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Abstract: Conventional treatments for oral diseases—such as cancer and tissue defects—are often limited by high invasiveness, 
suboptimal efficacy, and drug resistance. In recent years, titanium dioxide (TiO2) nanomaterials have demonstrated remarkable 
therapeutic potential in the field of oral medicine. This review systematically evaluates the current applications and future prospects of 
TiO2 and its reduced form (TiO2-x) nanomaterials across six major domains: cancer diagnosis and therapy, antibacterial treatment, 
tissue regeneration, drug delivery, restorative dental materials, and teeth whitening, based on an extensive literature search of databases 
including PubMed and Web of Science. The findings reveal that TiO2 nanomaterials exhibit exceptional multifunctionality through 
various mechanisms: (1) surface-enhanced Raman spectroscopy (SERS) substrates achieve 100% sensitivity and 95.83% specificity in 
diagnosing oral squamous cell carcinoma; (2) reactive oxygen species (ROS)-mediated antibacterial efficiency exceeds 99% against 
key oral pathogens; (3) modified implant surfaces show a 1.5-fold increase in bone-implant contact; and (4) the incorporation of only 
0.06% TiO2 nanoparticles enhances resin hardness by over 200%. Notably, TiO2-x exhibits visible/near-infrared responsiveness, 
photothermal conversion capacity, and peroxidase-like activity, enabling 12% H2O2-based whitening outcomes comparable to 
commercial 40% H2O2 products. Collectively, TiO2-based nanomaterials represent a paradigm shift toward precision oral medicine, 
owing to their excellent biocompatibility, multifunctional therapeutic mechanisms, and broad application potential. Nonetheless, 
successful clinical translation requires addressing critical challenges, including synthesis standardization, comprehensive biosafety 
evaluation, optimization of interfacial bonding strength, and the development of regulatory frameworks tailored to dental 
nanomedicine. 
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Introduction
The oral cavity is characterized by its open, dynamic, and complex nature, rendering it highly vulnerable to a range of 
physical, chemical, and biological insults. These factors contribute to the high incidence of oral conditions, including 
trauma, neoplasms, and infections such as dental caries, pulpitis, and periodontal diseases. Although conventional 
therapeutic approaches in dentistry remain central to clinical practice, they are accompanied by significant limitations 
across diagnostic, therapeutic, antimicrobial, and restorative domains. For diagnosis, histopathological examination 
remains the gold standard for oral cancer but suffers from invasiveness, long processing time, and heavy reliance on 
skilled personnel—often delaying early detection.1 Surgical resection, while primary for oral malignancies, is associated 
with high trauma, recurrence, and metastasis rates.2 Antibiotic-based treatment of oral infections faces mounting 
challenges, including bacterial resistance, systemic side effects, and limited penetration through biofilms.3 Traditional 
mechanical debridement techniques, such as scaling and root planing, often fail to reach deep infections and may cause 
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secondary trauma.4 Current restorative materials, including resin composites, ceramics, and metal-based systems, face 
limitations in mechanical durability, esthetic outcomes, and long-term stability—leading to recurrent caries and restora
tion failure.3 These challenges collectively underscore the urgent need for advanced therapeutic strategies and materials 
with enhanced performance, multifunctionality, and clinical adaptability.

Driven by the rapid advances in nanotechnology, the design and application of nanomaterials are continuously expanding 
the frontiers of biomedical research and clinical practice. In recent years, a broad spectrum of nanomaterials—including 
carbon-based, polymeric, metallic, and metal oxide systems—have been developed for biomedical applications, demonstrat
ing significant potential. However, each class of nanomaterials possesses distinct advantages and limitations. Carbon-based 
materials, such as graphene and carbon quantum dots, exhibit photoreactivity and the ability to induce oxidative stress, yet 
concerns remain regarding their long-term toxicity and inconsistent antibacterial performance.5 Polymeric nanomaterials are 
widely recognized for their excellent biocompatibility, but they often require co-administration with other agents to achieve 
adequate therapeutic efficacy.6 Noble metal nanoparticles (eg, gold and silver) show promising therapeutic potential; 
however, their high cost and potential cytotoxicity present substantial barriers to large-scale clinical adoption. Zinc oxide 
(ZnO), a classical photocatalyst, has demonstrated beneficial effects in infection control and tissue regeneration, but its 
chemical instability under physiological conditions limits its practical utility.7 In contrast, TiO2 nanomaterials offer a unique 
combination of high photocatalytic activity, chemical inertness, excellent biocompatibility, and cost-effectiveness, position
ing them as one of the most promising nanoplatforms for biomedical applications to date.8

TiO2, as a versatile and multifunctional nanomaterial, has demonstrated significant promise in the field of oral medicine. 
As early as the 1980s, pioneering studies by Matsunaga et al and Fujishima et al highlighted the potent cytotoxic effects of 
TiO2 against both tumor and bacterial cells.9,10 In recent years, accumulating evidence has reinforced the broad potential of 
TiO2 nanomaterials as innovative alternatives to conventional therapeutic modalities in oral healthcare. These nanomaterials 
have been applied across a wide spectrum of oral medical applications, including: diagnostic sensing for oral cancer; use as 
standalone agents or in composites for photodynamic therapy (PDT) and sonodynamic therapy (SDT) targeting tumors and 
bacterial infections; engineering into diverse nanostructures to modulate immune and regenerative cellular responses for 
guided tissue repair; surface modification of dental implants to enhance osseointegration; drug delivery and controlled- 
release systems; and functional enhancement of dental restorative materials such as composite resins.11–16 Despite the broad 
and versatile biomedical potential of TiO2 in oral applications, its clinical translation still faces several inherent limitations, 
including its reliance on ultraviolet (UV) activation, low ROS yield in complex biological environments, and unresolved 
concerns regarding long-term biosafety. In response to the aforementioned limitations, a modified form of TiO2—reduced 
TiO2 (TiO2-x)—was first introduced in 2011.17 Characterized by the presence of Ti³⁺ species and oxygen vacancies, TiO2-x 

exhibits a range of unique physicochemical properties, including peroxidase-mimetic activity and intrinsic photothermal 
effects.18,19 These features not only expand the utility of TiO2-based materials in applications such as PDT, but also enable 
innovative functionalities in areas like photothermal antibacterial strategies and tooth whitening20,21 (Scheme 1 illustrates 
the multifaceted biomedical applications of TiO2-based nanomaterials in stomatology).

Despite the growing global interest in TiO2 nanomaterials and their demonstrated therapeutic efficacy in oral 
medicine, comprehensive reviews that systematically summarize their applications and underlying mechanisms remain 
limited. This review seeks to address this gap by critically examining the material properties, advanced biomedical 
applications, and mechanistic insights of TiO2-based nanomaterials within the context of oral health. Moreover, we 
explore the current challenges hindering clinical translation and outline key directions for future research. By offering 
a thorough and focused analysis, this review aims to provide both researchers and clinicians with an integrated under
standing of the opportunities and barriers associated with TiO2-based nanoplatforms, ultimately advancing the develop
ment of innovative strategies in oral healthcare.

How TiO2 Nanomaterials are Emerging as New Therapeutics?
Physicochemical Properties
TiO2, a prominent metal oxide, has garnered considerable attention owing to its cost-effectiveness, structural robustness, 
low intrinsic toxicity, and strong photocatalytic activity.27 It has been widely utilized as an additive in commercial 
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products such as sunscreens, paints, and rubbers.28 In addition, TiO2 exhibits a range of favorable physicochemical 
properties—including high mechanical strength, hardness, hydrophilicity, self-cleaning capability, and a distinct pure 
white appearance—which collectively position it as a promising candidate for biomedical applications, particularly in the 
development of oral restorative materials.29–31

The physicochemical attributes of TiO2 align well with the stringent requirements for modern dental materials. When 
incorporated into next-generation oral repair systems such as dental filling composites or adhesives, TiO2 not only 
enhances the aesthetic and mechanical performance of the material but also provides resilience against the chemically 
dynamic and mechanically demanding conditions of the oral cavity.32,33 These properties translate into improved clinical 
outcomes and prolonged material durability.

Nanostructure Fabrication Methods
The synthesis of TiO2 nanomaterials generally follows two strategic paradigms: a bottom-up approach, wherein 
nanostructures are constructed from atomic or molecular precursors via homogeneous nucleation and controlled growth; 

Scheme 1 Multifunctional applications of TiO2 nanomaterials in stomatology. 
TiO2-based nanostructures exhibit broad clinical potential across six key domains in oral medicine:

1. Diagnosis and treatment of oral cancer – serving as SERS-active platforms for early detection and as photo/sonosensitive agents in photodynamic and sonodynamic 
therapies;12,22

2. Antibacterial and anti-infective therapy – generating ROS via photocatalysis to eliminate pathogens and disrupt biofilms;23

3. Tissue regeneration and osseointegration – enhancing bone–implant integration and mechanical stability through structural design and surface modification 
strategies;24

4. Dental restorative material enhancement – improving the mechanical strength, biocompatibility, and longevity of composite resin-based materials;25

5. Tooth whitening – enabling efficient bleaching under low-peroxide conditions while minimizing enamel damage;20

6. Drug delivery and controlled release – supporting targeted, stimuli-responsive therapeutic systems to improve treatment precision.26

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S533650                                                                                                                                                                                                                                                                                                                                                                                                 11453

Qi et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



and a top-down approach, which involves the physical or chemical disintegration of bulk materials into nanoscale 
architectures.34 For instance, the hydrothermal method enables the production of TiO2 nanoparticles or nanosheets with 
controlled size and morphology;35,36 while electrochemical anodization has been widely employed to fabricate highly 
ordered TiO2 nanotube arrays.37 Notably, although the aforementioned fabrication techniques offer excellent controll
ability in laboratory settings, several challenges remain regarding their practical implementation. For instance, the 
hydrothermal method requires prolonged exposure to high temperature and pressure, resulting in high energy consump
tion and limited yield. Similarly, electrochemical anodization entails considerable equipment and electrolyte costs, 
making the overall process economically demanding. In addition, achieving batch-to-batch consistency and scalable 
production of high-quality nanostructures remains a critical bottleneck. While TiO2 itself is relatively inexpensive, 
subsequent surface modification and functionalization steps substantially increase the total manufacturing cost. 
Therefore, advancing clinical translation requires a careful balance between structural precision, functional performance, 
and economic feasibility.

Despite these limitations, the diverse architectures of TiO2 nanostructures offer substantial promise for biomedical 
applications. Their intrinsic advantages—including facile fabrication, tunable dimensions, large specific surface area, high 
modifiability, and strong loading capacity—render them ideal platforms for drug delivery systems.38 By precisely tailoring 
their physical parameters (eg, diameter, length) and surface chemical characteristics (eg, surface charge, hydrophilicity), and 
further modifying their surfaces with functional polymers such as PLGA or chitosan, TiO2 nanostructures enable controlled 
and targeted drug release.39,40 Additionally, stimuli-responsive strategies—triggered by magnetic fields, pH changes, or 
light—provide innovative avenues for achieving spatiotemporal control over therapeutic delivery.41,42

Beyond drug delivery, TiO2 exhibits excellent mechanical strength, corrosion resistance, and inherent biocompat
ibility, making it a promising material for implantable biomedical devices.43 Rationally engineered TiO2 nanostructures 
can promote the adhesion, proliferation, and functional modulation of various cell types involved in immune regulation, 
osteogenesis, and soft tissue regeneration.44–46 Furthermore, the interconnected porosity of certain three-dimensional 
TiO2 architectures facilitates the efficient exchange of nutrients and metabolic waste, thereby supporting the regeneration 
of hard tissues.47,48 Within the domain of oral implantology, such nanostructures may significantly enhance implant 
osseointegration and long-term clinical performance.21

Photocatalytic Mechanism and Principles
As a classic photocatalyst, when TiO2 is irradiated with photons with energy higher than its bandgap width, electrons in 
the valence band transition to the conduction band. This process leaves positively charged photogenerated holes in the 
valence band and negatively charged photoelectrons in the conduction band.49 These photoelectrons and photogenerated 
holes react respectively with oxygen molecules, water molecules, or hydroxide ions to produce ROS such as hydrogen 
peroxide (H2O2), hydroxyl radicals (·OH), and superoxide anions (·O2

−).50 These ROS can interact with cellular 
membranes or molecules within cells, thereby inducing apoptosis.51 In biomedical applications, this ROS-mediated 
oxidative stress forms the mechanistic basis of PDT.

However, the clinical translation of TiO2-based therapies is hampered by several intrinsic limitations. First, its wide 
bandgap restricts excitation to UV light, which suffers from poor tissue penetration and can induce phototoxicity.52,53 In 
addition, TiO2 exhibits a high recombination rate of photoinduced electron–hole pairs and relatively low ROS quantum 
yield, both of which diminish therapeutic efficacy.54

To address these challenges, several material engineering strategies have been developed. One foundational approach 
involves coupling TiO2 with upconversion nanoparticles (UCNPs), such as NaYF4:Yb,Tm. These UCNPs absorb near- 
infrared (NIR) light—which penetrates deeper into biological tissues—and emit UV light that overlaps with TiO2’s 
absorption spectrum, thereby extending its activation depth.55 However, this strategy primarily addresses the limitation of 
excitation depth without significantly enhancing TiO2’s inherent photocatalytic efficiency and is further constrained by 
the low quantum yield of UCNPs. More advanced strategies focus on bandgap engineering, such as metal or non-metal 
doping to form TiO2-based heterojunctions. These modifications red-shift the absorption spectrum, improve light 
harvesting, and facilitate charge separation while suppressing electron–hole recombination. Consequently, these systems 
exhibit elevated ROS generation and enhanced antibacterial or antitumor efficacy.56
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Despite these improvements, the use of multi-component systems introduces challenges related to synthetic complexity, 
structural stability, and long-term biosafety in biomedical applications. In response, TiO2-x has emerged as a streamlined and 
promising alternative. Its enhanced physicochemical and biological properties will be discussed in the following section.

Enhanced Properties of TiO2-x
In consideration of material simplicity, synthesis efficiency, long-term biological stability, and the reduction of potential 
in vivo side effects, reduced titanium dioxide (TiO2-x) nanomaterials have attracted increasing research interest.57,58 

Derived from TiO2 precursors via methods such as hydrogenation or laser treatment, TiO2-x features oxygen vacancies 
within its lattice structure that introduce defect states, effectively narrowing its bandgap. This modification significantly 
enhances its ability to absorb visible and even NIR light.57,59 Moreover, the heterogeneous interface between the 
amorphous shell and crystalline core of TiO2-x facilitates synergistic charge transfer, enabling more efficient electron 
transport and rapid conduction. This contributes to improved redox reactivity and a higher quantum yield of ROS.60 

Additionally, the presence of Ti3+ ions and oxygen vacancies imparts intrinsic photothermal effects and peroxidase-like 
catalytic activity to TiO2-x, further expanding its biomedical utility (Scheme 2c).61,62 Notably, these properties are closely 
linked to the specific synthetic pathways used. Collectively, these advances lay a robust foundation for harnessing TiO2- 
based photocatalytic activity in oral medicine. Among the various engineered forms, TiO2-x nanomaterials stand out for 
their enhanced stability, superior photocatalytic performance, and emerging multifunctional capabilities—positioning 
them as a highly promising direction for future investigation. The mechanisms underlying the various applications of 
TiO2-based nanomaterials are illustrated in Scheme 2.

Scheme 2 Mechanisms of TiO2 in Different Application Scenarios.
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Structure–Function Characterization
The physicochemical characteristics of TiO2-based nanomaterials are closely linked to their biomedical performance, and 
thus require systematic characterization. Transmission electron microscopy (TEM) reveals that pristine TiO2 typically 
exhibits a well-ordered crystalline structure, while TiO2-x shows a disordered shell induced by oxygen vacancy 
formation, which correlates with enhanced photocatalytic activity.63 X-ray diffraction (XRD) patterns of TiO2 generally 
display strong anatase or rutile phases with sharp peaks, whereas TiO2-x exhibits peak broadening, reduced intensity, and 
occasional phase transitions, reflecting increased lattice distortion and defect formation.64 X-ray photoelectron spectro
scopy (XPS) of TiO2 shows Ti4+ as the dominant oxidation state, while TiO2-x presents additional Ti3+ peaks, confirming 
successful reduction and influencing peroxidase-like activity and antibacterial effects.65 Electron paramagnetic resonance 
(EPR), typically silent for stoichiometric TiO2, becomes active in TiO2-x due to the emergence of unpaired electrons 
associated with oxygen vacancies.66 UV–vis–NIR absorption spectroscopy reveals that TiO2 absorbs mainly in the UV 
region, while TiO2-x exhibits red-shifted absorption into the visible and NIR regions, enabling applications in deep-tissue 
phototherapy.67 Electrochemical analysis demonstrates that TiO2-x has significantly reduced interfacial resistance and 
stronger photocurrent response compared to TiO2, suggesting improved charge separation and enhanced ROS generation 
potential.68 Other techniques such as FTIR, Raman spectroscopy, and photoluminescence provide further insights into 
surface functional groups, lattice disorder, and electron–hole recombination behavior, but are not detailed here due to 
space limitations.

While TiO2 exhibits excellent physicochemical properties, its long-term toxicity and biocompatibility remain areas 
that require further investigation. These issues are thoroughly discussed in Section Biocompatibility, where we delve into 
the current limitations in clinical safety data and the need for additional studies to assess its long-term effects.

What are the Key Applications of TiO2 in Stomatology?
TiO2 Nanomaterials in Oral Cancer Diagnosis and Therapy
Diagnostic Applications of TiO2 Nanomaterials in Oral Cancer
Oral cancer currently ranks sixth in global cancer incidence. Traditional treatment primarily relies on surgical resection, 
often combined with radiotherapy and chemotherapy.69 Although these comprehensive approaches can achieve partial 
therapeutic efficacy, they are insufficient to ensure complete eradication of malignant cells. The 5-year survival rate for 
oral cancer remains below 50%, and patients frequently face reduced quality of life, along with high risks of recurrence 
and metastasis.70 These challenges underscore the critical importance of early detection and highlight the urgent need for 
more effective and minimally invasive diagnostic and therapeutic strategies.

Histopathological analysis remains the clinical gold standard for early cancer diagnosis.71 However, its invasive nature, 
time-intensive procedures, and dependence on skilled personnel severely limit its utility for routine screening and early 
intervention.72,73 In this context, researchers have been actively pursuing rapid, accurate, and noninvasive diagnostic 
alternatives. Raman spectroscopy technology based on TiO2 nanomaterials is used for the diagnosis of oral cancer, primarily 
leveraging the fingerprint recognition function of Raman spectroscopy.74 This technique provides information on the 
structure and pathological state of biomolecules through molecular vibrational energy levels. Changes in cellular compo
nents in cancer can be detected through Raman fingerprint spectra, improving the specificity and sensitivity of the 
detection.75 Nevertheless, conventional Raman spectroscopy suffers from inherently low scattering cross-sections and 
significant interference from tissue autofluorescence, necessitating prolonged signal integration times and the use of costly 
background-free optical substrates—factors that hinder clinical translation. These limitations can be addressed by surface- 
enhanced Raman scattering (SERS), wherein Raman signals are significantly amplified when analyte molecules are 
adsorbed near noble metal surfaces such as silver (Ag) or gold (Au).76 By sputter-coating Ag nanoparticles onto TiO2 

nanostructures to generate “hot spots”, researchers have developed hybrid SERS substrates that synergistically combine the 
highly tunable architectures of TiO2 with the plasmonic enhancement properties of Ag, rendering them highly effective for 
biomedical sensing.77 In addition, TiO2 offers inherent advantages including excellent biocompatibility, chemical stability, 
mechanical strength, low cost, and scalability—making it a compelling platform for point-of-care diagnostics.
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Manzoor et al fabricated a SERS-active substrate by hydrothermally growing TiO2 nanostructures and subsequently 
depositing Ag nanoparticles onto their surfaces (Figure 1a). This sensor achieved a remarkable 100% sensitivity and 95.83% 
specificity in detecting tongue squamous cell carcinoma across 56 clinical samples, with an average analysis time of only 
15–20 minutes—demonstrating the feasibility of SERS-based approaches for rapid and accurate cancer screening.11 In a sub
sequent study, the same group engineered an innovative Raman-sensing catheter device, wherein the key detection unit consisted 
of leaf-shaped TiO2 nanostructures coated with Ag nanoparticles.22 The closely packed configuration of TiO2 nanosheets and Ag 
particles facilitated the generation of a high density of Raman hotspots, enabling effective differentiation of normal, precancerous, 
and malignant tissues. Applied to 37 clinical samples—including oral squamous cell carcinoma (OSCC), verrucous carcinoma, 
leukoplakia, and healthy controls—the device achieved an overall diagnostic accuracy of 97.24%, with a remarkable 97.84% 
accuracy in grading OSCC. These results collectively underscore the transformative potential of TiO2-based SERS systems for the 
noninvasive, real-time, and high-precision detection of oral malignancies.

Despite the tremendous potential of SERS in the early diagnosis of oral cancer, several challenges hinder its clinical 
translation. One major limitation is the strong autofluorescence emitted by oral tissues, which can significantly interfere 
with the detection and interpretation of Raman signals. To address this issue, a variety of strategies have been proposed, 
including the use of NIR excitation sources to reduce background signals79 and time-gated detection techniques to 
temporally separate fast Raman responses from delayed fluorescence.80 Within the TiO2 material family, TiO2-x has 
emerged as a promising candidate for SERS substrates due to its extended NIR absorption, which may enhance the 
signal-to-noise ratio. Furthermore, the lack of standardized strategies and practical pathways for the clinical translation of 
SERS systems remains a major bottleneck. Future efforts should focus on establishing robust clinical validation protocols 
and promoting large-scale, cost-effective manufacturing—such as the development of reusable and reproducible SERS 
substrates—will be essential to facilitate broader biomedical adoption.81

Therapeutic Applications of TiO2 Nanomaterials in Oral Cancer
In recent years, PDT has garnered considerable attention in cancer treatment owing to its simplicity, minimally invasive nature, 
and therapeutic efficacy. PDT utilizes light of specific wavelengths to activate photosensitizers, generating cytotoxic ROS within 
tumor cells, and has demonstrated promising outcomes across various malignancies.82 As a highly promising photosensitizer, 
titanium dioxide (TiO2) has been increasingly applied in oncological contexts, including recent advances in oral cancer therapy. 
One notable example involves the development of Au NRs-TiO2@mS–methotrexate (MTX):UCNP nanocomposites.78 This 
system employs a classical upconversion nanoparticle UCNP-TiO2 model, allowing TiO2 to achieve deep-tissue PDT under NIR 
irradiation. Concurrently, the visible light emitted by UCNPs is absorbed by gold nanorods (Au NRs), enabling a strong 

Figure 1 (a) Ag-TiO2 SERS substrate used for the analysis of oral squamous cell carcinoma tissue sections, demonstrating ideal sensitivity and specificity. Reproduced with 
permission from Girish CM, Iyer S, Thankappan K, et al. Rapid detection of oral cancer using Ag–TiO2 nanostructured surface-enhanced Raman spectroscopic substrates. J 
Mater Chem B. 2014;2(8):989–998. Royal Society of Chemistry 2014.11 (b) Synergistic effect of PDT/PTT/Chemotherapy using Au NRs-TiO2@mS-MTX: UCNP nanocom
posites for effective treatment of oral squamous cell carcinoma. Reproduced with permission from Dash P, Thirumurugan S, Tseng C-L, et al. Synthesis of methotrexate- 
loaded dumbbell-shaped titanium dioxide/gold nanorods coated with mesoporous silica and decorated with upconversion nanoparticles for near-infrared-driven trimodal 
cancer treatment. ACS Appl Mater Interfaces. 2023;15(28):33335–33347. © American Chemical Society 2023.78
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photothermal therapy (PTT) effect. The thermal electrons generated by Au NRs further enhance TiO2-mediated PDT. 
Additionally, the incorporated chemotherapeutic agent MTX inhibits tumor proliferation (Figure 1b). In vitro studies confirmed 
that under NIR laser irradiation, this nanoplatform exhibited a synergistic effect, effectively eradicating oral squamous carcinoma 
(HSC-3) cells. In a murine tumor model, after 16 days of treatment, the tumor volume in the Au NRs-TiO2@mS–MTX:UCNP 
group was reduced to less than one-quarter of that in the control group.

The primary anticancer mechanism of TiO2 involves ROS generation upon light exposure. TiO2 NPs can be 
internalized by cells and accumulate in lysosomes, where ROS-mediated disruption of the lysosomal membrane leads 
to leakage of its contents and consequent cellular damage. ROS can also impair mitochondrial function, triggering 
apoptosis or necrosis. Moreover, TiO2-mediated PDT has been shown to induce pyroptosis—a form of programmed cell 
death characterized by inflammasome activation, gasdermin D (GSDMD) cleavage, and cell membrane rupture. This 
process results in the release of damage-associated molecular patterns (DAMPs), such as HMGB1 and IL-24, which 
activate immune cells and enhance antitumor immunity.12 Collectively, TiO2 nanomaterials exert both direct cytotoxic 
effects and indirect immunomodulatory functions, underscoring their therapeutic promise in oral cancer management.

Given the limited light penetration and photosensitivity constraints within biological tissues, SDT has emerged as 
a complementary approach. Like PDT, SDT relies on the activation of sonosensitizers by ultrasound to generate ROS, leading 
to tumor cell apoptosis and necrosis.83 Compared with light, ultrasound offers deeper tissue penetration and is associated with 
lower cost and enhanced safety, attributes that have led to its widespread use in clinical imaging.84 Owing to its high catalytic 
activity and physicochemical stability under both photonic and ultrasonic stimulation, TiO2 has become one of the most 
widely explored semiconductor materials in SDT.85,86 During SDT, the cavitation effect induced by ultrasound generates 
microbubbles, which collapse to produce shock waves, localized high temperatures, and sonoluminescence—all of which can 
damage tumor tissue. Importantly, the sonoluminescence spectrum overlaps with the absorption spectrum of TiO2, facilitating 
electron excitation and the formation of electron–hole pairs. These carriers react with oxygen and water molecules to produce 
ROS, which then attack cellular membranes, proteins, and nucleic acids.87 Moosavi et al investigated TiO2-mediated SDT in 
oral squamous carcinoma models and found that under 73 W/cm2 ultrasound irradiation, the survival rate of cancer cells was 
reduced by more than 50% compared to controls.88 Histopathological analysis confirmed significant hemorrhage and necrosis 
in tumor tissues treated with TiO2 and ultrasound, and the therapeutic effect correlated positively with TiO2 concentration. 
These findings establish a strong rationale for the future clinical application of minimally invasive or non-invasive SDT-based 
treatments for oral malignancies.

In summary, although conventional modalities such as surgery, radiotherapy, and chemotherapy remain the standard 
of care for oral cancer, recent progress in early diagnosis and innovative therapeutic approaches—including PDT and 
SDT—offers promising directions for clinical translation. However, studies on TiO2’s role in oral cancer remain limited, 
primarily due to reliance on in vitro and small-animal models. The field lacks large-scale, multicenter clinical trials and 
standardized diagnostic protocols. Moreover, long-term biosafety concerns regarding TiO2 exposure remain inadequately 
addressed. Overcoming these barriers is essential to fully realize the clinical potential of TiO2 nanomaterials, enabling 
more effective and less invasive cancer treatment strategies while improving patient quality of life.

TiO2 Nanomaterials in the Prevention and Treatment of Oral Infections
The oral cavity, as a complex microecosystem harboring diverse microbial populations, is particularly susceptible to 
bacterial infections, which can lead to a spectrum of diseases such as periodontitis, dental caries, pulpitis, and periapical 
periodontitis. Globally, approximately 60%–90% of school-aged children are affected by dental caries, and nearly half of 
the adult population suffers from at least one tooth with periapical periodontitis. Periodontitis alone has a global 
prevalence of nearly 10%, posing a serious public health burden worldwide.89–91 Left untreated, dental caries can 
progress gradually into irreversible pulpitis and periapical periodontitis. Moreover, inadequate removal of bacterial 
biofilms during root canal therapy is a common cause of endodontic treatment failure. For patients who experience tooth 
loss due to periodontitis or periapical pathology, dental implants have become increasingly preferred for oral rehabilita
tion—yet this trend has also contributed to a rising incidence of peri-implantitis.

Although antibiotics remain the primary therapeutic strategy for infectious diseases, the growing prevalence of 
antibiotic resistance and the protective nature of bacterial biofilms significantly complicate treatment outcomes.3 In 
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diseases such as periodontitis and peri-implantitis, conventional instruments often fail to eliminate bacterial biofilms 
located deep within periodontal pockets, risking secondary trauma and insufficient debridement.92 Orthodontic patients 
are also at elevated risk for both caries and periodontal disease, and standard oral hygiene measures frequently fall short 
in eliminating plaque biofilms localized around brackets and wires.93,94 These challenges highlight the urgent need for 
novel, minimally invasive, and highly effective antimicrobial strategies.

TiO2 nanomaterials, as potent antibacterial metal oxides, have attracted extensive attention. Their bactericidal activity has 
been validated against common Gram-positive and Gram-negative strains, including Escherichia coli and Staphylococcus 
aureus, as well as key oral pathogens such as Porphyromonas gingivalis and Fusobacterium nucleatum.13,95 Accordingly, 
TiO2 nanomaterials are considered promising candidates for the treatment of oral infectious diseases.

TiO2-mediated PDT and SDT antibacterial strategies primarily function through the generation of ROS. These 
reactive species not only damage bacterial proteins and DNA but also suppress the expression of virulence factors in 
key oral pathogens. For example, PDT has been shown to reduce the expression of the FimA gene (encoding fimbrial 
proteins related to bacterial adhesion and invasion), RgpA and RgpB (encoding gingipains involved in tissue degrada
tion), and Kgp (a protease implicated in host tissue destruction) in P. gingivalis.96–98 Additionally, ROS disrupt bacterial 
ATP production, impair ribosomal activity, and interfere with the tricarboxylic acid (TCA) cycle—mechanisms that 
collectively impair bacterial viability and pathogenicity.99 These multifaceted antimicrobial actions support the utility of 
TiO2 nanomaterials in combating biofilm-associated oral infections.

TiO2 Nanomaterials in Dental Caries Prevention and Treatment
Resin-based composites are widely used for the restoration of carious lesions. However, microleakage and residual 
bacterial contamination around restorations can still lead to secondary caries and treatment failure.100 To address 
these issues and enhance the therapeutic durability of restorations, researchers have explored novel antibacterial 
composite materials. Wang et al developed a TiO2/hydroxyapatite composite which, when irradiated with dental 
curing lights (385–515 nm), exhibited potent bactericidal activity against Streptococcus mutans. Furthermore, it 
suppressed biofilm formation and promoted remineralization through the release of calcium and phosphate ions.101 

Separately, Andrew et al incorporated nitrogen-doped TiO2 (N-TiO2) nanoparticles into dental resins. Upon 
stimulation with 480 nm blue light, these TiO2-x–modified resins generated ROS that significantly inhibited 
S. mutans proliferation.102

TiO2 Nanomaterials in Endodontic Infection Treatment
Irrigation is a critical step in endodontic therapy. While sodium hypochlorite (NaClO) is a widely used irrigant, higher 
concentrations can induce severe cytotoxicity and tissue damage.103 To overcome this, Xu et al proposed a novel 
irrigation system combining TiO2-x nanomaterials with a low-concentration NaClO solution (0.5%). Under visible light 
irradiation, this system rapidly generated ROS and active chlorine species, achieving 99.3% and 100% inhibition of 
planktonic and biofilm forms of Enterococcus faecalis—a resilient species often implicated in persistent root canal 
infections—within 5 minutes of treatment. Notably, this antibacterial effect approached that of 3% NaClO while 
maintaining efficient pulp tissue dissolution (Figure 2a).23

TiO2 Nanomaterials in the Treatment of Periodontitis
In PDT for periodontitis, Qi et al employed UCNPs to indirectly activate TiO2 for ROS generation. Upon excitation with 
980 nm NIR light, this system facilitated deep tissue penetration, significantly reducing bacterial biofilm colony counts 
by approximately three orders of magnitude—surpassing both the negative control and conventional PDT treatment 
groups (Figure 2b).104 Nonetheless, the limited ROS yield and wide bandgap of TiO2 continue to constrain its 
antibacterial efficacy.

Recent studies suggest that TiO2-x exhibits enhanced photocatalytic activity and superior photothermal performance. 
Tan et al developed Ag-TiO2-x@alginate (ATA) hydrogel microspheres, which exhibited dual PDT and PTT functions 
under 808 nm NIR irradiation. Furthermore, low concentrations of H2O2 were found to stimulate the peroxidase-like 
activity of TiO2-x, promoting ROS generation. The ATA system achieved nearly 100% bactericidal efficiency against 

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S533650                                                                                                                                                                                                                                                                                                                                                                                                 11459

Qi et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Streptococcus gordonii and Porphyromonas gingivalis, and its therapeutic efficacy was further validated in a rat model of 
periodontal inflammation.65

Additionally, TiO2 can be incorporated into polymethyl methacrylate (PMMA) to inhibit the adhesion and prolifera
tion of Candida albicans, providing a promising strategy for the prevention and management of denture stomatitis in 
elderly populations.105

TiO2 Nanomaterials in Peri-Implantitis Treatment
Titanium (Ti) implants are widely used in clinical dentistry; however, their susceptibility to bacterial colonization poses 
a significant risk of peri-implant infections and implant failure. TiO2, which naturally forms as a surface oxide layer on Ti 
implants, has been extensively investigated for surface modification aimed at infection control. Its strong oxidative 
properties enable robust bactericidal activity. Various TiO2-based nanostructures—used alone or in combination with 
nanoparticles such as Au, Ag, Cu, and ZnO—have demonstrated excellent antimicrobial effects against key oral 
pathogens, including Porphyromonas gingivalis, Aggregatibacter actinomycetem-comitans, Tannerella forsythia, and 
Fusobacterium nucleatum.106–109

Notably, Li et al fabricated TiO2 nanotubes (TNTs) via anodic oxidation on Ti implant surfaces and deposited gold 
nanoparticles to construct an Au-TNT nanoplatform (Figure 2c). Under ultrasound irradiation, this system generated 
oxygen to support SDT and alleviate peri-implant hypoxia—thereby compromising anaerobic bacterial survival. Gold 
nanoparticles also enhanced ROS production. In vivo studies demonstrated that Au-TNT treatment reduced bacterial 
colony counts by three logs compared to the control group. Furthermore, Au-TNT significantly alleviated inflammation 
and promoted peri-implant bone regeneration.13 This approach offers a non-invasive strategy for effective peri-implant 
infection management.

TiO2 Nanomaterials in Orthodontic Treatment
Orthodontic appliances such as brackets and retainers can serve as microbial niches, predisposing patients to dental caries 
and periodontal complications. During orthodontic therapy, the incidence of caries has been reported to exceed 45%, 
while biofilm accumulation on wires and brackets can disrupt periodontal health.94,110 To address these challenges, 
researchers have developed antimicrobial orthodontic materials.

Studies have demonstrated that coating or doping TiO2 onto orthodontic wires or resin retainers can significantly 
inhibit Streptococcus species, Porphyromonas gingivalis, and Lactobacillus acidophilus via PDT activation.111–113 In 
a clinical study involving 68 patients, Vahid et al evaluated the antimicrobial efficacy of TiO2-coated orthodontic wires. 
Compared to the control group, the TiO2-coated group exhibited significantly lower Streptococcus mutans colony counts 
in both the first and third weeks of treatment.114 Moreover, Fauzi et al incorporated TiO2-x (N-doped TiO2) into 

Figure 2 (a) Preparation of 0.5% NaClO/TiO2-x and its application in root canal irrigation: TiO2-x nanoparticles efficiently generate ROS and active chlorine under visible 
light exposure, significantly inhibiting endodontic pathogens. Reprinted from Chem Engine J. Volume 431. Xu Z, Hu X, Xie L, et al. Visible light-induced photocatalytic chlorine 
activation enhanced the 0.5% neutral-NaClO/TiO2-x system as an efficient and safe root canal irrigant. 134119. © Elsevier B.V. 2022, with permission from Elsevier.23 (b) NIR 
light-triggered UCNPs@TiO2 generating ROS to effectively eliminate periodontal pathogens. Reprinted from Dental Mater. Volume 35(11). Qi M, Li X, Sun X, et al. Novel 
nanotechnology and near-infrared photodynamic therapy to kill periodontitis-related biofilm pathogens and protect the periodontium. 1665–1681. © Elsevier B.V. 2019, with 
permission from Elsevier.104 (c) The SDT function of Au-TNT efficiently eradicates peri-implant pathogens, promoting bone integration. Reprinted from Chem Engine J. 
Volume 460. Li F, Pan Q, Ling Y, et al. Gold − Titanium dioxide heterojunction for enhanced sonodynamic mediated biofilm eradication and peri-implant infection treatment. 
141791. © Elsevier B.V. 2023, with permission from Elsevier.13
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orthodontic resin adhesives. This modified resin generated ROS upon exposure to standard dental light-curing units, 
effectively suppressing S. mutans growth. It also demonstrated advantages in ease of use, reduced phototoxicity, and 
maintenance of aesthetic properties during clinical application.115

In summary, TiO2 nanomaterials exhibit broad potential for the prevention and treatment of oral infectious diseases. 
However, current research—particularly in the context of chronic or recurrent conditions such as dental caries and period
ontitis—remains largely confined to in vitro and small animal studies, with limited clinical evidence on long-term efficacy. To 
overcome the persistent challenge of biofilm-associated infections, a multimodal therapeutic approach combining TiO2 with 
other antimicrobial agents or complementary treatments (eg, PTT or SDT) may enhance overall outcomes.

Moreover, in-depth mechanistic studies are urgently needed to elucidate the molecular pathways involved in TiO2- 
mediated antimicrobial effects, enabling the rational optimization of treatment strategies. Future efforts should focus on 
translating laboratory findings into clinically viable protocols, thereby establishing a solid foundation for the integration 
of TiO2 nanomaterials into routine oral healthcare.

TiO2 Nanomaterials in Oral Tissue Repair and Regeneration
Craniofacial bone defects caused by tumors, trauma, or infections often impair the intrinsic regenerative capacity of bone 
tissue. Particularly in critical-sized defects, spontaneous healing is unlikely, necessitating external interventions to restore 
function and structural integrity. Although numerous biomaterials and pharmacologic agents have been developed to 
facilitate hard tissue repair, limitations such as insufficient mechanical strength and suboptimal osteoinductive capacity 
remain significant hurdles.116 Furthermore, long-term clinical success following dental or orthopedic implantation relies 
heavily on robust osseointegration. However, Ti implants—despite their widespread use—exhibit biological inertness, 
stress-shielding effects, and limited space for inward bone ingrowth. These factors collectively contribute to bone 
resorption and eventual implant loosening.117 To overcome these limitations, extensive research has focused on modify
ing and enhancing implant surfaces to achieve long-term osseointegration. The native TiO2 layer that forms sponta
neously on titanium surfaces offers excellent chemical stability, corrosion resistance, and biocompatibility, serving as 
a critical interface for tissue integration. In particular, functionalizing this TiO2 layer at the micro/nanoscale significantly 
improves implant-tissue interactions, leading to enhanced biological performance.118,119 Therefore, TiO2 nanomaterials 
may represent a promising avenue for addressing the aforementioned issues.

In tissue engineering, TiO2 has garnered attention for its bioactivity and ability to promote matrix mineralization.120 

Incorporating nano-TiO2 into scaffolds composed of bioceramics or polymers enhances both mechanical strength and 
osteoinductive potential.121,122 Furthermore, some studies directly utilize TiO2 as a raw material to fabricate bio- 
scaffolds, which exhibit mesoporous structures capable of storing proteins, supporting bone cell growth, and demonstrat
ing favorable osteogenic effects.123,124 In a minipig model, Hanna et al fabricated TiO2 scaffolds with ~400 μm pores and 
83% porosity, which showed excellent socket preservation after tooth extraction. Notably, ~50% of the scaffold was in 
direct contact with bone, and ~74% of the pores were filled with new bone. The regenerated bone displayed density 
comparable to native cortical bone, with internal vascularization and bone spicules surrounding newly formed blood 
vessels.125 In another study, Anders et al demonstrated that TiO2 scaffolds achieved bone-implant contact levels 
comparable to autologous grafts in a porcine model, withstanding functional loads and showing 3% higher average 
contact area than controls.126 These findings underscore TiO2’s promise as a scaffold material in bone tissue engineering.

The design of implants must thoroughly consider the interaction between cells and the material surface. In order to 
achieve enhanced nutrient perfusion and aggregation, provide robust anchoring points for cell adhesion and proliferation, 
and promote the osseointegration of surrounding cells for the desired bone integration effect, various micro-nano 
structures have been developed.47,127 The latest research reveals that the hydrophilic surface of a nanostructured TiO2 

layer promotes blood wetting and shear flow, thereby accelerating clot formation. These clots contribute to anti- 
inflammatory responses and osteogenesis, resulting in a 1.5-fold increase in bone-implant contact and a 1.8-fold 
improvement in early mechanical anchorage.24 At the cellular and molecular levels, research has revealed that carefully 
designed personalized micro-nanostructures, such as TiO2 nano-clusters, nanorods, and nanotubes, can effectively 
enhance protein adsorption, improve macrophage adhesion to the surface, induce macrophages to transition towards 
the anti-inflammatory M2 phenotype, thereby alleviating the inflammation response induced by surgery.128 This 
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modulation of immune response supports osteogenic differentiation of mesenchymal stem cells, facilitated by pathways 
such as FAK-Erk1/2-Runx2129 and PKCα-ERK1/2.130 TiO2 nanotubes have also been shown to enhance F-actin 
polymerization and upregulate GCN5, a key regulator of osteogenic gene expression.131 Additionally, these nanostruc
tures stimulate the osteogenic activity of periodontal ligament stem cells (PDLSCs) and adipose-derived stem cells 
(ADSCs), and support epithelial cell adhesion to form a protective peri-implant barrier.132–134

Beyond pristine TiO2, TiO2-x exhibits enhanced bioactivity in tissue regeneration. TiO2-x promotes adhesion, 
proliferation, and differentiation of osteoblasts and MSCs more effectively than unmodified TiO2.135,136 This is attributed 
to increased hydrophilicity, improved protein adsorption, and the formation of Ti–OH groups that attract Ca2+ and PO₄³− 

ions, facilitating hydroxyapatite nucleation and bone mineralization.135,137 Recent work by Su et al developed 
Ti–S–TiO2-x-modified implant surfaces that significantly enhanced MC3T3-E1 cell proliferation and bone formation 
in vivo. Bone volume/tissue volume (BV/TV) and bone formation rate in the Ti–S–TiO2-x group were nearly twice that of 
controls. Additionally, the surface exhibited strong photothermal and acoustic properties with antibacterial activity 
against S. aureus and P. gingivalis.138 Yang et al further demonstrated that TiO2-x metasurfaces improved human gingival 
fibroblast (HGF) proliferation and upregulated key adhesion-related genes, while also reducing peri-implant fibrosis.139

Taken together, these findings highlight TiO2 and TiO2 nanomaterials as versatile and highly promising candidates for 
hard tissue regeneration and implant integration. Their physicochemical properties, biological responsiveness, and 
multifunctionality position them at the forefront of next-generation biomaterials in regenerative oral medicine. Next, 
a systematic comparison of the effects of different sizes and morphologies of TiO2-based nanomaterials on tissue 
regeneration is critical for advancing their clinical translation. Recent studies have begun to explore this issue. For 
instance, within the 10–50 nm range, smaller TiO2 nanoparticles are more effective in promoting fibroblast migration, 
thereby accelerating soft tissue healing.140 In the context of hard tissue repair, smaller-scale honeycomb-like TiO2 

structures have been shown to significantly promote macrophage polarization toward an anti-inflammatory phenotype. 
Specifically, the 90 nm structure was found to activate the RhoA/Rho signaling pathway, leading to optimal expression 
levels of anti-inflammatory markers and osteogenic genes.44 Although these findings highlight the importance of 
controlling particle size, morphology, and surface architecture, there remains a lack of systematic and comparative 
studies. Future research should focus on evaluating various TiO2 nanostructures under standardized conditions to 
elucidate their regenerative mechanisms and facilitate clinical application. Furthermore, additional research may be 
necessary to explore the critical thresholds of TiO2 nanomaterials in repairable tissues, essential for elucidating the 
application methods and scope of TiO2.

TiO2 Nanomaterials in Drug Loading, Delivery, and Release Control
Despite notable advances in antibacterial strategies such as PDT and SDT, their clinical application remains limited. 
Currently, antibiotic regimens are the mainstay for preventing and treating peri-implant infections. However, systemic 
administration is often associated with adverse effects and uneven drug distribution at the infection site.141 Owing to its 
excellent biosafety and stability, TiO2 has been widely explored in the biomedical field, particularly in oral implantology. 
Numerous studies have validated the benefits of TiO2 nanotube structures for implant surface modification.142,143 These 
nanotubes not only enhance bone regeneration and promote osseointegration but also show great potential as drug 
delivery vehicles for antimicrobial agents and bioactive molecules. Nevertheless, uncontrolled local drug release can lead 
to cytotoxicity and hinder therapeutic efficacy.144

To address these concerns, researchers have developed TiO2-based surface drug delivery systems to enable sustained 
and localized antimicrobial release. Among these, coating or encapsulating TNTs with polymeric layers has proven 
effective in modulating drug release kinetics. Several studies have utilized TNTs as drug reservoirs and applied 
biodegradable polymer coatings to regulate the release profile by adjusting film thickness and degradation rates.145,146 

In a representative study, Seyed et al fabricated a drug-releasing antibacterial system on a Ti-6Al-4V surface incorporat
ing chitosan nanofibers (CH), reduced graphene oxide (RGO), TNTs, and vancomycin. This hybrid structure prolonged 
the drug release duration up to 11 days, significantly improved antibacterial efficacy, and promoted osteoblast viability 
compared to uncoated controls.147
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In another approach, Dong et al developed a pH-sensitive aldehyde-linked TNT-Ag NP platform (TNT-AL-Ag) capable of 
releasing Ag NPs under acidic conditions induced by bacterial metabolism (pH 5.5), thereby exhibiting potent antibacterial 
activity against periprosthetic infections.148 Li et al further advanced this concept by incorporating Ag NPs into TNTs on 
sandblasted and acid-etched (SLA) titanium surfaces. Their platform exhibited an initial “release-killing” phase followed by 
sustained “contact-killing” activity, mitigating Ag-related cytotoxicity and addressing antimicrobial needs at different post- 
implantation stages.149 Collectively, these multifunctional TNT-based platforms—tailored through polymeric encapsulation, 
pH responsiveness, or staged release—represent promising strategies for implant surface engineering.

Beyond passive coatings, light-triggered intelligent drug release has emerged as a precise and controllable delivery 
approach. Zhao et al designed an amphiphilic TNT system (UC/Au/TiO2) responsive to NIR light (Figure 3).26 The 
system comprises a hydrophobic top layer modified with UCNPs and gold for NIR absorption and drug leakage 
prevention, and a hydrophilic bottom layer containing ampicillin sodium. Upon NIR irradiation, UCNPs convert NIR 
into visible light, activating the TiO2/Au interface to generate ROS, which cleaves the AMP-TiO2 bond, enabling on- 
demand release. The hydrophobic upper layer also minimizes ROS-induced cytotoxicity to adjacent normal tissues. Even 
after drug release, residual ROS continue to exert antibacterial effects, demonstrating the system’s promise for 
spatiotemporally controlled antimicrobial therapy.

In addition to antibiotics, TNTs can also serve as carriers for bioactive growth factors. Sebastian et al covalently 
immobilized epidermal growth factor (EGF) and bone morphogenetic protein-2 (BMP-2) onto TNT surfaces. 
Functionalization with EGF on 100 nm TNTs significantly enhanced the proliferation and activity of mesenchymal stem 
cells, thereby promoting osseointegration.150 Interestingly, TiO2-x appears to outperform pristine TNTs in growth factor 
delivery. Hydrogenated TiO2-x showed superior protein adsorption and loading capacity, slower release rates, and greater 
retention of osteogenic bioactivity, particularly for MG-63 cell modulators.135 Chen et al developed a TiO2-x nanotube-based 
system (B-TNT) coated with polydopamine and loaded with interleukin-4 (IL-4). Upon NIR activation, this system enabled 
on-demand IL-4 release, significantly attenuating inflammation and enhancing osseointegration relative to bare Ti implants.151 

However, this study did not directly compare the performance of TiO2-x with conventional TNTs.
Together, the diverse drug delivery mechanisms of TiO2 and TiO2-x nanostructures offer a rich toolkit for surface 

modification and controlled therapeutic release. However, there is a notable lack of direct comparisons between the two in 
terms of their drug delivery performance. This may be due to the fact that research on TiO2-x has primarily focused on 

Figure 3 UC-Au/TiO2 nanotubes exhibit smart drug release control under NIR irradiation, reducing cytotoxicity while maintaining effective antibacterial activity. 
Reproduced with permission from Zhao J, Xu J, Jian X, Xu J, Gao Z, Song -Y-Y. NIR light-driven photocatalysis on amphiphilic TiO 2 nanotubes for controllable drug 
release. ACS Appl Mater Interfaces. 2020;12(20):23606–23616. © American Chemical Society 2020.26
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enhancing photocatalytic activity, improving visible light absorption, and its applications in photothermal therapy, whereas 
TiO2 nanotubes have been more extensively studied for their role as implant surface modifiers and drug carriers. Importantly, 
regardless of their intended function—be it drug delivery or promoting osseointegration—TiO2-based surface modifications 
must also ensure robust interfacial bonding with the implant substrate to maintain long-term functionality.

TiO2 Nanomaterials as Additives in Dental Restorative Materials
Given the complex and repetitive masticatory forces experienced by human dentition in daily life, the mechanical 
performance of dental restorative materials plays a crucial role in ensuring clinical success. These materials must undergo 
rigorous evaluation—not only for their biological compatibility but also for their chemical, mechanical, and physical 
properties. In this context, TiO2 has garnered substantial attention in dentistry due to its outstanding performance 
profile.152 Characterized by low cost, excellent stability, high compressive strength, and superior hardness, TiO2 is 
widely incorporated into various restorative materials to enhance their mechanical durability, prolong service life, and 
improve overall restoration outcomes.

For localized hard tissue damage—commonly resulting from dental caries—adhesive agents are typically combined 
with resin or glass ionomer cement (GIC) for restorative purposes. Material selection must be tailored to the anatomical 
and functional needs of different oral regions: for example, high mechanical strength is essential for occlusal surfaces, 
whereas esthetic properties are prioritized in the anterior zone. Furthermore, the long-term exposure of restorative 
materials to the dynamic oral fluid environment necessitates exceptional chemical and hydrolytic stability. Recent studies 
have shown that the incorporation of low concentrations of TiO2 NPs into resin-based materials significantly enhances 
flexural strength, wear resistance, and hardness.153 In addition, TiO2 doping effectively reduces water sorption and 
polymerization shrinkage, contributing to longer restoration lifespans.154,155

Sun et al systematically examined the effects of acid-modified TiO2 on the properties of dental resins. A 0.08 wt% 
addition of TiO2 NPs increased vinyl conversion by approximately 5%, while just 0.06 wt% raised the elastic modulus by 
~48% and surface hardness by over 200%.33 These improvements have also been validated in flowable composite resins, 
with favorable outcomes reported for mechanical performance and water resistance.156,157 Moreover, resin composites 
containing 0.1–0.25 wt% TiO2 NPs can mimic the natural opalescence of enamel, thus enhancing esthetic results in 
restorative procedures.158

In GIC-based systems, TiO2 nanofillers also significantly improve mechanical performance. Their inclusion enhances 
flexural strength, compressive strength, surface hardness, and bonding strength to both enamel and dentin.159–161 

However, the effects are concentration-dependent. For example, the incorporation of 0–10 wt% TiO2 NPs in GIC 
composites initially enhances flexural and compressive strengths up to 5 wt%, beyond which the performance 
declines.162 Additionally, Sun et al reported that the addition of 2 wt% TiO2 and 1 wt% cellulose nanocrystals (CnC) 
improved compressive strength and enamel shear bond strength by 18.9% and 51%, respectively.163 Despite these 
advancements, few studies have examined whether the improved mechanical properties of TiO2-enhanced resin or GIC 
materials match those of natural enamel or dentin in terms of hardness and elastic modulus.

The longevity of dentin-resin bonding is often compromised due to hydrolytic degradation of covalent bonds formed 
by traditional adhesives, a consequence of dentin’s intrinsic structural characteristics.164 Incorporating TiO2 NPs into 
dental adhesives has been shown to reduce solubility and water sorption, thereby extending bond durability.165 Moreover, 
TiO2 addition increases the degree of vinyl conversion and significantly enhances both mechanical and physicochemical 
properties.166 Sun et al demonstrated that adding just 0.1 wt% acid-modified TiO2 NPs to dentin adhesive increased shear 
bond strength by 130%.33 Collectively, these findings establish a robust foundation for optimizing the performance of 
bonding agents and restorative materials via TiO2 nanotechnology.

For large-scale dental tissue loss or complete tooth loss, resin-based bonding agents alone are often insufficient. Full 
restorations—such as inlays, onlays, crowns, or removable dentures—become necessary. Despite the extensive clinical 
application of ceramic materials for crowns and bridges, their brittleness limits mechanical reliability.167 Mechanical 
ball-milling of 0–2 wt% TiO2 and Al2O3 into 3 mol% yttria-stabilized tetragonal zirconia polycrystals (3Y-TZP) has 
shown promising outcomes. A composition of 0.5 wt% TiO2 and 1 wt% Al2O3 yielded optimal hardness (13.05 ± 0.22 
GPa) and fracture toughness (4.74 ± 0.30 MPa·m1/2) without affecting the ceramic phase, while also enhancing L929 cell 
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adhesion and proliferation.168 Additionally, varying titanium doping levels and sintering conditions affect ceramic color 
and strength. For instance, 7.5 mol% titanium exhibited better color brightness and lower red saturation than 12.5 mol%, 
and sintering at 1300 °C for 2 hours achieved high densification and flexural strength up to 670 MPa.25 These results 
highlight TiO2’s potential in improving both the aesthetic and mechanical performance of advanced ceramic restorations.

Polymethyl methacrylate (PMMA) remains the dominant material for denture bases due to its esthetic appeal, low 
density, and affordability.169 However, its poor mechanical and chemical durability results in fatigue, porosity, and 
reduced strength over time.170–173 The strengthening effect of TiO2 in PMMA is attributed to the homogeneous 
dispersion of small, low-concentration (≈3 wt%) NPs within the matrix,174,175 which restricts polymer chain mobility 
through strong interfacial interactions.175 Nonetheless, certain studies report that high TiO2 concentrations may induce 
discoloration and reduce esthetic appeal.176 Furthermore, TiO2’s photocatalytic activity may degrade polymer compo
nents over time.172 Therefore, surface coating rather than direct doping has been proposed as a superior reinforcement 
strategy. Atomic layer deposition (ALD) of a ~30 nm TiO2 film on PMMA significantly increased surface roughness and 
improved abrasion resistance. Notably, surface roughness remained stable after brushing, and the TiO2 film remained 
intact after 100,000 brushing cycles.177,178 However, excessive nanoparticle loading may negatively impact mechanical 
properties and processing behavior.179

In summary, current evidence supports the integration of TiO2 nanomaterials into various dental restorative systems to 
enhance mechanical strength, esthetics, and longevity. Future efforts should focus on developing patient-specific 
formulations tailored to functional demands of different tooth regions. Given the variable mechanical and optical 
requirements across anterior and posterior teeth, careful modulation of TiO2 content is essential to optimize performance 
without compromising aesthetics or durability.

TiO2 Nanomaterials in Teeth Whitening
With the advancement of aesthetic standards and medical technologies, both patients and clinicians have placed 
increasing emphasis on the concept of red-white aesthetics. Within this framework, “white aesthetics”—pertaining to 
tooth color—has gained particular attention, with rapid and minimally invasive tooth-whitening treatments emerging as 
a preferred clinical option.180 Owing to their unique physicochemical properties, TiO2 nanomaterials have demonstrated 
considerable promise in the domain of dental whitening.

Although commercially available whitening agents are effective, many contain H2O2 concentrations ranging from 
30% to 40%, which significantly raises the risk of enamel erosion, tooth hypersensitivity, and gingival irritation.181 

Acting as a photosensitizer, TiO2 absorbs photons with energies exceeding its bandgap, thereby generating reactive 
oxygen species (ROS) such as singlet oxygen (¹O2), superoxide anions (·O2

−), and hydroxyl radicals (·OH), which 
degrade the organic chromophores responsible for tooth discoloration.182

TiO2-x, a reduced form of TiO2 enriched with Ti³⁺ and oxygen vacancies, further enhances this effect by mimicking 
Fenton-like catalytic activity—reacting with H2O2 to generate ·OH—making it particularly well-suited for safer and 
more efficient whitening formulations. In a study by Hu et al, TiO2-x demonstrated not only strong Fenton-like catalytic 
properties but also excellent photothermal performance under NIR irradiation, which further amplified its ROS produc
tion (Figure 4). The presence of oxygen vacancies also facilitated greater adsorption of chromogenic compounds, 
enhancing whitening efficacy. Remarkably, the whitening outcome achieved with TiO2-x/12% H2O2 under NIR stimula
tion was comparable to that of the commercial product Opalescence Boost, which contains 40% H2O2.20

Clinical studies have reinforced these findings. In a randomized trial by Martin et al, nitrogen-doped TiO2-x was 
combined with 6% H2O2 for the experimental group, while 35% H2O2 was used in the control group. Among 31 patients, 
the TiO2-x -assisted group achieved comparable whitening results with significantly fewer adverse effects.183 Similarly, 
Bortolatto et al compared a 15% H2O2/TiO2-x formulation with a 35% H2O2 control and reported superior whitening 
efficacy and reduced tooth sensitivity in the TiO2-x group.184

In addition to its ROS-mediated mechanisms, TiO2 may also influence dental aesthetics by altering enamel micro
structure. Previous studies have shown that the incorporation of Ti into dental enamel reduces hydroxyapatite crystal size, 
which enhances light scattering and contributes to increased brightness and visual whiteness of teeth.185–187 Taken 
together, these findings highlight TiO2 nanomaterials—particularly TiO2-x—as promising candidates for the development 
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of next-generation, high-efficacy, low-toxicity tooth-whitening agents, offering a compelling alternative to conventional 
peroxide-based treatments.

It is particularly important to consider the changes in tooth composition and sensitivity in tooth whitening applica
tions. Currently, the whitening effect of TiO2 nanomaterials is primarily achieved through photocatalysis, generating 
ROS or assisting H2O2. First, UV leakage can lead to phototoxicity and excessive heat generation, which may cause 
damage to the teeth. Therefore, using visible light as the excitation source may be a more ideal option.180 The generation 
of ROS can accelerate the loss of tooth minerals or reduce hardness,188 which makes the teeth more fragile, leading to 
surface damage and the formation of microcracks. High concentrations of H2O2 not only have the potential to cause soft 
tissue damage but may also penetrate the dental pulp, leading to further risks.189 These side effects may contribute to the 
occurrence of tooth sensitivity. Although some studies suggest that TiO2 does not induce these adverse effects, 
inconsistent conclusions highlight the need for close attention to these potential issues.

Key cases on the applications of TiO2-based nanomaterials in stomatology have been summarized in Table 1 for ease 
of reference.

Biocompatibility
Due to its exceptional physicochemical properties, TiO2 is anticipated to witness a growing breadth of applications in 
oral medicine in the near future. However, to mitigate potential risks and adverse effects associated with TiO2 

nanomaterials, a comprehensive evaluation of their biocompatibility is essential. Furthermore, given that TiO2-x repre
sents a reduced and optimized derivative of TiO2 with superior properties in certain studies, and shares overlapping 

Figure 4 The Fenton-like reactivity of TiO2-x is significantly enhanced under NIR-induced photothermal effects, providing an efficient and low-sensitivity tooth whitening 
solution. Reproduced with permission from Hu X, Xie L, Xu Z, et al. Photothermal-enhanced fenton-like catalytic activity of oxygen-deficient nanotitania for efficient and 
safe tooth whitening. ACS Appl Mater Interfaces. 2021;13(30):35315–35327.© American Chemical Society 2021.20
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Table 1 TiO2 Nanomaterials in Typical Applications in Stomatology

Application Area Treatment System Action Mechanism Therapeutic Outcomes Ref.

Cancer diagnosis TiO2 nanostructures/Ag NPs SERS signal enhancement Sensitivity: 100%, Specificity: 95.83% [11]

Leaf-like TiO2 nanostructures/Ag 
nanoparticles.

SERS signal enhancement 97.24% accuracy in tissue detection and 97.84% classification [22]

Cancer therapy AuNRs-TiO2@mS-MTX: UCNP 
nanocomposites

PDT+PTT+ immune activation >75% tumor volume reduction in vivo [78]

TiO2 NPs@Ru@siRNA Photo-immunotherapy Tumor weight reduced by ~10-fold [12]

TiO2 NPs SDT Damage effect on tumor cells correlates with TiO2 concentration [88]

Antibacterial therapy 
(Dental Caries)

TiO2-HAP nanorods PDT Concentration-dependent antibacterial effect for 24 h,  
promotes remineralization by releasing calcium and phosphate ions

[101]

N-TiO2 NPs PDT Dose-dependent antibacterial [102]

Antibacterial therapy 
(Endodontic Infections)

NaClO/TiO2-x NPs PDT 99.3% antibacterial rate for E. faecalis [23]

Antibacterial therapy 
(Periodontitis)

UCNPs@TiO2 NPs PDT Biofilm CFU reduced by 3–4 orders of magnitude [104]

Alginate-Ag 
-TiO2-x NPs

PDT+PTT+POD+ ion release 83.3% antibacterial rate for S. gordonii and 87.9% for P. gingivalis [65]

Antibacterial therapy 
(Peri-Implantitis)

Au NPs-TiO2 nanotubes SDT Biofilm CFU reduced by 3 orders of magnitude in vivo [13]

Antibacterial therapy 
(Orthodontic treatment)

TiO2 coating Catalysts Significant reduction in S. mutans colonies [114]
N-TiO2 PDT Significant reduction in S. mutans viability [115]

Tissue regeneration TiO2 bone scaffolds (mean pore 
size ~400 μm, porosity >83%)

3D microenvironment promoting 
osteogenesis and mechanical stability

73.6 ± 11.1% of pore space occupied by newly formed bone tissue [125]

Half-cylindrical TiO2 scaffolds 
(~6 mm diameter, 10 mm height)

High compressive strength, porosity, and 
interconnectivity, low cytotoxicity

Similar to autologous bone block [126]

Nanoscaled TiO2 layer Enhanced blood shear rate on the 
hydrophilic surface

Blood shear rate increased by 1.2x, bone-implant contact increased by 1.5x,  
mechanical anchorage increased by 1.8x

[24]

TiO2 nanotube arrays/CaP Micro-/nano-topographies affecting cell 
behavior

Promotes adhesion and proliferation of HGFs [134]

Nanoscale laminated protuberance 
structure of S–TiO2–x

Increased hydrophilicity, more contact 
anchors for filopodia

Promotes cell adhesion, proliferation and bone integration [138]

TiO2/TiO2−x array of nanorods Nanoscale topographic manipulation Promotes HGFs proliferation, activity, and adhesion. [139]

Drug Loading, Delivery, 
and Release Control

Ag NPs-acetal linker-TiO2 

nanotube arrays
pH-dependent pH 5.5 enhances Ag NPs release, improving antibacterial activity and  

cell proliferation/differentiation
[148]

UCNPs/Au/TiO2 nanotubes NIR light-driven Drug release rate modulated by NIR light [26]

PDA-black TiO2 nanotubes Photothermal-controlled release Photothermal activation of IL-4 release regulates immune response and  
promotes bone integration

[151]

(Continued)
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Table 1 (Continued). 

Application Area Treatment System Action Mechanism Therapeutic Outcomes Ref.

Dental materials TiO2 NPs Mechanical properties and photoactivities DC of resin mixture improved by ~7%, elastic modulus increased by 48%, hardness more 
than doubled, SBS increased by ~30% (vs NP-free resin)

[33]

TiO2 NPs/CNCs Mechanical properties Compressive strength increased by 18.9%, SBS by 51%, dissolution reduced by 18.3%, 
volume wear rate reduced by 5% (vs conventional GIC)

[163]

3Y-TZP/TiO2 Esthetics and mechanical properties 7.5 mol% TiO2 shows higher brightness, more yellow and less red, 12.5 mol% TiO2 

flexural strength: 670 MPa (in dental ceramics)
[25]

TiO2 NPs Mechanical properties Flexural strength, impact strength, and wear resistance increase with low TiO2 

concentration, hardness increases with high TiO2 concentration (in PMMA)
[175]

Teeth Whitening TiO2-x NPs Photothermal-enhanced Fenton-like 
performance

Equivalent whitening effect to a product containing 40% H2O2 [20]

N-TiO2 Activated by light 6% H2O2 + N-TiO2 similar effect on tooth whitening and sensitivity as 35% H2O2 [183]
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application prospects, we have also summarized its biocompatibility profile. The toxicity of nanomaterials is governed by 
multiple factors, including particle size, surface charge, morphology, and crystalline structure,190 making it inherently 
challenging to obtain a unified understanding of TiO2’s biological toxicity. To ensure biosafety, numerous in vitro and 
in vivo investigations have been undertaken.

Despite extensive research, findings on the biotoxicity of TiO2 remain somewhat contradictory. Several studies regard 
TiO2 as one of the least toxic nanomaterials. Its approval by the US Food and Drug Administration (FDA) for use in food 
contact materials and pharmaceuticals suggests a favorable safety profile.191,192 Conversely, other studies report sig
nificant toxicological effects. For instance, exposure of HGFs to TiO2 NPs above 0.1 mg/mL was shown to significantly 
reduce cell viability in CCK-8 assays.193 In vivo studies in rodents have revealed organ-level toxicity. A meta-analysis 
encompassing 62 studies concluded that high doses of TiO2 NPs may induce damage to the liver, spleen, kidneys, lungs, 
brain, and heart.194 Specifically, TiO2-induced oxidative stress and inflammation have been implicated in hepatic fibrosis, 
steatosis, and edema.195,196 Sang et al further demonstrated that TiO2 exposure (10 mg/kg) activated the MAPKs/PI3K/ 
Akt signaling pathway, resulting in spleen inflammation and injury in mice.197 Prolonged accumulation of TiO2 in the 
kidneys may activate the Nrf2/Keap1 pathway, causing renal dysfunction and inflammation.198 Similarly, oral adminis
tration of TiO2 NPs (2.5–10 mg/kg/day for 90 days) in mice induced cardiac histopathologies, including myocardial fiber 
rarefaction, necrosis, inflammation, and biochemical dysfunction.199 Other studies have shown that TiO2 NPs disrupt gut 
microbiota homeostasis and trigger colonic inflammation,200 disturb endocrine signaling and reproductive function, and 
even pose potential genotoxic risks such as DNA damage, gene deletions, and mutations.201,202 Alarmingly, TiO2 has 
been reported to cross the placental barrier, causing developmental toxicity in fetuses,203 and to penetrate the brain via 
the blood–brain and olfactory-brain barriers, raising concerns about neurotoxicity.204,205

Compared to TiO2, research on the biosafety of TiO2-x is relatively nascent, and systematic evaluations are still 
lacking. However, several studies have reported promising results. For example, co-culture of TiO2-x NPs (1 mg/mL) 
with liver cells (BRL), renal tubular epithelial cells (NRK-52E), and brain capillary endothelial cells (BCECs) for 
24 hours showed no significant cytotoxicity.206 Similarly, TiO2-x at 50 μg/mL had negligible impact on human A549 lung 
cell viability within 24 hours, likely due to the absence of intracellular ROS elevation—suggesting lower toxicity than 
TiO2.207 Moreover, TiO2-x NPs with varying Ti³⁺/Ti4⁺ ratios have been shown to be well tolerated by fibroblasts.208 In 
long-term biosafety evaluations, mice injected with TiO2-x for 90 days displayed no abnormalities in hematological 
parameters or in the morphology of the heart, liver, spleen, kidneys, lungs, or brain.206 Behavioral analyses in a 1-month 
dosing study also showed no significant differences in feeding, excretion, activity, or neurological signs compared to 
controls.209 Clearance studies using ICP-MS and electron microscopy confirmed that TiO2-x can be broken down into 
smaller fragments or ions and eliminated via hepatic and renal excretory pathways. Notably, throughout these experi
ments, animals exhibited no signs of pain, distress, or discomfort.210,211

It is important to note that most current biosafety studies rely heavily on rodent models, and data regarding the organ- 
specific and systemic toxicity of TiO2 in humans remain insufficient. Thus, more robust and predictive preclinical models 
are urgently needed. In future research, it will be crucial to tailor TiO2 nanomaterials based on their physicochemical 
properties and intended clinical applications. For instance, while smaller TiO2 NPs offer a larger surface area and 
enhanced photodynamic performance, they may also induce stronger inflammatory responses—posing a design trade-off. 
Application-specific structural optimization of TiO2 remains an ongoing challenge in the field.

In summary, further research is warranted to establish standardized biosafety models and thoroughly evaluate the 
interactions of TiO2 nanomaterials with different organs and biological systems under practical use conditions. Through 
meticulous optimization and application-specific design, the safe and effective clinical deployment of TiO2-based 
nanomaterials in oral medicine can be more reliably achieved.

Risks and Limitations
The aforementioned properties and related studies underscore the considerable potential of TiO2-based nanomaterials in 
oral medicine, signaling meaningful progress toward their clinical translation and eventual commercialization. However, 
several critical challenges remain to be addressed.
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First, the biocompatibility of TiO2 remains a subject of debate, highlighting the urgent need for validation through 
more robust and predictive biosafety models to ensure its safety in human applications. For TiO2-x, despite its promising 
enhancements over pristine TiO2, a comprehensive and systematic evaluation of its biological safety is still lacking. 
Further investigations into its in vivo behavior—including biodistribution, metabolism, and excretion—are essential to 
fully understand its biocompatibility and potential toxicity. Moreover, our current understanding of the adverse effects 
potentially induced by ion release from TiO2-based nanomaterials remains incomplete. In particular, the biological 
transformation of these ions and their interactions with endogenous ions within complex physiological environments 
warrant deeper mechanistic exploration. Addressing these gaps will be crucial for the safe and effective clinical 
deployment of TiO2 series nanomaterials in oral healthcare. Early studies have shown that Ti4⁺ ions can bind to serum 
transferrin (sTf), a critical iron transport protein, and enter cells through endocytosis.212 However, the exact role and 
potential toxicity of this interaction remain unclear. Recent research has demonstrated that enterobactin can bind to TiO2 

nanoparticles, leading to the dissolution of TiO2 from its surface in biological media. Consequently, long-term exposure 
and ingestion of TiO2 may pose potential biosafety risks, including gastrointestinal diseases and immune system 
disorders.213

Additionally, the complex oral environment presents significant challenges for the clinical application of TiO2-based 
diagnostic sensors. First, the relationship between biomarkers and diseases remains incompletely understood, and the 
correlation between disease progression and biomarker levels is not well-established, particularly for biomarkers with 
low expression levels.214 Given the abundance of interfering biomolecules, dynamic pH fluctuations, the nature of saliva, 
and the formation of biofilms, sensors must possess high sensitivity and resolution. Therefore, future research should 
focus on developing robust sensors with antifouling properties and establishing standardized protocols that better reflect 
the real oral conditions. In the context of tumor therapy, although TiO2 nanomaterials exhibit inherently low toxicity, 
their effective delivery to tumor sites remains hindered by immune system clearance during systemic circulation. To 
minimize the potential side effects associated with high dosages, surface modification strategies—such as cloaking TiO2- 
based nanomaterials with macromolecules or vesicles—have been proposed to prolong their blood circulation time and 
evade immune recognition.215,216 Moreover, elevated local temperatures have been reported to facilitate enhanced 
accumulation of nanomaterials within tumor tissues via improved vascular permeability.217 These findings collectively 
suggest that TiO2-x nanomaterials, with their superior photothermal and catalytic properties, hold significant promise for 
advancing oral cancer therapeutics through rational design and targeted delivery approaches.

Differences in immune regulation and osteogenic outcomes have been observed with mesoporous and nanotubular 
TiO2 structures of varying dimensions. In advancing toward clinical applications, it is imperative to conduct compre
hensive comparisons among diverse synthesis methods to ensure both cost-efficiency and optimal performance in large- 
scale production. Although certain fabrication strategies have demonstrated greater suitability for biological applications, 
there remains a paucity of comparative studies evaluating their relative advantages. Establishing standardized, repro
ducible protocols for the preparation and characterization of TiO2 nanomaterials is therefore critical to ensuring data 
consistency and facilitating translational research. Such standardization would offer a robust foundation for the applica
tion of TiO2-based platforms in oral tissue regeneration and accelerate their transition from bench to bedside.

Furthermore, the regenerative potential of TiO2 nanomaterials in promoting soft and hard tissue healing within the 
oral cavity warrants deeper investigation. Identifying the optimal physiological conditions and threshold parameters for 
defect repair is crucial for achieving precision in clinical interventions. A more nuanced understanding of the structure– 
function relationships across various application contexts will inform the strategic deployment of TiO2-based systems. 
Comparative studies examining the influence of nanomaterial morphology, dimensionality, and surface chemistry on 
biological outcomes are particularly needed. Parallel efforts to establish standardized evaluation criteria and preclinical 
models will enable more accurate quantification of therapeutic efficacy and promote the development of targeted, 
evidence-based regenerative therapies.

Additionally, the mechanical integrity and long-term adhesion of TiO2 nanostructures to implant surfaces remain key 
challenges limiting clinical deployment. Strengthening the interface between nanomaterials and implant substrates is vital 
for enhancing therapeutic reliability and ensuring mechanical stability under functional load. Continued investigation into 
interface engineering strategies will therefore play a pivotal role in advancing clinical outcomes.
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At the same time, addressing issues of phototoxicity and limited tissue penetration associated with UV–visible light 
activation of TiO2 remains a major research priority. Although material modifications—such as doping and structural 
engineering—have successfully extended TiO2’s excitation range into the visible and NIR regions, further in vivo 
validation is essential. In particular, clinical studies are needed to assess the penetration depth of NIR irradiation in 
human tissues, evaluate its ability to activate TiO2-based nanomaterials in situ, and confirm therapeutic efficacy in 
relevant disease models. Such efforts will be instrumental in translating photoactivated TiO2 systems into clinically 
viable treatments.

The Future Prospective
Titanium dioxide (TiO2) and its reduced form (TiO2-x) have emerged as promising multifunctional platforms in the field 
of oral medicine. This review systematically summarizes the latest progress in six key application areas—oral cancer 
diagnosis and therapy, antibacterial infection control, tissue repair, drug delivery, restorative dental materials, and tooth 
whitening—highlighting the transformative potential of TiO2-based nanomaterials in advancing precision oral healthcare.

Despite these promising prospects, several significant barriers still hinder the clinical translation of TiO2-based 
materials. These include the lack of comprehensive long-term biosafety evaluations, the absence of standardized 
synthesis and characterization protocols, and an underdeveloped regulatory framework—all of which critically limit 
their path toward clinical application.

Future research should focus on the precise engineering of TiO2 nanostructures to enhance their functional integra
tion, biological stability, and targeting specificity. It is equally essential to establish unified standards for synthesis, 
characterization, and toxicity assessment, and to integrate advanced tools—such as artificial intelligence—to accelerate 
the development of personalized therapeutic strategies. Additionally, thorough consideration of the complexity of the oral 
microenvironment, along with dosage optimization tailored to specific indications, will be crucial to ensuring safe and 
effective clinical translation.

As nanotechnology and oral medicine continue to converge, TiO2 and its derivatives are poised to serve as 
foundational materials for next-generation precision therapies, laying a solid groundwork for intelligent, systematic 
management of oral health.
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