7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

REVIEW

Nanomaterial-based synergistic strategies for
combating dental caries: progress and
perspectives
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Dental caries, as the predominant global oral disease, remains a critical public health issue worldwide,
particularly in socioeconomically disadvantaged communities. However, common caries prevention
approaches (e.g., oral health education, mechanical plaque removal, and delivery of fluoride agents) are
still insufficient for optimal caries management, and therefore, alternative regimens that can supplement
existing strategies are highly warranted. Nanomaterials exhibit considerable potential in combating cario-
genic pathogens and biofilms owing to their promising antimicrobial capacity, improved penetration into
biofilms, targeted precision delivery, and versatile physicochemical properties. As unifunctional materials
are limited in caries management, this review underscores the latest advancement in multifunctional anti-
caries nanomaterials/nanomedicines. It highlights the cutting-edge materials developed or engineered to
(i) incorporate diagnostic capabilities to prevent caries at an early stage, thus enhancing treatment
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efficiency, (i) integrate mechanical “brushing” with anti-caries approaches to mechanochemically eradi-
cate biofilms, (iii) exert antimicrobial/antibiofilm effects while preserving dental hard tissue. The current
work also outlines future directions for optimizing nanosystems in the management of dental caries while
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1 Introduction

Dental caries, the most prevalent oral disease worldwide, con-
tinues to be a major public health concern, especially causing
severe impacts among the socioeconomically disadvantaged
populations with limited oral health knowledge."” Importantly,
secondary caries can recur following initial treatment, leading
to restorative treatment failure and imposing a significant
burden on the dental care workforce.> In general, the patho-
genesis of this multifactorial disease can be primarily attribu-
ted to three interdependent aspects: (i) loss of symbiosis within
the oral microenvironment, (ii) domination of cariogenic
pathogens and (iii) formation of pathogenic polymicrobial bio-
films, which eventually drive the chronic and progressive
destruction of dental hard tissues. Specifically, external cario-
genic factors, such as excessive intake of sugars and carbonated
drinks, may disrupt the ecological balance, shifting the healthy
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emphasizing the need for innovative solutions to improve preventive and therapeutic efficacies.

oral microbiota to a pro-cariogenic state.” During this tran-
sition, the assembly of the matrix and dysbiotic microbiota-
matrix interactions aggravate cariogenic plaque accumulation.
Notably, excessive fermentable carbohydrates, especially
sucrose, are metabolized to generate acid by-products, creating
a low pH environment, which further facilitates the coloniza-
tion and growth of acidogenic and aciduric species (e.g,
Streptococcus mutans (S. mutans), Lactobacillus, Actinomyces, and
Candida albicans).*® Consequently, these species dominate
over commensals within the biofilm microbiota and synergisti-
cally shape the biofilm community.®® Additionally, the biofilm
matrix, primarily composed of extracellular polymeric sub-
stances (EPSs) in a three-dimensional scaffold, provides a
complex biochemical microenvironment that confers pene-
tration barriers and mechanical resistance to support cario-
genic microbes in caries pathogenesis.'®'! Simultaneously,
acid production on the biofilm-enamel surface causes de-
mineralization and erosion of the enamel or dentine, ulti-
mately resulting in cavitation.'® Therefore, although consider-
able attention and efforts have been invested in effective man-
agement, the advancement of early diagnosis, prevention and
treatment is highly warranted with the primary aims targeting
cariogenic polymicrobial biofilms, preventing demineralization
and/or promoting remineralization of hard dental tissues.

This journal is © The Royal Society of Chemistry 2025
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Currently, caries prevention strategies include implement-
ing oral health education programs, applying fluoride treat-
ment, and removing dental plaque mechanically. However,
these approaches remain insufficient in managing dental
caries. Although fluoride reduces caries through its anti-
microbial activity and protects the tooth enamel by enhancing
its remineralization and inhibiting its demineralization,™ the
emergence of fluoride-resistant strains of bacteria has dimin-
ished its caries-preventive effect over time.'* Meanwhile, tooth-
brushing is the most effective method to remove plaque," but
it does not prevent microbial recolonization, and the modern
diet with refined carbohydrates poses a challenge in control-
ling the consumption of fermentable sugars. Additionally, the
use of composite fillings as the main treatment for caries con-
tinues to face limitations from secondary caries.'® Therefore,
there is a pressing need to enhance and supplement existing
caries control strategies for improved efficacy.

Nanomaterials, either inorganically or organically syn-
thesized, are defined as materials with sizes less than
100 nm,"” which can be categorized based on their dimen-
sions into zero-dimensional, one-dimensional, and two-dimen-
sional forms, represented by nanoparticles (NPs), nanowires/
nanorods, and nanofilms, respectively.'® Particularly, many of
them exhibit unique properties that are inherently linked to
their nanoscale. A key characteristic of nanomaterials is their
high surface area-to-volume ratio, which imparts high reactiv-
ity and enables them to serve diverse functional purposes. In
combating dental caries, nanomaterials exhibit considerable
potential in targeting cariogenic pathogens and biofilms, as
well as preventing demineralization and facilitating reminerali-
zation processes, owing to their antimicrobial properties,

This journal is © The Royal Society of Chemistry 2025
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Illustrative scheme of three nanomaterial-based synergistic strategies utilized as novel caries management approaches for biofilm dis-

improved penetration into biofilms, targeted delivery, and ver-
satile applications."® >

Recognizing the limitations of materials with single func-
tion in caries management, this review focuses on the develop-
ment of multi-functional anti-caries nanomaterials. The nano-
technology-based platforms conferring anti-caries properties
for dental restorative materials have been
23725 Mainly, we focus on advanced nanomaterials
that are designed to (i) incorporate diagnostic capabilities,
thereby offering a comprehensive strategy to enhance the caries
prevention effectiveness, (ii) combine mechanical “brushing”
with anti-caries approaches for synergistic mechanochemical
biofilm eradication, (iii) integrate antimicrobial/antibiofilm
effects with preservation of dental hard tissue (Scheme 1).

reviewed
elsewhere.

2 Theranostic nanomaterials for
caries treatment

In addition to targeting cariogenic biofilms and promoting the
mineralization process, detecting cariogenic pathogens can
facilitate the effective management of dental -caries.
Specifically, detecting microbes enable early caries prevention,
avoiding the progressive and irreversible destruction of dental
hard tissues. Taken together, by combining therapeutic and
diagnostic approaches (known as theranostics), the efficiency
of caries management may be significantly improved through
timely intervention to prevent the further progression of decay,
as well as establishing personalized treatment/prevention to
maximize the therapeutic outcomes. Therefore, the develop-
ment of innovative methods incorporating these strategies is
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highly crucial for providing a comprehensive and patient-cen-
tered oral healthcare.

Various nanomaterials can conveniently serve as a crucial part
of theranostic systems due to their remarkable versatility.>* When
combined with materials possessing known antibacterial/anti-
biofilm properties, multifunctional nanoplatforms capable of
biofilm sampling and imaging/staining can be achieved by utiliz-
ing multiple pathways. In addition to utilizing nanomaterials for
biofilm removal, innovative approaches with novel designs, such
as the above-mentioned nanorobots, have been applied for auto-
mated biofilm sampling. Furthermore, advancements in imaging
and staining techniques for microbial cells and their biofilm for-
mation have explored the use of photodynamic therapy (PDT)/
photothermal therapy (PTT) and nanozymes that generate reac-
tive oxygen species (ROS) for antibacterial and antibiofilm effects.
These advancements aid in assessing the microbial conditions,
facilitating the identification of caries-infected areas for timely
preventive or early treatment interventions.

2.1 Magnetic robot-assisted biofilm sampling

Biofilm/saliva sampling and characterization are essential for
understanding the microbial profile and risk/progression of
dental caries. Generally, this process requires swabbing biofilms
or collecting saliva from the oral cavity, followed by detailed
microbial or microbiota analysis, which may enable early predic-
tion, and then intervention of caries. Given that most of the
current biofilm sampling approaches require direct manual oper-
ation in the oral cavity, they have difficulties or certain chances to
cause errors in taking samples from inaccessible areas or non-
compliant patients such as children. Hence, the application of
nanomaterials may streamline biofilm sampling and retrieval in

View Article Online
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hard-to-reach areas through straightforward yet reliable and
efficient procedures, particularly beneficial for pediatric sampling.
For instance, the magnetic robot surface topography-adaptive
robotic superstructures (STARS) could function for biofilm
sampling by collecting and retrieving sufficient quantities of
biofilm components using its extended bristle structure to
mechanically sweep the biofilm with the assistance of a magnetic
field generated by its electromagnet core (Fig. 1A). Subsequently,
the microorganisms in the sampled biofilm could be analyzed
by manifold diagnosis techniques, such as quantitative polymer-
ase chain reaction and quantitative measurement of exoenzyme
activity (Fig. 1B).”” Meanwhile, the on-site visualization of bio-
films is equally important in clinical examination for theranostic
purposes, thereby user-friendly and cutting-edge techniques for
biofilm imaging and staining have also been developed and
implemented for managing dental caries effectively.

2.2 Nanomaterials with photoacoustic properties or
aggregation-induced emission for biofilm imaging

Light-based therapies, such as PDT and PTT, have emerged as
non-invasive treatment approaches that rely on producing ROS
or heat, instead of antibiotics, to exert antibacterial effects.
Recently, they have been synergistically utilized in diagnostics,
leveraging the potential photoacoustic (PA) properties or aggre-
gation-induced emission (AIE) for biofilm imaging. Typically,
PA imaging combines optical illumination and ultrasound
detection via the incorporation of special molecules for non-
invasive monitoring. These special molecules absorb energy
from a pulsed laser and convert it into heat, causing thermoe-
lastic expansion and generating ultrasound waves, which are
later converted into high-resolution images through a transdu-
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Fig. 1 Magnetic robot-assisted biofilm sampling. (A) Demonstration of STARS bristles and entrenched biofilm components. (B) lllustration of the
collection workflow using STARS and further analysis. Reproduced with permission from ref. 27. Copyright 2022, the American Chemical Society.
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cer system.”® Gold nanocages, as a photosensitizer, have
shown strong absorption in the near-infrared (NIR) light
region, triggering both PTT and PA imaging.>® Hajfathalian
and colleagues reported that gold-in-gold cage photothermal
nanoparticles (PTNP) coated with dextran could selectively
target S. mutans biofilms (Fig. 2A). Specifically, under NIR
irradiation, PTNP exhibited photothermal properties, rapidly
killing S. mutans in the biofilms and generating strong con-
trast PA images for biofilm detection (Fig. 2B).>°

Moreover, the discovery of AIE*" has overcome the limit-
ations of traditional fluorescence quenching, showing exten-
sive potential in disease diagnosis and treatment.*?
Aggregation-induced emission luminogens (AIEgens) can emit
strong fluorescence in the aggregated state but not in the dis-
persed state.’® Previously, photosensitizers with AIE character-
istics have been used in antimicrobial PDT to significantly
enhance ROS generation.*® Pan’s group designed a type of cat-
ionic AIEgen to interact with negatively charged bacterial cell
surfaces via electrostatic binding to selectively visualize
S. mutans, while exerting anti-caries capability mediated by
PDT (Fig. 2C and D).** Cationic pyridinium-substituted photo-
sensitizers with AIE property possessed luminous fluorescence
for biofilm visualization and efficient singlet oxygen gene-
ration ability for biofilm reduction under light irradiation.
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Taken together, light-activated biofilm imaging and disruption
via PA or AIE effects offer appealing prospects for implement-
ing theranostic strategies for managing caries in a non-inva-
sive and visually intuitive manner.

2.3 Nanozyme-induced colorimetric responses for detecting
cariogenic bacteria/biofilms

Biofilm staining can be achieved through colorimetric
methods mediated by pathogen interactions or pH changes.
Notably, certain nanozymes possess peroxidase/oxidase-like
activity, catalyzing hydrogen peroxide (H,0,) to generate ROS
for antibacterial/anti-biofilm purposes,®*® while these ROS
can react with specific substrates to produce a discernible col-
orimetric readout. One typical substrate used in this type of
reaction is 3,3',5,5-tetramethylbenzidine (TMB), a widely
employed chromogenic reagent in immunoassays. Upon
exposure to ROS, the amine groups in TMB can be oxidized,
shifting its color from colorless to blue.*® Consequentially, the
production of the blue-colored product can be quantified by
measuring the absorbance at 625 nm. Hence, nanozymes can
catalyze antibacterial/antibiofilm treatments and colorimetric
staining of biofilms, making them serve as potent theranostic
reagents for differentiating and eliminating cariogenic bac-
terial cells/biofilms.
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Fig. 2 Biofilm imaging using nanomaterials with photoacoustic properties or aggregation-induced emission. (A) Evaluation of bacterial killing
effects of PTNP on S. mutans using PTT. (B) Representative PA images of teeth with stronger signals after PTNP treatment. Reused from ref. 30. (C)
Images of planktonic and biofilms of S. mutans stained by synthesized AlEgens, 4-(7-(2-(1-methyl-1l4-pyridin-4-yl)vinyl)-2,3-dihydrothieno[3,4-
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mission from ref. 34. Copyright 2024, the American Chemical Society.
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Fig. 3 Biofilm staining using nanozyme-induced colorimetric responses. (A) lllustration of theranostic mechanisms of FerINOPs and results of the
higher degree of blue-stained S. mutans biofilms on natural teeth. Reproduced with permission from ref. 40. Copyright 2022, the American
Chemical Society. (B) Schematic depiction of precise identification of dental bacteria and prediction of caries risk via TMB oxidation by DNA-coated
peroxidase-like nanozyme (INOPs). Reprinted with permission from ref. 41. Copyright 2024, the American Chemical Society. (C) Schematic of
machine learning-assisted cariogenic bacterial detection through colorimetric sensor arrays based on different TMB oxidation levels caused by
oxidase-like activity of SANs. Reprinted with permission from ref. 42. Copyright 2023, Wiley-VCH.

Recently, the FDA-approved iron oxide nanoparticle formu-
lation FerIONP was shown to function as a nanocatalyst, which
preferentially bound to S. mutans via pathogen-specific glucan-
binding proteins, catalyzed the in situ generation of ROS for
bactericidal effects, and resulted in significant blue staining on
tooth surfaces in the presence of S. mutans biofilms when
applied with TMB (Fig. 3A)."° As a result, FerIONP shows sig-
nificant promise in theranostic treatments by producing ROS
from H,0, to selectively eliminate and stain S. mutans biofilms,
with minimal impact on other commensal organisms, demon-
strating potential clinical utility as a targeted anti-caries nano-
medicine. Additionally, high-throughput detection via sensor
arrays, assisted by machine learning techniques such as linear
discriminant analysis (LDA) and hierarchical clustering ana-
lysis (HCA), offer a more advanced approach for overcoming
the limitations of the “one-to-one” recognition pattern using
nonspecific recognition elements, allowing more comprehen-
sive bacterial discrimination in polymicrobial biofilms.
Previously, Zhang and colleagues developed
tongues” inspired by the natural gustatory system (Fig. 3B).*" In
this system, programmable DNA-encoded INOPs provided cata-
lysis-dependent ROS production for bacterial killing and
notably functioned as sensing elements, in which their peroxi-
dase-like activities were determined by the differential inter-
actions between the particles and different types of bacteria.

“electronic

1878 | Nanoscale, 2025, 17, 1874-1888

Followed by TMB oxidation, the corresponding responses from
different cariogenic bacteria were analyzed and converted into
visualized graphics using LDA and HCA. Similarly, single-atom
nanozymes (SANs) exhibited excellent performances in identify-
ing mixed cariogenic bacteria in artificial saliva samples with
the assistance of machine learning (Fig. 3C).** Particularly,
different cariogenic bacteria could increase the oxidase-like
activity of iron (Fe)-nitrogen (N)-carbon (C) SANs and reduced
the activity of Fe-N-C SANs reconstructed with urea to various
levels, resulting in varying colorimetric responses correlated as
unique "fingerprints". Therefore, a colorimetric sensor array
was developed based on the "fingerprint” examination and the
results were analyzed and distinguished by machine learning,
enabling the cost-effective, precise, and high throughput differ-
entiation and identification of cariogenic bacteria.

3 Synergistic strategies of
nanomaterials for mechanochemical
biofilm removal

Mechanical removal of dental plaque by toothbrushing and

flossing is the most common and effective strategy in oral
health care, owing to its simplicity, accessibility and cost-effec-

This journal is © The Royal Society of Chemistry 2025
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tiveness. Following this approach, novel designs have been
introduced to utilize specific nanomaterials for mechano-
chemical biofilm clearance by actively generating mechanical
force and integrating antibacterial/antibiofilm agents.
Currently, there are two main materials being employed,
micro/nano-robots and ultrasonic irradiation-based mechano-
chemical nanomaterials, demonstrating great potential for
biofilm clearance through multiple mechanisms, which makes
them ideal candidates for cariogenic biofilm elimination.

3.1 Magnetic nanoparticle-based multifunctional robots

Robots on the micro- and nanoscale are capable of operating
in confined space and delivering drugs on-site, attracting con-
siderable attention for biofilm treatment recently. They can be
automatically propelled by the involvement of various sources,
either intrinsically, such as catalyst and biological cells, or
extrinsically, such as light and magnetic fields.**** These
sources can work alone or collectively, creating oscillating
motions by generating localized forces to mechanically clear
out biofilms. Generally, magnetic materials, such as iron oxide
nanoparticles (IONPs) and liquid metal droplets,** actuated by
a magnetic field, can generate mechanical forces that facilitate
the penetration and disruption of biofilms. This process is
further enhanced by the employment of free radicals or active
drugs, synergistically demonstrating a remarkable perform-
ance in cariogenic biofilm disruption.*®™*® Previously, catalytic
antimicrobial robots (CARs), based on magnetic IONPs, 1%
H,0, and EPS-degrading enzymes, were first developed by
Hwang et al. for biofilm control to combat dental caries. This
“kill-degrade-and-remove” robot system with both catalytic and
antimicrobial capacities enabled the precise, efficient, and
controllable treatment of S. mutans biofilms.*® In particular,
INOPs can act as a nanocatalyst with intrinsic peroxidase-like
activity, catalyzing H,O, to generate free radicals.*® EPS-
degrading enzymes, mutanase and dextranase can work
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together to effectively break down the EPS structure,’® facilitat-
ing bacterial killing within mature cariogenic biofilms. The
magnetic INOPs assembled with biodegraded products,
namely biohybrid CARs, could sweep across defined geometri-
cal surfaces under magnetic control to prevent the recoloniza-
tion of pathogens, thereby completely inhibiting biofilm
formation.*’

In addition to eradicating biofilms, magnetic robots are
also capable of handling the complex topographies of human
teeth with irregular surfaces and positions. For example, Oh
and co-workers synthesized reconfigurable STARS using a mag-
netic field-directed assembly of IONPs. Specifically, the
dynamic telescoping bristle-like structures of STARS were con-
trolled by a magnetic field coordinated by a programmable
microcontroller to achieve multi-axis motion. These structures
demonstrated multifunctional potential for eradicating cario-
genic biofilms through “toothbrushing-like” and “flossing-
like” behaviors and in situ catalysis-mediated antibacterial
activity, allowing site-specific diagnosis and microbial sample
retrieval (Fig. 4A).”” Taken together, these studies demonstrate
that self-supported magnetic robots using INOPs, in combi-
nation with enzymes, show great potential by generating
mechanochemical effects against cariogenic biofilms.

3.2 Ultrasound-activated nano/micro materials

Sonochemistry, a field that investigates ultrasound (US)-
induced physical and chemical effects for multiple appli-
cations, has been widely used in biomedicine, food industry,
materials science, and environmental remediation.”® The
implementation of ultrasound governs the collapse of micro-
bubbles to induce acoustic cavitation in most liquid media,
making it a novel strategy for the mechanochemical disruption
for biofilms.”>”* Therefore, the incorporation of US irradiation
through ultrasonic toothbrushes has become an increasingly
attractive approach for the management of dental caries.
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with topography-adaptive and stiffness-controllable bristles for catalytic killing, mechanical scrubbing and pathogen sampling. Reused with per-
mission from ref. 27. Copyright 2022, the American Chemical Society. (B) Schematic demonstrating the procedures for the synthesis/fabrication of
the microreactors, US-induced cascade reactions for augmented ROS generation, and topical application of the microreactors for biofilm disruption
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Recently, an ultrasound-activated phase-shift chemical, per-
fluorohexane (PFH), has been introduced. As a droplet with a
very low boiling point, PFH can easily vaporize upon overheat-
ing® and be converted into nano-emulsions for biofilm
eradication.”® ™’ For instance, Guo and colleagues integrated
the ultrasonic effect with ROS to develop a microreactor by uti-
lizing PFH encapsulated with iron-tannin-modified calcium
peroxide (CaO,TA-Fe) within poly(lactide-co-glycolide) (PLGA)
vesicles (Fig. 4B).”® The rapid vaporization of PFH under the
ultrasonic toothbrush induced the immediate rupture of the
PLGA shell, leading to direct microbubble-assisted mechanical
damage on dental biofilms and triggering an ROS-producing
cascade. In turn, this process enabled the self-supply of H,O,
from CaO,, accelerating Fe(m)/Fe(u) conversion in the TA-Fe
network and enhancing ROS generation and delivery to the
impaired biofilm for effective eradication.”® This strategy pro-
vides a promising application for US-activated nanomaterials
in the efficient treatment of dental caries. However, further
development of more precise and efficient US-activated nano-
platform is still required, and the use of low-intensity, safe fre-
quency ranges of US (such as 1.6 MHz used in US tooth-
brushes approved by the FDA) should be encouraged.

4 Combined anti-biofilm strategies
with molecules regulating the
mineralization process

Dental hard tissues, generated from the biomineralization
process, possess intricate crystal structures developed through
nucleation, growth, and assembly by the selective deposition
of mineral ions at specific sites induced and regulated by the
organic matrix.”° Predominantly composed of inorganic
hydroxyapatite (Ca;o(PO4)s(OH),), these hard tissues also
contain small amounts of organic components, primarily
proteins. Typically, the demineralization/remineralization
process of enamel and dentin has been widely investigated. In
the physiological state, demineralization and remineralization
are in a delicate balance, which can be disrupted by
cariogenic factors, leading to the accumulation of acidic bypro-
ducts and decrease in pH value. When the pH falls below
5.5, the dissolution of Ca*', OH™ and PO,*>” ions from hard
tissues can be accelerated, while these ions are unable to
deposit into hydroxyapatite for self-repair. A mild imbalance
can lead to defects, such as white spots on the enamel and
dentin hypersensitivity. Prolonged mineral loss due to contin-
ued acid production by cariogenic biofilms can result in the
formation of caries cavities. Therefore, an effective clinical
caries management strategy involves promoting the reminerali-
zation and inhibiting the demineralization of dental hard
tissues, while eliminating cariogenic biofilms in a synergistic
manner.

Currently, the clinically approved remineralization agents
include fluoride, casein phosphopeptide-amorphous calcium
phosphate (CPP-ACP), hydroxyapatite (HAP), bioactive glass,
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and self-assembling peptide P-114.°° Meanwhile, the bio-
mimetic mineralization strategy based on the enamel crystalli-
zation process has been extensively investigated, aiming to
regenerate the highly ordered HAP crystal microstructure.®’
However, the hard tissues generated from these approaches
lack the capacity to inhibit cariogenic pathogens and biofilms.
Fortunately, certain nanomaterials possess excellent anti-
microbial/anti-biofilm abilities due to their inherent physio-
chemical properties and loading capacity, and their incorpor-
ation with agents for biomimetic mineralization can act as an
attractive approach in dental caries treatment. Thus, the focus
of this section is on synergistic design strategies, such as mod-
ifying existing remineralization agents to form novel nano-
materials with dual functions of antimicrobial/anti-biofilm
and remineralization or exploring nanoparticles with dual
properties.

4.1 Fluoride-loaded nanoparticles with dual functions

For decades, fluoride has been widely used as an effective
agent for preventing caries.®” It can react with HAP to form a
more acid-resistant fluorapatite, thereby preventing mineral
loss caused by acid-induced demineralization. It is important
to address appropriate fluoride use and focus on strategies for
improving the effectiveness of fluoride therapy and reducing
the required amount of fluoride.®® Therefore, extensive studies
on nano-based fluoride delivery systems aim to develop more
efficient approaches for protecting and repairing dental hard
tissues by continuous and controlled release of fluoride
agents.

Among the different fluoride-containing nanomaterials,
nano-sized calcium fluoride (nano-CaF,) and nano silver fluor-
ide (NSF) have been reported to exhibit multiple functions in
managing dental caries from different perspectives. Nano-CaF,
shows higher fluoride deposition compared to NaF, serving as
a fluoride reservoir.®® It also demonstrates antibiofilm effects
by inhibiting the virulence of S. mutans biofilms without
affecting the bacterial viability, making it a potential anti-
caries agent.®® Alternatively, silver diamine fluoride has been
proven to be effective for caries prevention and treatment;*®
however, its drawbacks include tooth discoloration and ulcera-
tion, limiting its widespread use. Thus, to address these disad-
vantages, NSF was synthesized by reducing silver nitrate using
sodium borohydride and stabilizing the obtained nano-
particles by chitosan and incorporating NaF.®” Pushpalatha
et al. reviewed the anti-caries effects of NSF, highlighting the
cumulative benefits of chitosan, silver nanoparticles and
sodium fluoride. These benefits include reducing de-
mineralization, accelerating remineralization, interfering with
biofilm formation, and inhibiting bacterial growth and metab-
olism.®® Given that NSF is commonly available in colloidal
solutions and varnish forms, further clinical studies with large
sample sizes are necessary to investigate and validate the effec-
tiveness of specific concentrations of NSF in combating dental
caries through antimicrobial and mineralizing functions based
on its economical, safe, non-invasive, and non-discoloring
properties.

This journal is © The Royal Society of Chemistry 2025
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In recent years, researchers have explored various
approaches for developing  other  fluoride-loaded
nanoparticles.®*”! One strategy involves loading NaF into

diverse nanoplatforms to achieve synergistic functions. For
example, NaF was co-loaded with antimicrobial molecules
such as tannic, into a pH-responsive spherical polymeric
micelles (3-maleimidopropionic acid-poly(ethylene glycol)-
block-poly(r-lysine)/phenylboronic acid) with core-shell struc-
tures and conjugation of salivary-acquired peptide. This
design endowed the polymeric micelles with essential features,
such as intelligent release, cariogenic biofilm resistance and
adherence of tooth surfaces.””> However, concerns have been
raised regarding fluoride-loaded nanoparticles, including
issues of insufficient loading and unpredictable release, which
may lead to inappropriate and excessive fluoride usage. Thus,
to address these concerns, Huang and colleagues found that
stannous fluoride (SnF,) could be stabilized by an FDA-
approved iron oxide nanoparticle formulation named ferumox-
ytol (FerIONP). The binding between Sn and carboxylate
groups of FerIONP could enhance its catalytic activity, and
simultaneously improve the anticaries effects of SnF,. This
synergy resulted in the development of the Fer/SnF, nanocom-
plex, which, despite containing lower fluoride concentration,
demonstrated significant anti-caries effects by controlling
biofilm formation through the catalytic activity of Fer and uti-
lizing the novel Fe/Sn/F-rich film formed on the tooth surface
to prevent demineralization and promote remineralization.”?
Thus, nanomaterials with stable fluoride delivery and antibac-
terial/anti-biofilm functionality have the potential to provide
superior anti-caries effects with low fluoride concentrations,
holding promising prospects for effective caries management
in the future.

4.2 Nanoparticles for delivering calcium and phosphate

The supplementation of Ca®>" and PO,*>~ on the tooth surface
is the basis for promoting remineralization. Owing to the ver-
satile properties of nanoparticles, such as efficient encapsula-
tion of effector molecules and controlled and/or sustainable
releasing of payloads, they have been extensively studied and
developed to integrate calcium phosphate for remineralization.
The typical nanocarriers used in this field include organic
nanoparticles, such as chitosan and polymer nanoparticles, as
well as inorganic nanoparticles, such as mesoporous silica
nanomaterials. Importantly, these nanocarriers, either posses-
sing inherent antimicrobial properties or loaded with
additional antimicrobial agents, can demonstrate anti-
microbial/anti-biofilm effects and promote remineralization
via encapsulated Ca®>" and PO,*~ ions to treat dental caries in a
synergistic manner.

4.2.1 Amorphous calcium phosphate-based nanocom-
plexes. Transient amorphous calcium phosphate (ACP) has
been identified in newly formed enamel minerals as the pre-
cursor of HAP crystals, with its orientation guided by an
organic framework during the enamel mineralization
process.”*”” Specifically, ACP agents are capable of releasing
high levels of Ca** and PO,*" for the remineralization process,
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showing potential for preventing and treating enamel de-
mineralization and obstructing dentin tubules.”®”” However,
ACP exhibits limited stabilities in preserving its temporary
form in aqueous solution, while lacking antimicrobial abil-
ities, significantly reducing their applicability for further use.
Meanwhile, the sole ACP application often overlooks the pres-
ence of cariogenic biofilms in caries-affected areas, diminish-
ing its remineralization ability and impairing treatment out-
comes. Therefore, dual/multi-functional ACP nanocomposites/
nanosystems have been mainly developed by (i) stabilizing ACP
with molecules possessing antibacterial properties into nano-
structures or (ii) loading/incorporating ACP with functional
molecules into existing nanomaterials with or without anti-
microbial capacity to achieve both remineralization and anti-
microbial/biofilm inhibition.

A variety of biomacromolecules and polymers (e.g., amelo-
genin and its analogs,”®”° casein phosphopeptides,® polyelec-
trolyte,** and amyloid-like protein®) has been developed
based on the biomineralization process of dental hard tissues
to stabilize ACP and prevent its transformation into the final
apatite crystalline mineral through surface adsorption or ion
substitution. Notably, several molecules, such as carboxy-
methyl chitosan (CMC), zwitterionic poly(carboxybetaine acryl-
amide) (PCBAA) and epigallocatechin gallate (EGCG), are
capable of conferring antimicrobial and antibiofilm properties
to ACP-based nanocomplexes, while simultaneously stabilizing
ACP state. Among them, CMC is a derivative of chitosan with
improved solubility by introducing carboxymethyl groups in its
structure. Yao et al. demonstrated that CMC-based materials,
such as CMC-containing dental adhesive, possessed anti-
adhesion properties against S. mutans.®> Meanwhile, the car-
boxyl groups in the CMC structure could sequester Ca®* and
stabilize ACP by forming nanocomplexes, contributing to the
enamel remineralization and dentin tubule occlusion.®*®°
Furthermore, the nanocomplexes could inhibit the adhesion
of cariogenic pathogen and formation of biofilms on enamel
without bactericidal activity, indicating an oral microbiota-
friendly approach.®” Likewise, zwitterionic carboxybetaine
polymers such as PCBAA offer excellent biocompatibility and
antifouling properties, inhibiting bacterial adhesion and
biofilm formation of S.mutans.®®*° In particular, their posi-
tively charged quaternary ammonium groups can both sup-
press the growth of the bacteria and adsorb negatively charged
ions such as PO,*”, while the structural carboxyl groups can
bind with Ca®>' via electrostatic attraction. Therefore, the
PCBAA/ACP nanocomposites with superior stability could
effectively prevent S. mutans adhesion, eliminate the bacteria
under acidic conditions, and enhance enamel remineralization
and dentinal tubule occlusion (Fig. 5A).°° Meanwhile, similar
properties can also be observed in the multi-functional natural
polyphenolic substance EGCG. Studies have shown that EGCG
treatment can reduce planktonic growth and the biofilm viru-
lence of S. mutans, including acidogenesis and EPS
production.’’™** Specifically, the phenolic hydroxyl groups of
EGCG could interact with Ca®" and form an EGCG-stabilized
ACP nanocomposite, which possessed pH-responsive release
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capacity, while exhibiting both antibacterial and remineraliza-
tion effects (Fig. 5B).”* In brief, the direct formation of mole-
cule-ACP nanocomposites offers a concise and bifunctionally
effective strategy to combat cariogenic conditions.

Besides using antimicrobial molecules to directly stabilize
ACP and forming nanocomplexes with antimicrobial/antibio-
film properties, ACP-based nanomaterials can also be con-
veniently incorporated with antimicrobial agents to further
enhance their overall effects, offering efficient methods for
enamel remineralization and dentin tubule occlusion in the
treatment of polymicrobial cariogenic biofilms. Inspired by
the nanogel formed via electrostatic interactions between CMC
and lysozyme,®® a chimeric lysin CIyR with lytic activity against
S. mutans biofilms®® together with ACP was loaded into CMC-
formed nanocarriers, fabricating the CMC-ClyR-ACP nanogel.
This nanogel reduced the biofilm viability and promoted more
efficient remineralization, while the enamel surface hardness
could be preserved by synergistic actions of released ACP and
ClyR evaluated in a biofilm-based demineralization cycling
model.’® In another study by Chen et al., the incorporation of
gold nanoparticles (AuNPs) into as-synthesized CMC/ACP
nanohybrids conferred dual functions of bactericidal activity
under acidic conditions and superior enamel remineraliza-
tion.”” Particularly, AuNPs with known enhanced anti-
microbial and HAP crystal growth regulation characteristics,
alongside CMC-ACP could collaboratively augment reminerali-
zation effects and showed biofilm destructive activity.
Furthermore, ACP-based nanocomplexes combined with anti-
bacterial agents were made for collaboratively managing
dentin caries and hypersensitivity. Recently, an innovative
work carried out by Yu and co-workers showed that the co-
delivery of EGCG and polycation poly(allylamine) hydro-
chloride (PAH)-stabilized ACP using hollow mesoporous silica
(HMS) (E/PA@HMS) could effectively inhibit S. mutans biofilm
growth and provide durable dentin tubule sealing.’® This ver-
satile E/PA@HMS nanosystem enabled the successful PAH-
directed intrafibrillar mineralization of collagen with ACP,*'
while providing an efficient delivery carrier for the storage and

1882 | Nanoscale, 2025, 17, 1874-1888

release of ACP precursors and EGCC. Other two-dimensional
nanosystems have also been explored. For example, dextran
and ACP were inserted between the interlayers of vermiculite
(VMT) nanosheets to create a hybrid two-dimensional nano-
composite for integrating the respective excellent properties of
each component for tackling dental caries, as follows: (i)
dextran stabilized ACP in the soluble state and possessed
additional ability to target S. mutans; (ii) ACP provided exogen-
ous Ca** and PO,’”, contributing to mineral deposits and
sealing of dentin tubules; and (iii) VMT nanosheets exhibited
pH buffering, antibacterial and antibiofilm properties due to
their alkalinity and oxidase/peroxidase-like activities to gene-
rate ROS.”® Collectively, the utilization of currently available
nanomaterials to encapsulate ACP together with supplemen-
tary functional agents can achieve dual or even multiple func-
tions to efficiently manage dental caries.

4.2.2 Hydroxyapatite nanoparticles. HAP, the chemical
analogue of the inorganic component of enamel, is a bioactive
ceramic material with the formulation of Ca;y(PO,)s(OH),.
Research has shown that nano-sized HAP particles have mul-
tiple functions in preventing caries. HAP nanoparticles (nHAP)
have strong adsorption capabilities on enamel, and as a
calcium phosphate reservoir, exhibit significant remineraliza-
tion effects by releasing calcium and (hydrogen) phosphate
100-102 This property has been extensively evaluated in
products and dental materials, such as
toothpaste,'%**** dental floss'® and resin infiltrant."*®

Studies have indicated that the presence of biofilm layers
significantly influences the remineralization effects of
nHAP.'”” However, the investigations into antimicrobial/anti-
biofilm capacities suggest that by reducing the agglomeration
of nHAP, the disaggregated nHAP (DnHAP) could inhibit bac-
terial growth and biofilm formation of S. mutans compared to
micro-HAP and untreated nHAP.'®® Furthermore, DnHAP
could decrease biofilm metabolism and lactic acid production,
while strongly inhibiting enamel demineralization in the
regrown biofilm models.’®® Therefore, nHAP shows great
potential as a substitute of fluoride agents, while its size and

ions.
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synthesis require precise control for obtaining bifunctional
particles.

In addition, nHAP has been co-delivered or conjugated with
diverse molecules into multifunctional nanosystems for more
effectively combating dental caries through synergistic anti-
bacterial and remineralization effects. For example, nHAP and
EGCG were co-loaded into mesoporous silica nanoparticles to
create dentin bio-barriers, demonstrating good permeability
and occlusion into dentin tubules, as well as inhibiting
S. mutans biofilms by released EGCG."'® Moreover, photosensi-
tizers have been incorporated into nanocomposites for anti-
bacterial PDT with the addition of nHAP for remineralization.
For instance, a nanosystem consisting of quaternary chitosan
(QCS)-coated nHAP loaded with chlorin e6 (Ce6), denoted as
Ce6@QCS/NHAP, was developed to eradicate S. mutans bio-
films and protect enamel from demineralization through QCS-
guided biofilm penetration and interaction with S. mutans,
Ce6-mediated photodynamic killing, and nHAP-induced de-
mineralization inhibition."’* Likewise, titanium dioxide
(TiO,), activated by a dental curing lamp (385-515 nm) as a
photosensitizer, together with nHAP, showed anti-bacterial
activity upon exposure to a light-emitting diode and reminera-
lization capacity by increasing the Ca/P ratio of the deminera-
lized enamel surface.''> Accordingly, nHAP functions as a bio-
compatible reservoir of calcium and phosphate ions and rep-
resents a promising anti-caries agent for clinical applications.

4.2.3 Other nanosystems loading calcium phosphate
(CaP). Calcium and phosphate ions can be loaded by some
organic nanomaterials possessing antibacterial/antibiofilm capa-
bilities, which can be converted to other forms, and eventually
released for mineralization. For example, Yuan and colleagues
synthesized antibacterial PNPDC/PGA nanogels by physically
cross-linking p(N-isopropylacrylamide-co-2-methacryloyloxyethyl-
trimethyl ammonium chloride) (PNPDC) copolymers with
y-polyglutamic acid (PGA), followed by the addition of calcium
and phosphate ions and subsequent mineralization into low-
crystallinity HAP. The resultant CaP-loaded PNPDC/PGA nano-
gels served as a multifunctional biomimetic system for dentin
remineralization."* Moreover, Li et al. developed a CaP coating
on the surface of Mg-MOF@PDA particles by chelation of
polydopamine (PDA), where a pH-responsive metal-organic
framework (MOF) synthesized from magnesium (Mg) and gallic
acid (GA) was coated with PDA. The antibacterial compound, GA,
together with calcium and phosphate ions, was released from
MOF in response to the acidic conditions induced by cariogenic
biofilms. Furthermore, the photothermal sterilization activated
by near infrared light could eradicate biofilms, while simul-
taneously facilitating the accumulation of Mg>*, Ca®>" and PO,>~
to promote self-repairing of demineralized enamel.'** Therefore,
CaP can be co-loaded into multifunctional nanosystems to
provide ionic feedstock for biomimetic mineralization processes.

4.3 Novel protein nanofilm coating formed through amyloid-
like aggregation

Recently, nanofilms formed through amyloid-like aggregation
of protein have gained significant attention in the field of den-
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tistry due to their ability to promote biomineralization and
offer antifouling/antibacterial functions. Initially, Yang and
colleagues discovered that lysozyme can undergo a phase tran-
sition and amyloid-like aggregation, transitioning from the
soluble state to protein thin films (PTFs) through breaking the
disulfide bonds in the presence of a disulfide reducing agent,
tris(2-carboxyethyl) phosphine (TCEP).'*> Surprisingly, the
lysozyme-based PTFs could transform into a nanofilm-coating
via simple one-step aqueous assembly, adhering stably to
various surfaces, while exhibiting multifunctionality.'*® The
phase-transition lysozyme (PTL) nanofilms, enriched with argi-
nine and tryptophan residues, demonstrated enhanced broad-
spectrum antimicrobial efficacy.'’” Additionally, due to the
presence of abundant carboxyl and hydroxyl groups of PTL
nanofilms for Ca®" binding, they could effectively promote the
biomimetic mineralization of HAP crystals.'*®

Remarkably, through the conjugation of the antifouling
agent polyethylene glycol (PEG) with lysozyme, the as-obtained
lyso-PEG oligomers could efficiently bind to HAP, forming
nanofilms that rapidly coat the deep dentin tubular wall.
These unique properties enabled the nanofilms to prevent
S. mutans adherence, and significantly enhanced the occlusion
of dentinal tubules, offering a potential treatment for dentin
hypersensitivity (Fig. 6A)."*° In addition, lyso-PEG could pene-
trate pits and fissures in teeth and promote enamel epitaxial
growth with mechanical stability similar to natural enamel.
The remineralized enamel-like layers exhibited bactericidal
properties, which may be attributed to the antibiofilm capacity
of PEG, the positive charge enrichment of the lysozyme nano-
films, and the disruption of EPS by the formed nano-
structures.'”® Moreover, Fang and colleagues developed lyso-
zyme nanofilms on tooth enamel, incorporating the anti-
microbial peptide polyphemusin I (PI), which enhanced the
bactericidal capacity, inhibited biofilm formation of S. mutans,
prevented demineralization and promoted remineralization
(Fig. 6B)."*' Collectively, the lysozyme nanofilm coating
formed through amyloid-like aggregation exhibited superior
adhesive and remineralization capabilities for both enamel
and dentin, offering immobilization sites for anchoring anti-
bacterial agents to achieve synergistic functions.

Besides lysozyme-based nanofilms, other proteins can also
form phase-transition nanofilms through amyloid-like aggrega-
tion. For instance, the intramolecular disulfide bonds of bovine
serum albumin (BSA) could be rapidly reduced by TCEP, result-
ing in the formation of a robust antifouling proteinaceous nano-
film coating through amyloid-like aggregation.'” When BSA
nanofilms were loaded with the cationic antibacterial agent octe-
nidine (OCT), a phase-transited BSA-OCT (PTB-OCT) coating was
formed, which efficiently covered teeth, resin composite and
sealant surfaces through simple smearing. The PTB-OCT coating
offered dual benefits, including the remineralization of deminer-
alized enamel and dentin, while providing antibiofilm properties
to prevent primary and secondary caries.'*® Likewise, a lacto-
ferrin-derived amyloid (PTLF) nanofilm was developed as a
bifunctional coating inspired by the saliva-acquired membrane
(SAP), but unlike SAP, the PTLF nanofilm coating could inhibit
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the adhesion of cariogenic bacteria, such as S. mutans and
Lactobacillus acidophilus, while concurrently promoting in situ
dentin remineralization.">* In summary, the utilization of nano-
film coatings formed through amyloid-like protein aggregation
provides a promising research avenue for the development of
novel anti-caries materials. These coatings possess exceptional
features, including simple and efficient synthesis, robust stabi-
lity, strong adhesion to dental hard tissues and restorative
materials, flexible structural modification, and the ability to
promote mineralization, as well as offer antimicrobial
capabilities.

5 Conclusions and perspectives

Currently, the focus of dental caries management is transition-
ing from reactive to proactive prevention. The precision dentis-
try emphasizes the unique risk factors brought by the patient,
thereby advocating tailor-made preventive and treatment
plans, which enable early detection and intervention, targeted
therapies, and minimal interventions for the efficient and
non-invasive treatment of dental caries. Meanwhile, the devel-
opment of innovative nanomedicines to combat dental caries
in multiple aspects aligns with the advanced concepts raised
in caries treatment. Herein, we summarized the noteworthy
strategies of developing nanomaterials to prevent and treat
dental caries from different levels, such as simultaneously
detecting and disrupting cariogenic pathogens within biofilms
through nanomedicines with diagnostic capabilities, removing
biofilms through a mechanochemical mechanism using mag-
netic nanorobots or ultrasound-responsive materials, and era-
dicating bacteria/biofilms, while promoting remineralization
using multifunctional nanomaterials.

Moreover, together with the enriched understanding in this
field, the importance of healthy oral microbiome has been
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emphasized in maintaining oral health and preventing caries.
Therefore, ecological preventive approaches aiming for long-
term caries control have been proposed. Suppressing/neutraliz-
ing the virulence factors of cariogenic pathogens/biofilms,
while preserving microbe viability or specifically targeting the
cariogenic pathogens without interfering with oral microbiota
are representative and promising approaches of this topic.
Hence, we propose several aspects for the future development
and optimization of novel nanosystems/nanomedicines in
dental caries treatments, as follows:

(1) Improving biofilm removal efficiency using chemothera-
peutic agent-free approaches such as mechanically disrupting
biofilm structures using nanoparticles with specific surface
properties or shapes, or dismantling biofilms from the tooth
surface by nano-based "bulldozers” driven by remote force,
such as magnetic field or ultrasound.

(2) Enabling early diagnosis and prevention to achieve the
cost-effective management of dental caries by (i) constructing
multifunctional theranostic nanomedicines for detecting early
lesions and releasing therapeutic agents to promote reminerali-
zation or (ii) developing nanomedicines with pH-responsive pro-
perties to release therapeutic payloads such as acid neutralizer
and remineralization agents in response to the changes of pH.

(3) Designing nanosystems with anti-virulence effects to
combat dental caries, while preserving the oral microbiota via
(i) targeted delivery of effector molecules to suppress virulence
factors or constrain the growth of cariogenic pathogens and
(ii) controlled release system to deliver anti-virulence agents in
a sustained mode.

Taken together, the use of nanomedicines for treating
dental caries offers numerous advantages, and ongoing
research and development in this field accelerate the emer-
gence of more effective and personalized approaches for caries
management. By harnessing the unique characteristics of
nanoparticles, the development of nanomedicines capable of

This journal is © The Royal Society of Chemistry 2025
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treating dental caries at different levels can benefit dentistry to
improve the treatment efficiency and patient outcomes in the
management of dental caries. Further studies on the safety,
efficacy, and long-term effects of nanomedicines are essential
for their subsequent clinical translation and broad utilization
in dental practice.

Abbreviations

EPS Extracellular polymeric substances

NPs Nanoparticles

IONPs Iron oxide nanoparticles

CARs Catalytic antimicrobial robots

STARS Surface topography-adaptive robotic
superstructures

US Ultrasound

PFH Perfluorohexane

ROS Reactive oxygen species

CaO,TA-Fe Iron-tannin modified calcium peroxide

PLGA Poly(lactide-co-glycolide)

CPP-ACP Casein phosphopeptide-amorphous calcium
phosphate

nano-CaF, Nano-sized calcium fluoride

NSF Nano silver fluoride

FerIONP Ferumoxytol

CaP Calcium phosphate

ACP Amorphous calcium phosphate

PNPDC Pp(N-Isopropylacrylamide-co-2-methacryloylox-
yethyl-trimethyl ammonium chloride)

PGA Polyglutamic acid

MOF Metal-organic frameworks

HAP Hydroxyapatite

CMC Carboxymethyl chitosan

PCBAA Poly(carboxybetaine acrylamide)

EGCG Epigallocatechin gallate

AuNPs Gold nanoparticles

PAH Poly(allylamine) hydrochloride

HMS Hollow mesoporous silica

E/PA@HMS EGCG and polycation poly(allylamine) hydro-
chloride (PAH)-stabilized ACP using hollow
mesoporous silica (HMS)

VMT Vermiculite

nHAP Hydroxyapatite nanoparticles

DnHAP Disaggregated nHAP

QCS Quaternary chitosan

PDT Photodynamic therapy

Ceb6 Chlorin e6

Ce6@QCS/ Quaternary chitosan (QCS)-coated nHAP loaded

nHAP with chlorin e6

PTFs Protein thin films

TCEP Tris(2-carboxyethyl) phosphine

PTL Phase-transition lysozyme

PEG Polyethylene glycol

PI Polyphemusin I

BSA Bovine serum albumin
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OCT Octenidine
SAP Saliva-acquired membrane
PTT Photothermal therapy

PA Photoacoustic

AIE Aggregation-induced emission

NIR Near-infrared

PTNP Photothermal nanoparticles

AlEgens Aggregation-induced emission luminogens

TDTPY 4-(7-(2-(1-Methyl-114-pyridin-4-yl vinyl)-2,3-dihy-
drothieno[3,4-b][1,4]dioxin-5-yl)-N,N-
diphenylaniline

TMB 3,3',5,5"-Tetramethylbenzidine

LDA Linear discriminant analysis

HCA Hierarchical clustering analysis

SANs Single-atom nanozymes
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