral environment. In general, this light-
curing hydrogel provides a rapid, stable, and non-invasive
preparation strategy for oral mucosal adhesion in the absence
of the catecholamine group (Fig. 6). However, the excellent
mucosal adhesion of the CNB-HA gel relies heavily on exposure
to UV light, which is not friendly to operate for patients
and may cause tissue damage. Moreover, in light-opaque
deficits, such as periodontal pockets, UV-curation is not easily
available to achieve, remaining a challenge of such UV-
generated adhesives.

Overall, the wet adhesivity of polymeric materials represents
an important direction of development for their clinical trans-
lation in the oral environment. Apart from the adhesive mod-
ification strategies mentioned above, polymers can also be
synthesized to form multiple interactions with oral tissues to
further increase their wet-adhesion strength. Synthetic poly-
mers with enriched amine and amide groups are capable of
forming strong hydrogen bonding with the tissue matrix."*”**
Our group recently reported several dual-amide containing
zwitterionic polymers with cell repulsion and cell adhesion
functions."® The poly(dual-amide) backbone provides strong
amide-amide hydrogen bonding interactions with cells, there-
fore endowing polymers with excellent adhesive properties.
These self-healing hydrogels hold promise in accelerating
wound healing with promoted cell proliferation and vascular-
ization. In the field of wet-adhesive polymeric materials design,
several tips are suggested: (1) catechol based polymers exhibit
wet-adhesive activity; however, their sensitivity to pH, oxida-
tion, and temperature is an issue in their applications. Poly-
mers are expected to address these issues by the involvement of
an antioxidant agent, hydrophobic groups apart from catechol,
borate protected catechol, etc. (2) In addition to catechol-based
adhesives, polymers armed with multiple hydroxy and carboxy
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groups, polyelectrolytes, and cross-linked polymers with topo-
logical entanglement are all candidates for wet-adhesive mate-
rials with strong mechanical strength.

3.3. Polymeric materials with enhanced mechanical
properties for wound healing

As discussed before, the oral cavity is characterized by a highly
movable environment. Therefore, in addition to achieving
strong adhesive capacity, it is crucial to ensure that polymeric
materials used in oral diseases are resistant to deformation and
can withstand various mechanical forces. Currently, common
approaches include the employment of composite materials,
surface coatings, and structural design modifications.'*°™'43
Reinforcing materials like carbon fibres, glass fibres, or cera-
mic particles are often incorporated into composites to
enhance their mechanical properties. The addition of NPs or
fibres to polymer matrices can improve their strength, stiffness,
and toughness, making them suitable to overcome the highly
movable environment and maintain resistance to shear forces.

To that end, Zhu et al. developed a low-swelling viscous
hydrogel by incorporating nanoclay into a TA based hydrogel
using a dissipative mechanism (Fig. 7)."** This formulation
improved the tensile strength and extensibility of the hydrogel.
The hydrogel exhibited a wide range of noncovalent bonding
interactions and abundant hydrogen bonding that enabled
strong adhesion in the humid and dynamic oral environment.
The nanoclay with a strong surface charge was used as a cross-
linker to enhance the physical cross-linking of hydrogels. This
approach resulted in hydrogels with remarkable elasticity and
self-healing properties, surpassing the performance of chemi-
cally cross-linked gels. In comparison to the control group, the

(a)
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Fig. 7 lllustration of the routes for the preparation of hydrogels and the
effect of low-swelling viscous hydrogels on full-thickness oral mucosal
defects. (a) Schematic diagram of the fabrication of a hydrogel. (b) The
hydrogel had synergistic haemostatic, antibacterial, and anti-inflammatory
properties, thus accelerating the wound healing of full-thickness mucosal
defects. Reproduced from ref. 144 with permission from American
Chemical Society. Copyright (2022).
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hydrogel modified with nanoclay could withstand stretching,
maintaining its stable appearance, and adhere to the mucous
membrane for over 10 h.

Apart from reinforcing material incorporation, polymers can
also be designed to possess high mechanical properties
through multiple chemical and covalent bonds. Gao et al
employed poly(N-isopropylacrylamide) (PNIPAAm)/chitosan
hydrogels and polyethylene terephthalate (PET) surgical
mesh."*® Through the use of a biocoupling agent, the chitosan
formed covalent bonds with the tissue, resulting in adhesion
energy surpassing 100 J m™. The tensile strength of the adhered
samples was found to be approximately 270 kPa owing to the
topological entanglement of polymer networks, which aids in
wound closure against blood pressure.

To enhance the mechanical properties of biomaterials, one
common biological approach involves dissipating deformation
energy through noncovalent reversible attraction by introdu-
cing secondary networks."*® During tensile deformation, ionic
cross-links between chains undergo reversible breakage, while
covalently cross-linked networks offer additional support by
dynamically rearranging molecules to bridge cracks. Similarly,
the incorporation of ionically cross-linked alginate into a PEG
network enhanced the tensile properties of the hydrogels from
approximately 300% to 400% compared to the control group.**’
Yang et al. successfully enhanced the compressive stress, elastic
modulus, elasticity, and toughness of hydrogels by exposing
them to UV light."*® This improvement was achieved by a
dynamic thiol-aldehyde addition reaction between the thiol of
poly(y-glutamic acid) and the aldehyde of glycidyl methacrylate-
conjugated oxidized HA. Moreover, upon UV irradiation, a non-
dynamic thiol-Michael addition occurred, resulting in a transi-
tion of polymer interactions from dynamic covalent bonding to
stable covalent bonding. Introduction of thiol-aldehyde and
thiol-Michael addition endowed the hydrogel with a compres-
sion stress of 80 kPa and an elastic modulus of 1010 Pa.
Additionally, recent research has demonstrated the emerging
potential of ultrasound-induced cavitation in hydrogels for
enhancing polymer-tissue entanglement, leading to the devel-
opment of strong bioadhesive properties."*® This technique
harnesses the formation and subsequent collapse of micro-
scopic bubbles induced by ultrasound, thereby facilitating
improved interactions between the hydrogel and surrounding
tissues.

Conventional mono-cross-linked hydrogels typically have
limited mechanical properties. For example, physically cross-
linked hydrogels may be too soft, while covalently cross-linked
hydrogels may be too brittle. Physicochemical double cross-
linking is able to address this issue and endows the hydrogel
with improved mechanical strength, adhesion strength, and
adjustable self-healing property. For example, Yuan and co-
workers employed this strategy to construct a double cross-
linked hydrogel based on Schiff base bonds and catechol-Fe**
chelation bonds (Fig. 8)."*° Dually cross-linked hydrogels can
be created by combining covalent/covalent, noncovalent/non-
covalent, or covalent-noncovalent bonds. The covalent cross-
linking enhances the mechanical properties of the hydrogel
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system, improving its strength and stability with 535 kPa. Once
applied to the wound sites, the hydrogel absorbed blood,
rapidly gelled, and adhered to the tissue to perform haemo-
static functions and accelerated the healing ability in deep
second-degree burn wound. Introducing reversible non-
covalent interactions enhances the dynamic properties and
recyclability of the gels, which makes these hydrogels particu-
larly effective in treating dynamic irregular wounds and pro-
vides insights for the design of materials used in the oral
cavity which is characterized by a wet and highly movable
environment.

Combinatorial design of oral adhesives with both reinfor-
cing materials and secondary networks further enhances the
tough strength.® Physical and chemical cross-linking of
hydrogels by Michael addition and Schiff base reaction between
gelatin and polydopamine increased the storage modulus from
150 to 800 Pa. Further applying nanoclay into the hydrogel
increased the modulus to 7000 Pa. As a result, the toughness
was improved by 9 fold, reaching 1026 ] m ™ after cross-linking
network formation and nanoclay reinforcement.

Although most attention is paid to the adhesive strength in
oral care, the mechanical properties of polymeric materials are
also important. The mechanical strength allows materials to
combat the oral movements and assist in haemostasis against
blood pressure. The oral cavity consists of hard tissues and soft
tissues. Hard tissues such as teeth usually have a tensile
strength ranging from 44 to 98 MPa, whereas soft tissues like
mucosa exhibit weaker strength."” The tensile strength of
oral mucosa depends on the specific location, varying from 1
to 5 MPa.'™® Therefore, materials for different use need to
optimize their strength to adapt to oral tissues. Oral adhesive
materials require adequate mechanical strength to resist forces
during normal oral functions and tough strength to accommo-
date the natural movements and flexures of oral tissues. Never-
theless, in applications such as dental fillers or coatings, the
increased resistance to chewing force reduces the possibility of
microleakage caused by polymerization shrinkage, which greatly
prolongs the life of the restoration. For future oral care materials,
more efforts should be devoted to materials with both high
adhesive and mechanical strength. Materials with strong covalent
bonds, multi-cross-linking networks and topological entangle-
ments are ideal candidates to meet these requirements.

4. Antimicrobial polymeric materials to
combat the oral biofilm

There are over 700 different microorganisms present in the
human oral cavity."”* The majority of bacteria in the oral cavity
that adhere to teeth and mucosal surfaces are in the form of
biofilms. Imbalances in the oral microbiota can lead to a range
of oral diseases, including periodontal diseases, dental caries,
and oral implant infections. To address these challenges asso-
ciated with dysbiosis caused by pathogenic bacteria in the oral
cavity, various biomaterials have been developed. Furthermore,
there are some reviews that summarize existing antimicrobial
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enhances the mechanical properties of the hydrogels formed by a single
coordination bond. Reproduced from ref. 150 with permission from Else-
vier. Copyright (2021).

biomaterials in the context of this topic.®**"'>> Here, we sum-

marize the design concept of antimicrobial polymeric bioma-
terials targeting the specific oral microbial environment and
the pathology of oral diseases (Fig. 9).

4.1. Antimicrobial polymers adapting to oral microorganisms

From the perspective of designing antimicrobial biomaterials,
various antimicrobial strategies have been extensively explored,
and their mechanisms of action have gradually been eluci-
dated. For example, cationic polymers have garnered signifi-
cant attention owing to their distinctive antimicrobial
properties and mechanisms.">®'*” The pronounced antimicro-
bial effects of metals such as silver have been extensively
investigated."”®'®" Furthermore, polymeric materials loaded
with antibiotics for the treatment of bacterial infections have
been the subject of widespread research.'® In this subsection,
we primarily review the antimicrobial components that are
considered when designing antimicrobial polymer materials
for the treatment of oral diseases.

4.1.1. Cationic polymers. Cationic polymers can interact
with and disrupt negatively charged bacterial cell membranes,
resulting in bactericidal effects.’®® They are less susceptible to
development of resistance by bacteria, and are capable of
penetrating biofilms. Furthermore, there is a diverse range of
cationic polymers that can be employed in biomaterial design,
including amino-containing cationic polymers, guanidine-
based cationic polymers, and quaternary ammonium polymers.
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Therefore, cationic polymers have demonstrated promising
potential in the prevention and treatment of wound
infection."®*

Cationic polymeric materials have been prepared for treat-
ment of oral diseases as they can overcome complex challenges
in oral microbial environments."®>'®® For example, natural
cationic dextrans were employed to disrupt the EPS of
bacteria.’®® A phase transition occurred in the EPS of the P.
gingivalis induced biofilm, leading to the decrease in the
biofilm thickness from 18 pm to 3 pm. Further exposure
to bacteria enhanced the antibacterial activity both in vitro
and in vivo. In addition, cationic polymers can be synthesized
by advanced polymerization methods such as atom transfer
radical polymerization (ATRP) and reversible addition-
fragmentation chain transfer (RAFT) polymerization. These
techniques are capable of introducing cationic segments, such
as N,N’-dimethylamino-2-ethyl methacrylate (DMAEMA), 2-(tert-
butylamino)ethyl methacrylate, and amino butyl methacrylate,
into the polymer backbone to realize antibacterial activities.*”®
Takahashi synthesized a cationic methacrylate copolymer with
amino butyl methacrylate as the antibacterial segment
(Fig. 10a).'®® The randomly distributed amino butyl methacry-
late and methacrylate endowed the copolymer with both hydro-
phobicity and positive charge to interact with the bacterial cell
membrane. Therefore, the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) values
decreased from 52.1 to 7.8 and 62.5 to 10.4 ug mL™ ", respec-
tively. The copolymer was also capable of eradicating the S.
mutans biofilm in 2 h by rinsing and swishing, demonstrating
potential in oral care.

Quaternary ammonium polymers are common antimicro-
bial agents due to their permanent positive charge.'”*
Fu et al. have harnessed quaternary ammonium salts to modify

Antimicrobial polymeric materials

X Cationic polymers 45; Antibiotic conjugated polymers
\_ J

!
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Hydrogels
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!
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J

Fig. 9 Schematic illustration of strategies for constructing antimicrobial
polymeric materials and their application in disrupting the oral biofilm.
Created with BioRender.com.
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polyurethane acrylates to afford antimicrobial polymeric dental
restorative materials."”> Hoven et al. prepared quaternized
chitosan with anti-biofilm effectiveness comparable to that of
chlorhexidine when combating the dental caries-causing patho-
gen S. mutans (Fig. 10b)."®” Both the hydrophobic alkyl tails and
the hydrophilic quaternary ammonium domains contributed to
the enhanced biofilm eradiation efficacy and inhibited bacter-
ial viability within the biofilm.

Antimicrobial peptides (AMPs) are a class of natural sub-
stances composed of positive charged and hydrophobic amino
acids.'”® Although the specific mechanisms are not fully under-
stood, the positive charges carried by AMPs, along with their
distinctive secondary structures, constitute the structural basis
for their antimicrobial activity.'’*'”®> Antimicrobial peptides
have been rated as a generation of antibiotics due to their less
risk to induce antimicrobial resistance (AMR) and unique
antimicrobial properties.'””® However, applications of natural
AMPs are limited by their antimicrobial activity, toxicity and
high cost. Recently, advanced synthetic methods have been
employed to develop mimics of AMPs. Our group devoted

s
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Fig. 10 (a) Synthetic cationic copolymer with antimicrobial activities that
could eradicate the S. mutans biofilm. Reproduced from ref. 166 with
permission from American Chemical Society. Copyright (2017). (b) Dia-
gram of amphiphilic quaternary chitosan derivatives employed as an
environmentally friendly antimicrobial agent for oral care that exhibited
comparable anti-biofilm efficacy to chlorhexidine. Reproduced from ref.
167 with permission from Elsevier. Copyright 2022.
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much effort in synthesizing AMPs along with understanding
their mechanisms."”” "% We synthesized an effective AMP
poly[lysine,;-stat-phenylalanine,,] (Poly(Lys,;-stat-Phe;,)) on a
large scale in 2013.'®° The random distribution of Lys and Phe
in the polymer side chain plays a vital role in the antibacterial
activity."®* The positively charged amino groups of Lys assist in
sticking to the bacterial membrane by strong electrostatic
interactions. Penetration was then achieved by hydrophobic
interactions between Phe and the bacterial membrane, and by
electrostatic interactions between Lys and the bacterial
membrane. The disruption of the membrane further leads to
the leakage of bacterial cell contents to realize a broad-
spectrum antibacterial effect. By constructing this AMP with
other functional polymer segments, a variety of antimicrobial
polymers have been developed with a wide range of applica-
tions. For example, by introducing adhesive DOPA, we prepared
Poly(Phe,y-stat-Lys;,)-DOPA to form coatings for preventing
biofilms on implants."®® Apart from this key AMP, we designed
another antimicrobial-antioxidative peptide Trp-Arg-Trp-Arg-
Try-Tyr to in situ self-assemble into NPs on the skin, promoting
the healing of wounds."®’

Antimicrobial peptides can also be used for the treatment
of oral diseases.'®”"®® Several strategies were developed to
improve the antimicrobial activity of AMPs. Zhang et al
reported an AMP-polymer conjugate (Fig. 11).'*° A natural
AMP lysozyme (LYS) was designed as an initiator to polymerize
cationic DMAEMA via photo-ATRP, obtaining an AMP-polymer
conjugate named LYS-PDMAEMA. Compared to LYS alone, MIC
and MBC of LYS-PDMAEMA were reduced by 1-2 orders. The
enhanced antimicrobial activity was attributed to the increased
positive charge that assisted in adsorption to the negatively
charged bacterial membrane. In addition, polymerization pro-
tected the stability of LYS, which could effectively hydrolyze the
peptidoglycan layer of the bacterial cell wall and lead to
bacterial death, showing in vivo antimicrobial activity with less
bone damage in a rat periodontitis model. The antimicrobial
activity can be enhanced by regulating the acidic environment
to prevent dental caries. Wang and co-workers developed an
AMP mimic B-peptide polymer with a MIC of 3.13 pg mL ™'
against S. mutans.'®® This B-peptide polymer adsorbed to the
bacterial surface, reduced the hydrophobicity of S. mutans, and
impaired biofilm formation. Moreover, the B-peptide polymer
down-regulated metabolic related genes, inhibited bacterial
metabolism, and reduced acid production. To adapt to the
acidic condition induced by microbial metabolism, Jiang et al.
designed a pH-sensitive peptide.'*® The in vitro antimicrobial
experiments using S. mutans as a model showed that the
peptide inhibited biofilm formation and decreased the acido-
genicity in S. mutans, displaying MIC and MBC of 12 and
16 ug mL™’, respectively. The acidic environment led to the
protonation of the peptide, which enhanced its attachment to
bacterial cell membranes through electrostatic attraction and
random coil to o-helix structure transition that enhanced
interactions with membranes. As a result, the bacterial mem-
branes were effectively disrupted, leading to increased bacterial
permeability. Overall, the concept of material design tailored to
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Fig. 11 Preparation of LYS-PDMAEMA with improved antimicrobial activ-
ity. LYS-PDMAEMA killed bacteria through a membrane disruption mecha-
nism. The positively charged PDMAEMA assisted in adsorption to the
surface of the bacterial membrane, followed by LYS-catalysed hydrolysis
of the peptidoglycan layer of the bacterial cell wall. The cell membrane
disruption resulted in bacterial death. Reproduced from ref. 189 with
permission from American Chemical Society. Copyright (2022).

the characteristics of oral diseases contributes to the develop-
ment of more targeted advanced biomaterials for the treatment
of oral diseases.

4.1.2. Polymer conjugated with antibiotics. Antibiotics and
some small-molecular drugs with antimicrobial activity have
found extensive applications in bacterial infection-related oral
diseases. Antibiotics such as metronidazole and gentamicin
primarily exert their antibacterial effects in clinical treatment of
oral diseases."”!

Polymers can conjugate with antibiotics via ester, amide, or
ether bonds to improve the solubility and stability of
antibiotics."*>'** For instance, Zhang and co-workers designed
a polymer conjugated with antibiotics that performs excellently
as an antibacterial dental resin (Fig. 12)."** The antibiotic
ciprofloxacin (Cip) was first chemically modified with a poly-
merizable monomer 2-hydroxyethyl methacrylate (HEMA),
affording a Cip containing monomer. This monomer was
polymerized with HEMA to generate an antibacterial copoly-
mer. After incorporating into a commercially available dental
resin, this antibiotic-conjugated polymer containing resin
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displayed long-term inhibition against S. mutans with sustain-
able release of Cip. Conjugation of antibiotics with functional
polymers is further developed to respond to the local environ-
ment. To that end, Ye et al. designed a pH-responsive cationic
polymer-antibiotic conjugate that efficiently penetrated bio-
films and inhibited bacterial growth in antimicrobial resistance
infections.'®® This synergistic antibacterial strategy can also be
achieved by conjugating cationic polymers or antimicrobial
peptides with antibiotics to further improve antibacterial
efficacy.'®®

Although antibiotics are essential for treating oral diseases,
the development of composite therapeutic approaches invol-
ving polymeric materials and small-molecular antibacterial
agents is equally indispensable. For the future direction of
the antimicrobial polymer tailored oral environment, the fol-
lowing design strategies may be valuable for enhanced anti-
microbial activities and reduced antimicrobial resistance: (1)
inspired by PEGylated therapeutics, polymer modification
should be helpful in improving the stability and compatibility
of natural AMPs; (2) optimization of hydrophobicity and
electro-positivity of cationic polymers might be a way to mimic
the structure of natural AMPs. The polymer structure, ie.,
homopolymers, block copolymers, and star polymers, etc.
might also be factors affecting antimicrobial activities.

4.2. Oral microenvironment-adaptive delivery systems

Polymeric drug delivery systems are designed to protect the
potency of therapeutics, maintain therapeutic levels, and
reduce side effects.”” The therapeutic levels of oral drugs are
hindered by the oral microenvironment. The highly movable
and wet environment hampers the retention of therapeutics.
The mucosa, EPS, and biofilms impede the direct interaction of
drugs with bacteria, leading to a low antimicrobial activity.
Therefore, an oral microenvironment-adaptive delivery system
is crucial to deliver antimicrobial ingredients in a controlled
manner to combat the oral physical and chemical barriers to
treat oral diseases.

4.2.1. Hydrogels. Hydrogels are soft and wet materials with
three-dimensional network structures formed by physical or
chemical cross-linking of hydrophilic but insoluble polymers.
Especially, antimicrobial hydrogels have a bright future in the
treatment of oral diseases due to their extracellular matrix-like
structure, high drug encapsulation, controlled or sustained
drug release capability, and good biocompatibility."*® For
example, Guo et al. prepared a series of wound healing hydro-
gels loaded with antimicrobial ingredients.'®® They mixed
quaternized chitosan-g-polyaniline and benzaldehyde group
functionalized poly(ethylene glycol)-co-poly(glycerol sebacate)
solutions together at 37 °C to form an injectable self-healing
hydrogel that possessed both antibacterial and antioxidant
properties.’® When applied to oral disease treatment, such
antimicrobial hydrogels also play an important role. Zhao et al.
prepared another chitosan-based hydrogel which was cross-
linked by photo-sensitive antimicrobial Ru(bipyridine),(3-
pyridinecarboxaldehyde),.”’® This cross-linking endowed the
hydrogel with mechanical and adhesive properties that adapted

This journal is © The Royal Society of Chemistry 2024
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Royal Society of Chemistry. Copyright (2019).

to the highly movable and wet environment. Moreover, this
antimicrobial ingredient containing hydrogel exhibited super-
ior antibacterial activity than either ingredient (4-fold) or
hydrogel (3-fold), indicating the advantage of hydrogel incor-
poration. Therefore, this hydrogel could deliver bone marrow
stromal cells to promote the healing of oral mucosal wounds
with antibacterial properties. Furthermore, the combination of
antibacterial chitosan and adhesive fucoidan in the hydrogel
through chemical cross-linking demonstrated antibacterial
effects and angiogenesis promotion in vitro.”*" In bacterial
colony counting experiments, the number of E. coli co-
cultured with chitosan patches decreased by 85% compared
to the blank control group, and the number of S. aureus
decreased by 45%. Moreover, when the patch was attached to
volunteers’ oral cavities, it was found to adhere to the tongue
side without detachment and did not affect speaking, swallow-
ing, and other behaviors. However, hydrogels face challenges in
balancing the mechanical strength and biological properties.

4.2.2. Polymer nanoparticles. In the treatment of oral dis-
eases, it is crucial to find an effective method for destroying
biofilms in clinical practice. To this end, various polymer
nanoparticles have been developed for destroying biofilms
and sustainable delivery of antibacterial drugs.

For instance, Xie et al. developed injectable alginate micro-
spheres loaded with silver-TiO, NPs, achieving synergistic anti-
microbial activity through the sustained release of Ag* and the
photothermal effect of Ti0,.>°> The alginate microspheres
prevented silver-TiO, NPs from quick flushing out and
extended the retention time. Therefore, the antimicrobial activ-
ity was enhanced. They conducted bacterial viability staining
and laser confocal scanning of bacterial biofilms on dentin
slices. In the experimental group treated with silver NP-loaded
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microspheres, the antimicrobial activities against biofilms
induced by S. gordonii and P. gingivalis reached 83% and
88%, respectively.

Xin et al. developed a non-invasive method for removing
biofilms, which combines the acoustic cavitation effect
induced by ultrasound and microbubbles with antibacterial
compounds.”” They used a dual emulsion method to encap-
sulate the convertible perfluoropentane and antibiotic merope-
nem in poly(lactic acid-co-glycolic acid) (PLGA) NPs, and then
chemically coupled them to Pseudomonas aeruginosa specific
monoclonal antibodies. Targeted delivery of antibiotic merope-
nem improved the antimicrobial efficacy and reduced the risk
of antimicrobial resistance due to off-target effects. The in vivo
and in vitro biofilm clearance and antibacterial efficacy can be
further improved by sonication. On the one hand, ultrasonic
cavitation disrupted the biofilm and enhanced penetration of
NPs. On the other hand, sonication triggered the release of
antibiotics to eliminate bacteria and promote wound healing.
Due to bacterial resistance and biofilm protection, it is difficult
for conventional measures to achieve satisfactory therapeutic
efficacy in open wounds with bacterial infection. Therefore, Liu
et al constructed a photothermal cascade nanoreactor
(CPNC@GOx-Fe**) based on a supramolecular strategy through
hydrogen bonding and coordination of chitosan-modified pal-
ladium nano-cubes (CPNCs), glucose oxidase (GOx) and ferrous
diiron (Fe**).?** CPNC@GOx-Fe>" has favorable photothermal
effects and supports a GOx-assisted cascade to produce hydro-
xyl radicals to achieve combined photothermal and chemody-
namic therapy. In the biofilm-associated extraction wound
model, synergistic antibacterial activity and wound protection
were achieved in the context of accelerated wound healing of
infected tooth extraction wounds without affecting the oral
symbiotic microbiota. This study also provides an avenue for
multifunctional supramolecular systems for open wound
infections.

Recently, polymer vesicles (also known as polymersomes)
have been widely used for the treatment of diseases caused by
various bacteria.’*>?°® Compared with commonly used lipo-
somes in clinical practice, polymer vesicles have advantages
such as diverse chemical structures, easy synthesis, and easy
post-functionalization.?*® Therefore, designing functionalized
polymersomes can effectively destroy biofilms. What’s more,
the fluid membrane of polymersomes can adhere to the surface
of bacteria, thereby increasing the contact area with the bac-
teria during the sterilization process, finally, making them
easier to entry into the bacterial biofilms. This further
enhances the effectiveness of anti-biofilm strategies.

For example, our group designed a dual corona polymer
vesicle with inherent antibacterial activity and enhanced anti-
biotic delivery function to achieve effective treatment of
biofilm-induced periodontitis.>***” The dual corona polymer
vesicles with two different hydrophilic coronas can be easily
endowed with multiple functions. Two block copolymers, poly(e-
caprolactone)-block-poly(lysine-stat-phenylalanine) ~ [PCL-b-P(Lys-
stat-Phe)] and poly(ethylene oxide)-block-poly(e-caprolactone)
[PEO-b-PCL], were synthesized and co-assembled to form dual
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corona polymer vesicles (Fig. 13). PEO endows the polymer vesicle
with protein-resistant ability, enabling it to penetrate EPS in
biofilms. P(Lys-stat-Phe) endows the polymer vesicle with positive
charge and broad-spectrum intrinsic antibacterial activity. It is
noteworthy that such polymer vesicles can effectively reduce the
antibiotic dosage by 50% when eradicating biofilms. It has been
confirmed that the dual corona polymer vesicles effectively
improve the anti-biofilm efficiency of antibiotics.

4.2.3. Patches. Mucoadhesive patches are common oral
delivery strategies that hold advantages in terms of both reten-
tion time and drug delivery efficacy. To that end, a CS-
methylcellulose patch was prepared by electrophoretic
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deposition, with mucoadhesive and antibacterial activities.**®
Gentamicin was loaded in the patch and released within 30 min
to achieve antimicrobial activity with MICs of 2 and 16 ug mL "
against Gram-negative E. coli and Gram-positive S. aureus.
Tamayol et al. designed a type of antimicrobial PCL composite
patch containing zinc oxide (ZnO) as the antimicrobial
agent.’®® According to the in vitro antibacterial experiments
against P. gingivalis, the composite patches containing
0.5% (w/v) and 1% (w/v) ZnO presented obvious antimicrobial
properties. Both antibacterial activity and cell osteo-
differentiation were improved after ZnO encapsulation, demon-
strating potential in periodontal regeneration.

Microneedle patches can simultaneously load multiple
drugs and penetrate the epidermis to form micropores.*'*
Therefore, in oral diseases with mucosa and biofilms that
hinder drug penetration, microneedle patches are promising
strategies to improve the efficacy along with patient compli-
ance. The mechanical strength, adhesive strength, waterproof
ability and dissolvability of microneedles are key design factors.
HA and polyvinylpyrrolidone (PVP) are ideal candidates due to
their water solubility. Double layered microneedles were pre-
pared with HA tips and PVP base to obtain mechanical strength
and water solubility.*'> A waterproof layer was further coated to
overcome the wet oral environment. To control the drug release
profile, hyaluronic acid methacryloyl was introduced to HA-PVP
microneedles to mediate hydrophilicity.>"® The microneedle
was able to penetrate oral mucosa with an insert depth of
480 pm. Controlled and stepwise drug release was achieved as
evidenced by in vivo dye delivery study. Delivery of multi-drugs
could achieve promoted and synergistic therapeutic efficacy.
For example, Yin et al. reported an HA microneedle encapsulat-
ing basic fibroblast growth factor (bFGF) and cetylpyridinium
chloride.”"* This microneedle exhibited antimicrobial activity,
increased the growth and proliferation of fibroblasts, and
facilitated the healing effect when attached to the oral ulcer
site. Constructing microneedles with antimicrobial materials
may benefit the intrinsic antibacterial properties and promote
oral ulcer healing. Xie et al. reported a multifunctional poly-
saccharide composite microneedle patch for effectively promot-
ing oral ulcer healing (Fig. 14).>' This patch was composed of
HA and hydroxypropyl trimethylammonium chloride chitosan,
loaded with dexamethasone and bFGF. Hydroxypropyl tri-
methylammonium chloride chitosan functioned as an oral
antimicrobial agent, while dexamethasone inhibited oral
inflammation, promoting oral ulcer healing in 6 days.

Overall, polymeric delivery systems offer several advantages
to adapt to the oral microenvironment. The following tips could
be adopted when designing such oral microenvironment-
adaptive delivery systems:

(1) At the molecular level, dynamic cross-linking would be
beneficial to the release of loaded active ingredients, so a range
of dynamic chemistry could be applied to design such hydro-
gels and patches.

(2) The off-target effect is crucial for AMR and side effects.
Therefore, targeted drug delivery achieved by stimuli-responsive
systems and in situ delivery systems should be considered.

This journal is © The Royal Society of Chemistry 2024
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(3) At the material level, various factors related to oral
disease treatment should be considered, such as biocompat-
ibility, wet-adhesion, and antibacterial activity.

5. Anti-inflammatory polymeric
materials to overcome the oral
immune microenvironment

Under normal physiological conditions, the inflammatory
response is widely recognized as a crucial process for main-
taining tissue homeostasis under various unfavourable condi-
tions. However, persistent and chronic inflammation
accompanied by infection inevitably leads to increased produc-
tion of inflammatory chemokines and cytokines, thereby
impeding the tissue healing process and exacerbating inflam-
matory diseases.”’®> Common oral diseases such as oral candi-
diasis, oral lichen planus, and recurrent aphthous ulcers are
associated with local immune dysfunction. Moreover, immune
dysregulation may lead to precancerous lesions and tumor
development.®® One characteristic feature of most oral diseases
is chronic exposure to inflammation.>'® The inflammation and
host responses play vital roles in the pathogenesis of these
diseases. Therefore, modulation of immune-inflammatory
responses is key to the treatment of oral inflammatory diseases.
In this section, we provide various design strategies for poly-
meric materials with different pathways for the effective sup-
pression of inflammatory responses to treat oral diseases
(Fig. 15).

5.1. Anti-inflammatory treatment

The oral immune microenvironment is composed of pro-
inflammatory enzymes, inflammatory cells, and inflammatory
mediators, playing a crucial role in the pathological
processes.”’”*'® In this subsection, we discuss three anti-
inflammatory treatment approaches for oral inflammatory
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Fig. 15 Anti-inflammatory polymeric materials: strategies and targets.
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diseases based on the composition of the immune
microenvironment.
5.1.1. Enzyme regulation. The development of inflamma-

tory processes in oral inflammatory diseases is a complex
progression that involves the participation of multiple
inflammation-related enzymes. At the initial stage of inflam-
mation, local cells such as epithelial cells and fibroblasts
release a series of pro-inflammatory mediators, including pros-
taglandins, leukotrienes, and cytokines.”'® These mediators act
alone or synergistically to amplify the inflammatory response
and influence its progression and outcome. Among them,
arachidonic acid is the most common endogenous precursor
of pro-inflammatory mediators, which can be rapidly converted
into various pro-inflammatory mediators, namely prostaglan-
dins, leukotrienes, and endoperoxides, through the cell-specific
enzymatic pathways involving cyclooxygenases, lipoxygenases,
and epoxygenases.”>’ The following discussion focuses on
targeting enzyme regulation to experimentally manage oral
inflammatory diseases and their associated metabolic pathways
(Fig. 16).

5.1.1.1. Phospholipase A2 inhibitor. Phospholipase A2
releases arachidonic acid by hydrolysing phospholipids such
as phosphatidylcholine. Glucocorticoids can inhibit the activity
of phospholipase A2, thereby suppressing the release of the
inflammatory mediator precursor arachidonic acid, achieving
the anti-inflammatory effect.>*" Triamcinolone acetonide is a
type of glucocorticosteroid that is commonly utilized in clinical
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Fig. 16 Arachidonic acid pathway in inflammation. Reprinted from “Ara-
chidonic acid pathway in inflammation”, by BioRender.com (2023).
Retrieved from https://app.biorender.com/biorender-templates.
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settings due to its anti-inflammatory properties.**> However,
the hydrophobic nature of triamcinolone acetonide and the
complex oral microenvironment contribute to its low bioavail-
ability and inconsistent therapeutic efficacy in treating ulcera-
tive wounds. Therefore, several drug delivery systems have been
developed.?**"**® For example, Hao et al. prepared a hyaluronic
acid-based dissolving microneedle patch to facilitate the deliv-
ery of triamcinolone acetonide-loaded mesoporous polydopa-
mine NPs for the treatment of oral mucosal inflammation.
Obvious reduction in the ulcer area and levels of inflammatory
factors such as TNF-o. and CD31 was observed.**®

Glucocorticoids which inhibit phospholipase A2 are
still less studied due to multifaceted immunosuppressive
mechanisms.*?” Gui et al. designed a core-shell nanostructure
for the treatment of osteoporosis by loading glucocorticoids.**®
Glucocorticoids interfered with arachidonic acid metabolism
and suppressed cytokine synthesis to rapidly inhibit inflamma-
tion and immune responses. These results suggest that drug
delivery systems loaded with glucocorticoids may be applied for
treatment of inflammatory diseases.

5.1.1.2. Cyclooxygenase inhibitor. ~Non-steroidal anti-
inflammatory drugs (NSAID) are the most frequently recom-
mended medications for treating inflaimmatory diseases,**°
which function by inhibiting the production of the pro-
inflammatory mediator prostaglandin E2 through the inhibi-
tion of cyclooxygenase enzymes.>* Diclofenac is the most
widely prescribed NSAID worldwide.>*' Yan et al. developed a
poly(ionic liquid)-based diclofenac sodium (DS)-loaded patch
(PIL-DS) for the treatment of oral aphthous ulcers (Fig. 17).>*>
Through electrostatic interactions, ionic liquid cations could
bind diclofenac anions, which greatly improved the bioavail-
ability, biological properties and solubility of the drug. Further-
more, the ionic liquid used for polymerization contained
catechol groups, which allowed the patch to adhere to mucosa
and efficiently deliver DS to the mucosa ulcer sites. PIL-DS
displayed anti-inflammatory activities, accelerating the healing
process of the ulcers. In vitro study in RAW 264.7 cells stimu-
lated with lipopolysaccharides (LPS) showed an overexpression
of pro-inflammatory cytokines IL-6 and IL-1f without
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Fig. 17 Synthesis of PIL-DS oral tissue patches and their schematic
representation for the electrostatic loading of the nonsteroidal anti-

inflammatory drug diclofenac sodium. Reproduced from ref. 232 with
permission from Elsevier. Copyright 2023.
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treatment. However, the expression of these pro-inflammatory
cytokines was suppressed in cells treated with PIL-DS, indicat-
ing that the release of DS within the PIL-DS formulation could
effectively protect cells from inflammation.

5.1.1.3. Lipoxygenase inhibitor. Amlexanox (AMX) is a widely
recognized anti-inflammatory and immunomodulatory agent
used for the treatment of recurrent aphthous stomatitis.>*?
AMX exerts its anti-inflammatory effects by inhibiting
5-lipoxygenase, blocking the activity of Hsp90, as well as the
non-classical IKK-e and Tank-binding kinase. However, it was
discontinued in 2014 due to reported adverse reactions includ-
ing transient pain, stinging and burning sensation, contact
mucositis, nausea, and diarrhea. To address these issues,
Elsawy et al. loaded AMX into liposomes. These liposomes
could serve as a local delivery system, thereby enhancing
selective cellular uptake in the ulcerated area of the oral
mucosa and augmenting the anti-inflammatory activity of
AMX while minimizing its adverse reactions. They demon-
strated the potential of AMX-loaded liposomes to effectively
target macrophages and modulate their inflammatory
response. As the concentration of AMX liposomes increased,
a dose-dependent decrease in TNF-o. expression in macro-
phages was observed, further confirming the anti-
inflammation role of AMX liposomes.?***

5.1.2. Regulation of macrophage polarization. Macro-
phages play an essential role in the inflammatory immune
response. Many studies have confirmed that the phenotypic
transformation of macrophages is the crucial mechanism
affecting the progression of oral inflammatory diseases.>** At
the site of inflammation, macrophages undergo differentiation
into different types, depending on the encountered stimuli and
microenvironment, referred to as M1 and M2 phenotypes.**®
M1 macrophages are primarily involved in bacterial clearance
and promoting inflammation, while M2 macrophages have
been shown to play a significant role in inflammation resolu-
tion. IL-1B and TNF-o are arguably the two most prominent pro-
inflammatory cytokines as they are overexpressed and play a
role in nearly every inflammatory disease. The M2 phenotype
has been associated with the secretion of various cytokines and
factors. The anti-inflammatory cytokines released by the M2
phenotype interfere with or inhibit the pro-inflammatory cyto-
kines produced by the M1 type. For instance, IL-10, one of the
most important anti-inflammatory cytokines and a major bio-
chemical signature of M2 macrophages, suppresses the produc-
tion of IL-6 and TNF.>*”**® The following three subsections will
focus on various polymer-based strategies for modulating
macrophage polarization.

5.1.2.1. Inhibition of the M1 phenotype by releasing antibodies
targeting TNF-o. to alleviate inflammation. TNF-a, produced by
M1 macrophages, serves as an inducer of the M1 phenotype
and mediates excessive immune and inflammatory responses
in various pathological conditions.>®® As a result, it is an
important target for anti-inflammatory drugs.**° TNF-o induces
neighbouring oral keratinocytes and fibroblasts to release

This journal is © The Royal Society of Chemistry 2024
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chemotactic factors, further recruiting lymphocytes and other
immune cells. Ultimately, cytotoxic T cells within the inflam-
matory infiltrate, in conjunction with TNF-o, trigger apoptosis
of basal keratinocytes in the oral mucosa, leading to epithelial
loss and ulcer formation. Therefore, theoretically delivering
anti-TNF-o biologics directly to the site of oral inflammation
is effective in suppressing the inflammatory response.**'>*

It is known that the progression of tissue ulceration is
mediated by TNF-o. Edmans et al. developed and evaluated a
mucoadhesive electrospun patch for the localized delivery of
anti-TNFa biologics to treat oral mucosal ulcers (Fig. 18).>**
Poly(vinyl pyrrolidone) (PVP) and Eudragit® RS100 polymer
fibers were prepared by electrospinning. The anti-TNF-o bioti-
nylated antibody fragment (F(ab)) was then encapsulated
into the fibers, forming an electrospun patch. The patch
protected the integrity of the biotinylated antibody fragment
(F(ab)) from the complex oral environment and effectively
released in 3 h to the ulcers without compromising its
antigen-binding functionality. Moreover, treatment with the
anti-TNF-o. patch showed inhibition of TNF-a actions in a 3D
tissue-engineered immunocompetent in vitro model of oral
mucosal ulcers, resulting in reduced levels of immunogenic
TNF-o. and TNF-o-sensitive chemokines. Nevertheless, the
organic solvents used in the electrospinning process may cause
the denaturation of antibodies, and residual solvents may also
be toxic to cells and tissues.

(a)
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Fig. 18 (a) Schematic representation of the preparation of an adhesive
patch loaded with anti-TNF-a biologics during electrospunning for the
treatment of inflammatory oral mucosal diseases. The patch leads to a
decrease in active TNF-a levels, as well as a reduction in the levels of
disease-associated T cell chemokines (CCL3, CCL5, and CXCL10) to
baseline concentrations. ELISA data showed that the electrospun adhesive
patch loaded with anti-TNF-a biologics applied to the oral ulcer model can
neutralize LPS-mediated TNFa release. TNF-o concentrations (b) 6 h and
(c) 24 h following LPS stimulation. Reproduced from ref. 244 with permis-
sion from Elsevier. Copyright 2022.
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5.1.2.2. Promotion of the M2 phenotype by releasing cytokines
to alleviate inflammation. IL-4 is renowned as the most potent
and extensively utilized factor for polarization towards the M2
phenotype that successfully induces a shift from M1 to M2
macrophages.”****® Chen et al. loaded IL-4 and stromal cell-
high-stiffness transglutaminase-
crosslinked gelatin for the regeneration of complex periodontal
tissues in cases of periodontitis. They found that the presence
of IL-4 induced the development of anti-inflammatory M2
macrophage polarization, thereby promoting osteogenic effects
of bone marrow-derived mesenchymal stem cells (BMSCs)
in vitro and improving periodontal regeneration. This
suggested that supplementing with IL-4 was beneficial for
regulating macrophage polarization and achieving immune
modulation.>” However, directly encapsulating bioactive fac-
tors in hydrogels may lead to an explosive release. Therefore, it
is an urgent issue to find a solution for achieving the program-
mable release of IL-4 from hydrogels, allowing it to continu-
ously exhibit its reprogramming function and enhance the
efficacy of implantable hydrogels in the oral cavity.

To overcome the complex oral microenvironment and
achieve programmable release of 1L-4, Cui et al. designed an
immune microsphere-engineered hydrogel membrane that
enabled effective wound coverage, improved drug encapsula-
tion, and controlled the release of IL-4.>*® As displayed in
Fig. 19, they employed the physical blending method to prepare
a hydrophilic soybean lecithin (SL) and IL-4 complex (SL/IL-4),
which was then encapsulated into hydrophobic PLGA micro-
spheres using microfluidic technology. The obtained PLGA
microspheres loaded with SL/IL-4 complexes exhibited sus-
tained release properties for IL-4. Lastly, the microsphere
system was suspended in a GelMA solution, and through the
adjustment of GelMA concentration and blue light irradiation
time, an immune microsphere-engineered hydrogel membrane
with adhesive properties for mucosal wounds was created. This
hydrogel membrane achieved stable tri-phasic controlled
release of IL-4 and possessed an elastic modulus similar to
that of mucosal tissue, making it more suitable for oral
applications. Additionally, it enabled stable macrophage repro-
gramming and upregulation of platelet-derived growth factor
expression in vitro. In a rabbit model with oral mucosal defects,
it also demonstrated the ability to effectively suppress wound
inflammation, promote blood vessel generation, and facilitate
tissue repair.

derived factor-1o. onto

5.1.2.3. Release of other anti-inflammatory substances to con-
trol M1-M2 dynamics. In addition to the aforementioned anti-
inflammatory effect through the inhibition of phospholipase
A2, glucocorticoids are capable of suppressing inflammatory
reactions by interfering with the signalling pathways involved
in the transcription of pro-inflammatory cytokine genes.**°
Glucocorticoids can inhibit the pro-inflammatory response of
macrophages, reduce the release of inflammatory mediators,
and promote the polarization of macrophages towards an anti-
inflammatory (M2) phenotype.>*>**° The glucocorticoid drug
prednisolone effectively inhibits inflammatory activation
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Fig. 19 Preparation and mechanism of immune-engineering micro-
sphere hydrogels. (a) The preparation process involved creating PLGA
microspheres, P/S/IL-4 complexes, and G/P/S/IL-4 complexes. (b) The
immunized microsphere engineered hydrogel membrane was assembled
using a specific mechanism. (c) The G/P/S/IL-4 complexes reprogrammed
macrophages and HUVECs, leading to the secretion of paracrine factors
and initiation of cascade signalling. This regulated the immune micro-
environment, promoting angiogenesis and facilitating mucosal healing.
Reproduced from ref.248 with permission from Wiley. Copyright 2023.

signalling, such as the NF-xB pathway, which can lead to the
suppression of various pro-inflammatory cytokines.>®" pH-
responsive PMPC-b-PDPA diblock copolymer nanocarriers
have been prepared for the controlled delivery of
prednisolone disodium phosphate to inflamed target cells.>*>
This approach aimed to enhance the anti-inflammatory
properties of prednisolone while minimizing the risk of
inflammation and reducing off-target effects. By inhibiting
the NF-xB pathway, which is responsible for inflammatory
activation signalling, the expression of pro-inflammatory
cytokines such as IL1B, IL6, and TNF-o could be decreased.
This strategy holds promise in treating inflammatory diseases,
addressing drug resistance, and promoting inflammation
resolution in vitro.

In addition to biologics and dedicated anti-inflammatory
drugs, various other compounds exhibit anti-inflammatory
properties. These immunomodulatory molecules differ in
chemical complexity and origin, ranging from proteins isolated
from diverse sources to small molecules derived from plants.>*?

Nanozymes can also regulate macrophage polarization from
M1 phenotype to M2 phenotype through Nrfl/NF-kB pathways,
which reduces pro-inflammatory cytokines and increases anti-
inflammatory cytokines, thereby alleviating inflammation. For
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Fig. 20 Schematic illustration of the synthesis of the TM/BHT/CuTA
hydrogel and its application in periodontitis. The CuTA nanozyme can
promote the transformation of M1 macrophages into M2 macrophages by
modulating the Nrfl/NF-kB pathway, thereby reducing pro-inflammatory
factors, upregulating anti-inflammatory factors and osteogenic gene
expression, and further accelerating periodontal tissue regeneration.
Reproduced from ref. 254 with permission from American Chemical
Society. Copyright 2023.

example, Xu et al. encapsulated copper tannic acid (CuTA)
coordination nanosheets in the glyceryl monostearate/triethy-
lene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid
(TM/BHT) hydrogel, and found that TM/BHT/CuTA could pro-
mote the expression of Nrf2, inhibit the expression of p65, and
regulate the Nrf2/NF-kB pathway, thereby achieving immuno-
modulatory effects (Fig. 20).>>* Furthermore, due to the regula-
tion of the Nrf2/NF-xB pathway, M1 macrophages could be
polarized into M2 macrophages, decreasing the expression
of pro-inflammatory cytokines and relieving inflammation. In
a periodontitis rat model, TM/BHT/CuTA facilitated the expres-
sion of transforming growth factor-f (TGF-B), and restored
alveolar bone (AB) with decreased distance between AB
and CE]J.

Crocin
inflammatory properties.>>> For example, Haeri et al. developed
a mucoadhesive hydrogel containing thiolated chitosan NPs as
a saffron delivery system for aphthous stomatitis. The thiolated
chitosan hydrogel improved ulcer healing, reduced the expres-
sion of TNF-o and p53, and increased the expression of vascular
endothelial growth factor (VEGF) and alpha-smooth muscle
actin (a-SMA). Overall, the thiolated chitosan hydrogel-
encapsulated crocin loaded with thiolated chitosan NPs repre-
sents an option for treatment of aphthous stomatitis.?*®

In summary, polymeric biomaterials serve as carriers for
inflammation-related enzyme inhibitors and immunomodula-
tors for regulating the balance between pro-inflammatory and
anti-inflammatory activities of immune cells. The immunomo-
dulatory activity of biomaterials is intricately linked to their
chemical properties, thereby allowing customization of distinct
anti-inflammatory strategies. As the concept of biomaterial-
mediated immune-inflammatory balance regulation advances,
future research emphasis should pivot towards applications,
taking into account comprehensive interactions between

is a natural carotenoid with excellent anti-
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biomaterials and the inflammatory microenvironment. Optimi-
zation of drug delivery and tissue engineering should be
directed towards providing the foundational basis for the
clinical translation of biomaterials in the treatment of oral
inflammation.

5.2. Reactive oxygen species (ROS) scavenger

In oral diseases, there is a close relationship between ROS and
inflammation.””” While inflammation is a self-protective
response of the body to damaged tissues or external stimuli,
prolonged and excessive inflammation can actually damage
tissues. For example, ROS are released in large quantities by
inflamed cells when stimulated. ROS not only eliminate patho-
gens through oxidative reactions, but also promote the exacer-
bation of inflammation, leading to cell damage and
apoptosis.”*®?*® This imbalance in ROS levels can easily lead
to the occurrence and exacerbation of oral diseases. Therefore,
regulating ROS levels to a normal state has become a focus in
the treatment of oral diseases. There are two major strategies
for oral disease treatment using biomaterials (Fig. 21). Firstly,
biomaterials can serve as effective carriers for antioxidants,
facilitating the safe and efficient delivery of ROS-removing
drugs. Secondly, biomaterials can directly interact with ROS,
exerting antioxidant effects.>¢°2¢

Antioxidants are molecules that reduce radicals to prevent
oxidative damage. Phenolic derivatives are commonly used
antioxidants that act as hydrogen donors to radicals through
single electron transfer.”’®® Resveratrol is a natural phenol that
possesses antioxidant activities. Shi et al. developed a liposome
to deliver resveratrol, addressing the challenge of its poor water
solubility. This liposome demonstrated effective clearance of
ROS and inhibition of pro-inflammatory signalling
pathways.*®® Curcumin is another phenol derivative that is
capable of ROS scavenging.®” Xu et al. proposed antioxidant
curcumin-loaded biodegradable NPs.>*® The NPs were further
embedded in an antibacterial hydrogel based on chitosan and
AMP-conjugated PEG for both antimicrobial and antioxidant
applications. The hydrogel can effectively alleviate periodontitis
and promote tissue repair. Once this hydrogel was applied in
bone marrow-derived macrophages, the anti-inflammatory

Drug delivery ROS scavenger

Fig. 21 Schematic illustration of two strategies for eliminating ROS con-
cluded in this section. The first strategy is to use biomaterials as effective
carriers to deliver antioxidants, and the second strategy is to construct
biomaterials that can directly interact with ROS to exert antioxidant effects.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review Article

macrophage phenotype increased with the related mRNA
expression and cytokines, and the intracellular ROS levels
apparently decreased.

Enzymes such as glutathione peroxidase and superoxide
dismutase can regulate cellular ROS levels through catalysis
of toxic ROS into O, or H,0.>*® N-Acetyl-l-cysteine (NAC) is a
precursor of the endogenous antioxidant glutathione. Qiu et al.
designed PEG-ss-PCL NPs, a polymeric nanocarrier that
responded to ROS by a thioketal bond and encapsulated NAC
for ROS scavenging (Fig. 22).”** At the inflammation site, PEG-
ss-PCL NPs were able to responsively disassemble and release
NAC. The cellular ROS level induced by LPS apparently
decreased after the treatment of PEG-ss-PCL NPs. This method
not only reduces the cytotoxicity of NAC, but also reduces the
activity of osteoclasts.

In addition to loading antioxidants, polymeric biomaterials
can be used as ROS scavengers to treat oral diseases. To that
end, various antioxidant polymers were developed. Phenolic-
based polymeric nanomaterials are widely used for scavenging
ROS due to their function as electron donors to ROS. The
enriched intermolecular interactions allow for the easy incor-
poration into the polymer backbone, side chain, and end group
units through condensation polymerization, enzyme polymer-
ization, or metal chelation polymerization, enabling the synth-
esis of effective polymeric antioxidants capable of removing
ROS. Polydopamine is well known for its ability to scavenge
ROS and function as an antioxidant material. Bao et al. devel-
oped biodegradable polydopamine (PDA) NPs as smart ROS
scavengers for oxidative stress-induced periodontal diseases.””°
Leveraging the inherent properties of PDA in reducing func-
tional groups, the PDA NPs exhibited strong antioxidant cap-
abilities, effectively removing ROS and reducing periodontal
inflammation without any adverse effects. In an LPS-induced
mouse periodontal disease model, administration of PDA NPs
successfully eliminated ROS in a dose dependent manner.
Recently, Tian et al. prepared functionalized epigallocatechin-
3-gallate (EGCG) NPs for combating oxidative stress and redu-
cing inflammation by clearing excessive ROS.””* The linear
polyphenol oligomers in the EGCG NPs were synthesized
through condensation reactions of EGCG, formaldehyde, and
amine. Through hydrogen bonding and n-n stacking effects
between the molecules of linear polyphenol oligomers, EGCG
self-assembled into NPs with an average size of 72.4 £+ 9.7 nm.
This preparation method addresses the issues of poor stability
and unsatisfactory therapeutic effects of tea polyphenols. The

ROS-Responsive polymeric vesicles

XK &

Treatment of periodontitis

~

® NAC

~>~" Hydrophobic blocks

"~ Hydrophilic blocks

Fig. 22 Schematic diagram of the preparation process of the ROS-
responsive polymer carrier loaded with NAC. Reproduced from ref. 264
with permission from Elsevier. Copyright (2021).
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obtained polyphenol-based NPs can serve as ROS scavengers.
Direct injection into the lesion site of chronic periodontitis
could induce the consumption of ROS, downregulate the
expression of inflammatory cytokines, and reshape the inflam-
matory microenvironment of chronic periodontitis. Therefore,
EGCG NPs provide a simple and effective antioxidant defense
platform for the treatment of chronic periodontitis.

Inspired by various methods for evaluating the ability
of antioxidants to scavenge ROS, free radical traps were
developed as free radical scavengers. These traps capture
free radicals, preventing them from further reactions, thereby
helping to reduce oxidative damage and cellular injury. Nagaski
et al. synthesized poly[4-(2,2,6,6-tetramethylpiperidine-N-oxyl)
aminomethylstyrene]-b-poly(ethylene glycol)-b-poly(4-(2,2,6,6-
tetramethylpiperidine-N-oxyl)aminomethylstyrene) (PMNT-b-
PEG-b-PMNT) that possessed an ROS scavenging nitroxide
radical at the side chain of the PMNT segment.””>*”> PMNT-
b-PEG-b-PMNT was able to self-assemble into flower-like
micelles and further combine with hydrogels to reduce ROS
levels both in vitro and in vivo. Liu et al. constructed NAC-
derived red fluorescent carbonized polymer dots (NAC-CPDs)
with high ROS scavenging capacity (Fig. 23)."”° Cysteine is a
widely used antioxidant. By constructing NAC-CPDs through
formamide-assisted solvothermal reaction, the stability of NAC
was greatly improved than when it was encapsulated into
carriers. Furthermore, the ROS scavenging efficacy was satisfied
in cells and mice. NAC-CPDs not only eliminated ROS and
promoted osteogenic differentiation, but also reduced alveolar
bone resorption. In a ligature-induced periodontitis mouse
model, NAC-CPD treatment reduced inflammatory cells and
pro-inflammatory cytokine secretion, which finally contributed
to the relief of tissue damage. Very recently, a-lipoic acid (LA), a
coenzyme that has antioxidant ability by ROS scavenging, was
employed in an oral adhesive patch for oral mucosal
regeneration.””* Polymerized lipoic acid and sodium o-lipoate
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Fig. 23 Synthesis of the polymer dots NAC-CPDs and the mechanism of
clearing ROS in the treatment of periodontitis. Reproduced from ref. 170
with permission from John Wiley and Sons, copyright 2023.
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were mixed to form an elastomer patch (PolyLA-Na/PolyLA).
The hydrogen bonding and electrostatic interactions between
carboxy groups in the polymers and amino groups in the tissue
provided wet-adhesion strength, whereas water-dissociating
PolyLA-Na continuously released LA to remove excess ROS.

Overall, the use of biomaterials as antioxidant defense plat-
forms provides a safe and efficient approach to the treatment of
oral diseases. This opens diverse avenues for therapeutic inter-
ventions and holds great promise for the future of oral health-
care. From the viewpoint of antioxidant polymer design,
polyphenol and its derivatives possess both wet-adhesive and
antioxidant properties; therefore, incorporating catechol chem-
istry in polymer design is of great promise to build ROS
scavengers effectively in oral diseases. In addition, multifunc-
tional polymers are expected to build a bridge with inorganic
antioxidant materials such as ceria for synergistic antioxidant-
antibiotic therapy.

6. Conclusions and perspectives

In this review we have summarized the recent progress of
polymeric materials tailored to overcome unique oral environ-
ments. The oral environment was first discussed from highly
movable and wet, microbial, and inflammatory environments
along with their impact on oral diseases. Design strategies to
overcome these barriers were then discussed. To that end,
polymeric materials with high adhesivity, high mechanical
modulus, antimicrobial and anti-inflammatory properties were
developed through chemical engineering and advanced nano-
technology. Combining the oral environment and disease
pathogens with materials, as well as other advances in cell
biology, molecular biology, materials science, and nanotech-
nology, will enable further development and attainment in the
treatment of oral diseases. Despite the achievements, the
complex oral environment remains an important challenge in
oral healthcare in clinical translation.

First, the oral environment is constantly subjected to
mechanical forces generated by chewing, temperature varia-
tions, and the influence of saliva and oral fluids. The design of
biomaterials should be able to withstand these challenges,
possessing not only strong adhesive properties but also long-
term structural integrity. This helps prevent microleakage and
bacterial infiltration, and reduces the risk of secondary caries
or reinfection. The focus of future research lies in balancing the
adhesive and mechanical properties of biomaterials without
compromising their porosity or degradation performance, par-
ticularly in designing smart materials that can respond to local
chemical signals during oral disease repair processes to main-
tain a stable oral environment.

Second, drug resistance remains a huge challenge in anti-
microbial applications. Microbes naturally develop resistance.
The use of antibiotics accelerates the resistance development.
Narrow spectrum antibiotics are preferred to slow down the
resistance than broad spectrum antibiotics. However, consider-
ing the complex genericity of oral microbiota, broad-spectrum

This journal is © The Royal Society of Chemistry 2024
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antibacterial materials are potentially more effective for the treat-
ment of oral microbiota induced diseases. Therefore, it is urgent
to find a balance between antimicrobial resistance and therapeu-
tic efficacy. Disrupting the bacterial cell membrane without
interaction with intracellular organelles might be a future direc-
tion to develop next-generation antibacterial materials.

Third, from molecular and histological aspects, oral diseases are
subject to several transcription factors. For example, wounds are
related to sex-determining region Y-box 2 and paired-like home-
odomain 1, which assist in the wound healing process.””> Thus,
improving these transcription factors with an oral specific delivery
system, such as nucleic acid encapsulated mucus penetrating
polymeric materials, might be interesting in oral wound healing.
In addition, a novel gene editing system targeting bacterial patho-
gens and antibiotic resistance might also be interesting.>”®

Finally, biocompatibility should always be considered when
turning into clinical translation. Various biomaterials, as well
as modifications with bioactive ions and loading of bioactive
molecules, may serve as effective strategies for improving oral
diseases treatment. Therefore, the safety related to biomaterials
needs to be monitored, particularly in terms of long-term
stability within the oral cavity. Biomaterials can interact with
oral tissues, promoting desired biological responses. The
combination of maintaining the homeostasis of the oral micro-
environment and bioactivity may provide new research per-
spectives for oral disease treatment.
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