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A B S T R A C T

Nanowire technology utilizes one-dimensional wire-like structures (nanowires) to create materials with a high 
aspect ratio and tunable surface chemistry. These nanowires can be synthesized from diverse material classes, 
including metallic, bioceramic, semiconductor, and polymer systems, each offering distinct structural and 
functional advantages. This technology has been used in dental research to synthesize different materials for a 
wide range of clinical applications. The core of the review details multifaceted applications of nanowires of 
different materials. They serve as potent, multifunctional fillers, such as silver nanowires, which can enhance the 
mechanical strength and impart sustained antibacterial activity to restorative materials. When applied as coat-
ings on titanium implants, metallic nanowires, such as zinc- or magnesium-based nanowires, synergistically 
promote osseointegration and provide antibacterial defense through controlled ion release or photocatalytic self-
cleaning. In regenerative dentistry, nanowire-based scaffolds, most notably hydroxyapatite nanowire scaffolds, 
guide periodontal bone and soft tissue healing by providing structural support combined with bioactive signaling 
and immunomodulation. Beyond structural use, silver and silicon nanowires enable highly sensitive diagnostic 
platforms for detecting oral cancer biomarkers and facilitating on-demand drug delivery. Notably, ultralong 
hydroxyapatite nanowires with exceptionally high aspect ratios (>10,000) are being engineered into hierar-
chical, biomimetic materials that replicate the exceptional mechanics and aesthetics of natural enamel. While 
promising, the transition to clinical practice requires addressing key challenges regarding long-term biosafety, 
standardized evaluation protocols, and scalable manufacturing.

1. Background

Over the past two decades, nanotechnology has revolutionized the 
field of dentistry by introducing novel approaches to enhance the per-
formance of restorative, preventive, and regenerative materials [1,2]. By 
manipulating material properties at the nanometric scale, researchers 
can optimize mechanical strength, antibacterial activity, aesthetic 
quality, and biological interactions. This precision addresses many of the 
inherent limitations associated with conventional dental materials [3, 
4]. Current nanostructured systems have been utilized to enhance 
adhesion to dental tissues [5], stimulate mineralization [6,7], and 
regulate cellular behavior [8,9]. These advancements ultimately lead to 
more durable and biologically integrated outcomes.
Among the diverse range of nanostructures developed for dental 

applications, nanowires have emerged as a particularly compelling class 
of materials, distinguished by their unique one-dimensional (1D)

geometry and high aspect ratio [10,11]. Unlike spherical nanoparticles 
(0D), which often suffer from aggregation and lack structural continuity, 
nanowires facilitate superior stress transfer and interfacial bridging 
within dental matrices. Their elongated morphology enables the for-
mation of continuous percolation networks at lower filler loadings than 
0D analogues, ensuring functional connectivity, such as enhanced ionic 
or electrical transport [12,13]. Furthermore, while sharing 1D charac-
teristics with nanotubes, the solid core of nanowires provides greater 
structural integrity under the heavy compressive loads characteristic of 
the oral environment. A critical comparison of the nanostructured ge-
ometries is summarized in Table 1.
Nanowires can be synthesized from a versatile range of materials, 

including metallic nanowires (e.g., silver, zinc, magnesium), bioceramic 
nanowires (e.g., hydroxyapatite), semiconductor nanowires (e.g., sili-
con), and polymer nanowires (e.g., polylactic acid, polypyrrole), each 
offering unique structural and functional advantages relevant to dental
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applications [14,15]. The tunable surface chemistry of nanowires allows 
for precise, tailored interactions with both restorative systems and

surrounding tissues, creating a synergistic effect that integrates me-
chanical strength with bioactivity [16,17]. Consequently, nanowires 
serve as a multifunctional bridge between structural reinforcement and 
biological functionality in next-generation dental materials.
This review aims to provide an overview of the development and 

application of nanowire technology in dentistry. It focuses on their 
synthesis methods, structural characteristics, and multifunctional roles 
in enhancing the performance of dental materials and biological sys-
tems. By integrating current evidence across restorative, regenerative, 
and diagnostic contexts, this review seeks to provide a comprehensive 
understanding of how nanowire technology contributes to next-
generation dental technologies and to outline key challenges that 
remain for their clinical translation.

2. Methods

The search strategy in this review utilized the search terms related to 
either “nanowire” or “dentistry”. According to the specific requirements 
in PubMed, MEDLINE, and Embase (updated until October 2025). These 
databases were selected because they are widely recognized as the pri-
mary sources for biomedical and dental research, covering both clinical 
and experimental studies in biomaterials and dentistry.
The inclusion criteria for the selection of articles in this review were 

focused on original studies investigating the synthesis, properties, and 
dental applications of nanowire structures. Review articles, communi-
cations, editorials, case reports, and non-relevant research reports were 
excluded from this review.

3. Synthesis of nanowires

Precise control over the length and diameter of nanowires is critical 
for their practical applications [18]. The synthesis strategies, while

Table 1
Critical comparison of nanowires with other nanostructured geometries in 
dental applications.

Property Nanoparticles
(0D)

Nanotubes (1D 
hollow)

Nanowires (1D 
solid)

Geometry Spherical Cylindrical 
(Hollow)

Cylindrical (Solid)

Reinforcement
mechanism

• Point-contact 
reinforcement

• Prone to stress 
concentration

• Structural 
bridging

• Risk of wall 
collapse 
under 
pressure 

• Continuous 
scaffolding

• Superior crack 
bridging and pull-
out effects

Mechanical
integrity

Low (acts as fillers 
only)

Moderate 
(limited by 
hollow interior)

High (solid core 
withstands heavy 
masticatory loads)

Surface area & 
connectivity

• High surface
area but 
discrete sites

• Very high
• Inner and 
outer surfaces 
available

• High and 
interconnected

• Facilitate a 
continuous 
percolation 
network

Biological
interaction

• Rapid release
• Potential for 
burst-release 
toxicity

• Controlled 
release from 

the internal 
lumen

• Sustained, 
localized release

• Enhanced cell 
attachment via 
topographical cues

Primary
limitation

• Tendency to 
aggregate

• Weakens the 
matrix at high 
loading

• High 
synthesis cost

• Potential 
structural 
fragility

• Synthesis 
complexity 
compared to 
simple 
nanoparticles

Fig. 1. Schematic showing the application of nanowire technology in dentistry. The central diagram depicts the top-down and bottom-up fabrication routes. Yellow 
arrows at the periphery of the synthesis ring represent the versatile technological flow, indicating that these methodologies serve as a foundational platform 

applicable to any of the five major clinical dental domains, rather than having a fixed one-to-one positional correspondence. The callout boxes (linked by dashed 
lines) summarize the specific structural parameters and mechanisms (e.g., crack bridging, contact guidance) required for each application, providing a thematic index 
for the detailed structure-property-function discussions throughout the text. Abbreviations: CSD, chemical solution deposition; MACE, metal-assisted chemi-
cal etching.
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diverse, can be conceptually divided into two categories: the bottom-up 
approach and the top-down approach (Fig. 1). A summary of the ad-
vantages and disadvantages of these synthesis methods is provided in 
Table 2. Each of these synthesis methods presents unique opportunities 
and challenges for dental applications. The selection of an appropriate 
synthesis strategy depends on multiple factors, including the desired 
nanowire composition, the required structural characteristics, and the 
intended clinical application (such as antibacterial or regenerative). 
Crucially, the translation from laboratory-scale synthesis to clinical 
practice is governed by manufacturing constraints, particularly scal-
ability and reproducibility. For instance, maintaining consistent aspect 
ratios across large-volume batches in bottom-up processes or balancing 
the cost-to-throughput ratio in precision top-down lithography is 
essential for meeting the Good Manufacturing Practice standards and 
rigorous quality control required for standardized dental materials. 
Recent advances have increasingly focused on hybrid approaches that 
combine multiple techniques to overcome the limitations of individual 
techniques while preserving the advantages of each methodology.

3.1. Bottom-up approaches

Bottom-up approaches assemble nanowires atom by atom or mole-
cule by molecule, offering precise control over composition, crystal-
linity, and aspect ratio compared to the top-down approach [11]. 
Among bottom-up approaches, hydrothermal and solvothermal syn-
thesis are the most widely used methods for synthesizing nanowires 
through controlled crystal growth in sealed autoclaves at high temper-
atures and under autogenous pressure. By modulating parameters such 
as precursor concentration, pH, temperature, and reaction time, the 
morphology and crystallinity of the resulting nanowires can be precisely 
tuned [38,39]. This tunability makes the method particularly suitable 
for producing highly crystalline metal oxides, including zirconia oxide 
(ZrO 2 ) [29], zinc oxide (ZnO) [20], and titanium oxide (TiO₂) [30], as 
well as bioceramic nanowires, such as hydroxyapatite (HA) [31], with 
customized aspect ratios for biomedical and coating applications. 
Other bottom-up variant approaches offer distinct advantages 

tailored to addressing specific needs. Microwave-assisted synthesis en-
ables rapid and energy-efficient production by generating uniform 

volumetric heating, significantly reducing reaction times, and 
improving product homogeneity [32]. Polyol synthesis enables fine 
control over reduction of kinetics and surface chemistry, making it 
suitable for metallic nanowire synthesis, such as silver (Ag), which is 
widely used in antibacterial coatings [33,40]. Chemical solution depo-
sition is a relatively simple solution-based process and is advantageous 
for generating large-area thin films fabricated at low processing tem-
peratures [34]. Electropolymerization represents a unique electro-
chemical route for fabricating conductive polymer nanowires directly on 
substrates, making them suitable for applications such as drug delivery 
and oral cancer therapy [35].
Ultimately, bottom-up approaches excel in chemical tunability and 

crystal quality, making them suitable for bioactive or reinforcing ma-
terials. However, their primary limitation remains the difficulty of 
achieving precise spatial control and structural alignment. This lack of 
deterministic placement can be a critical drawback for device-based 
dental applications that require exact geometric configurations.

3.2. Top-down approaches

In contrast, top-down synthesis utilizes bulk materials, shaping them 

into nanowires through external chemical or physical treatments [11]. 
This strategy excels in structural precision, alignment control, and 
structural reproducibility, aspects that bottom-up approaches typically 
lack.
Metal-assisted chemical etching has become a prominent method 

that utilizes a noble metal catalyst, typically gold (Au) or Ag, to promote 
selective dissolution and vertical etching of semiconductors, forming

Table 2
The advantages and disadvantages of the nanowire synthesis methods applied in 
dentistry.

Synthesis method Category Advantages Disadvantages and 
manufacturing 
constraints

Hydrothermal/
solvothermal 
synthesis [19–31]

Bottom-
up

• Simple setup 
and low cost

• Good control 
over 
morphology and 
crystalline

• Suitable for 
high-quality 1D 
nanostructures

• Long reaction 
time

• Requires high-
pressure vessels 
(autoclave)

• Limited scalability 
due to thermal 
gradients in large 
volumes, affecting 
batch-to-batch 
reproducibility

Microwave-assisted 
synthesis [32]

Bottom-
up

• Rapid heating 
and short 
reaction time

• Uniform 

nucleation and 
size distribution

• Energy-efficient

• Requires 
specialized 
equipment

• Risk of non-
uniform electro-
magnetic field 
distribution in in-
dustrial reactors, 
hindering large-
scale clinical 
production

Polyol synthesis [33] Bottom-
up

• Well-established 
for Ag 
nanowires

• Relatively low 
cost

• Tunable 
morphology via 
reaction 
conditions

• Good yield and 
reproducibility

• Limited mainly to 
metals (Ag, Cu)

• Requires high-
temperature 
organic solvents

• Surfactant 
removal is a 
critical quality 
control bottleneck 
for 
biocompatibility

Chemical solution 
deposition [34]

Bottom-
up

• Low-cost and 
scalable

• Simple 
experimental 
setup

• Suitable for 
large area 
coatings

• Poor crystallinity 
without post-
annealing

• Long deposition 
times

• Challenges in 
achieving 
consistent 
orientation and 
thickness across 
complex 3D dental 
geometries

Electropolymerization
[35]

Bottom-
up

• Precise control 
over the 
nanowire 
dimensions

• Compatible with 
polymer-based 
and hybrid 
nanowires

• Low-
temperature 
process

• Requires 
conductive 
substrates

• Limited to certain 
monomers or 
precursors

• Lower crystalline 
compared with 
hydrothermal 
methods

• Low throughput 
for mass-
producing restor-
ative fillers

Metal-assisted
chemical etching 
[36]

Top-
down

• High aspect 
ratio nanowires

• Uniform vertical 
alignment

• Compatible with 
silicon and other 
semiconductors

• Requires noble
metal catalysts 
(costly)

• Potential metal 
contamination

• High catalyst cost 
and chemical 
waste 
management limit 
its economic 
feasibility for bulk 
materials 

(continued on next page)
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well-aligned nanowire arrays [36]. This method offers a cost-effective 
and scalable pathway for implant surface texturing and bioactive scaf-
folds, where vertical structures can enhance cell adhesion and antibac-
terial performance [41].
Lithography-based techniques, including photolithography, 

electron-beam lithography, and nanoimprint lithography, enable 
nanoscale patterning with exceptional reproducibility, making them 

ideal for biosensing and diagnostic platforms [42,43]. For instance, 
lithography-assisted silicon nanowire biosensors have demonstrated 
high sensitivity in detecting oral squamous cell carcinoma, supporting 
early diagnostic applications [37].
Overall, top-down methods provide superior structural precision, 

pattern reproducibility, and compatibility with integrated devices. 
However, top-down approaches are not as frequently adopted as 
bottom-up approaches, mainly due to their high equipment cost, com-
plex processing, and limited applicability to diverse material systems 
[44]. Fig. 2 provides representative scanning electron microscopic 
(SEM)/transparent electron microscopic (TEM) images of the fabricated

Table 2 (continued )

Synthesis method Category Advantages Disadvantages and 
manufacturing 
constraints

Top-down lithography 
[37]

Top-
down

• Precise control 
over size, 
alignment, and 
architecture

• Highly 
reproducible

• CMOS-
compatible and 
scalable for 
integrated 
devices

• Requires 
expensive 
equipment and 
cleanroom 

facilities
• Multi-step and 
time-consuming

• Material waste
• Limited mainly to 
semiconductors, 
not feasible for 
routine dental 
clinical 
translation

Abbreviations: CMOS, complementary metal-oxide-semiconductor

Fig. 2. Representative SEM/TEM images of nanowires used across major dental applications. A. Silver nanowires (AgNWs) [24]; B. Platinum-palladium core-shell 
nanowires (Pt@Pd NWs) [21]; C. Zinc oxide nanowires (ZnO NWs) [20]; D. Magnesium-incorporated titanium nanowires (Mg-NW-Ti) [26]; E. Poly (p-phenylene-2, 
6-benzobisoxazole) fiber system modified with zinc oxide nanowires (PBO-ZnO NW) [34]; F. TiO 2 -B@anatase nanowires (TiO 2 -B@ANWs) [30]; G. Lithiated porous 
silicon nanowires (LipSiNS) [36]; H. Hydroxyapatite nanowire (HANW) [22]; I. Polypyrrole nanowire arrays loaded with doxorubicin (DOX/Ppy) [35]. Images shown 
at different magnifications to illustrate representative morphologies rather than enable direct dimensional comparison.
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nanowires and nanowire-based composites.

4. Application of nanowires in dentistry

Nanowires have demonstrated significant potential application 
across various dental specialties. Their diverse clinical roles are funda-
mentally dictated by their intrinsic material properties, such as bioac-
tivity, mechanical strength, or antimicrobial activity. Table 3 
categorizes nanowires by material class and summarizes their multi-
faceted applications, functional roles, inherent limitations, and potential 
strategies, as discussed in the following sections.

4.1. Reinforcement of dental restorative materials

The reinforcement of dental restorative materials, such as glass 
ionomer cements (GICs) and resin composites, is crucial for ensuring the 
clinical longevity of dental restorations. Conventional restorative ma-
terials often suffer from premature fatigue failure due to the limited 
toughening effects of spherical nanoparticles, which can act as stress 
concentrators. As outlined in Table 1, the transition to nanowires

introduces unique mechanical benefits. Unlike nanoparticle systems, the 
anisotropic geometry of nanowires enables effective crack bridging and 
pull-out effects, creating a reinforcing scaffold that arrests micro-crack 
propagation. Consequently, nanowires can significantly enhance frac-
ture toughness and flexural strength without the handling or aesthetic 
trade-offs typical of high nanoparticle loading, providing a robust 
rationale for their application in restorative dentistry. However, the 
successful integration of these reinforcements depends on precise con-
trol over their dispersion stability and interfacial bonding within the 
matrix. Table 4 details the methodologies reported in the studies, 
including dispersion and optimized loading concentrations, used to 
ensure uniform reinforcement and functional synergy in various dental 
restorative systems.
Nanowire-based reinforcement across different restorative systems 

shares several functional themes that help clarify their comparative 
advantages. Silver nanowires (AgNWs) represent one of the most 
extensively investigated systems for use in glass ionomer cements 
(GICs), offering dual benefits of mechanical strengthening and sustained 
antibacterial activity. At optimized low loadings (~0.5 wt%), AgNWs 
preserve the intrinsic properties of GICs, including compressive

Table 3
Material-based classification of nanowires in dental applications: functions, limitations, and strategies.

Nanowires
category

Representative
materials

Primary dental 
applications 
(Section)

Biological functions Limitations Potential strategies

Metallic & metal-
decorated 
nanowires

Silver nanowires 
(AgNWs)

Reinforcement of 
GICs (4.1) 

• Broad-spectrum 

antibiosis
• Electrocatalytic 
activity for biosensing

• Enhanced surface 
energy

• Non-linear ion release 
kinetics

• Potential systemic 
translocation

• Tooth discoloration (Ag)

• Developing core-shell architectures (e. 
g., Ag@SiO2) for sustained and 
controlled ion release kinetics

• Surface passivation with polydopamine 
to stabilize aesthetics

HA-PDA-Ag Reinforcement of 
composite resin (4.1) 

AgNWs@ZIF Diagnostics of oral 
cancer (4.4)

AgNW-modified 
titanium (AgNW-Ti)

Modification of the 
dental implant 
surface (4.2) 

Pt@Pd NWs-Hemin-
PEI-rGo

Diagnostics of 
periodontitis (4.4) 

Metal oxides & 
Derivatives

Zinc-coated magnesium 

oxide nanowires (zMgO 
NWs)

Reinforcement of 
composite resin (4.1)

• Antibacterial activity 
via ROS generation

• Ion-mediated
bioactivity (Zn/Mg
ions)

• Mechanical 
reinforcement

• Potential cytotoxicity at 
high concentrations

• pH-dependent stability in
oral biofilm

• Design stimuli-response “smart” coat-
ings that trigger ion release only in 
response to acidic shifts (infection) in
the oral microenvironmentPBO-ZnO NW-POSS Reinforcement of

fiber-reinforced
composite (4.1) 

Zn/Mg-NW-Ti Modification of the 
dental implant 
surface (4.2) 

TiO 2 -B@ANWs Modification of the 
dental implant 
surface (4.2) 

IMC/ZnO Periodontal tissue 
regeneration (4.3)

Bioactive ceramics
& hydroxyapatite

Ultralong 
hydroxyapatite 
nanowires (UHANWs)

Construction of 
enamel-mimetic 
materials (4.5)

• Biomimetic 
mineralization

• Osteoconduction
• Controlled release of
growth factors 
(Wnt3a)

• Brittle nature of pure 
ceramic NWs

• Difficulty in maintaining
hierarchical alignment
during large-scale 
fabrication

• Hybridization with flexible polymers to 
improve toughness

• Utilizing field-assisted 3D bioprinting
for precise biomimetic orientationUHANW-amorphous

zirconia (HA@A-ZrO 2 )
Construction of
enamel-mimetic
materials (4.5) 

UHANW/polylactic 
acid (HANW/PLA)

Periodontal tissue 
regeneration (4.3) 

Wnt3a-HANW@MpSi Periodontal tissue 
regeneration (4.3) 

Semiconductor & 
Synthetic 
nanowires

Silicon nanowires 
(SiNWs)

Diagnostics of oral 
cancer (4.4) 

• High-sensitivity 
biomarker detection

• Targeted drug (DOX) 
delivery

• Photothermal therapy

• Complex integration into 
clinical diagnostic 
workflows

• Long-term degradation 
profiles of SiNWs

• Surface modification (e.g., PEGylation) 
to reduce protein fouling

• Developing point-of-care (POC) micro-
fluidic platforms for chairside 
diagnostics

Lithiated porous silicon 
nanowires (LipSiNS)

Periodontal tissue 
regeneration (4.3) 

DOX/Ppy NW Adjunctive therapy 
for oral cancer (4.4)

Abbreviation: AgNWs@ZIF, AgNW-zeolitic imidazolate frameworks; DOX/Ppy NW: Polypyrrole nanowire arrays loaded with doxorubicin; GICs: glass ionomer ce-
ments; HA-PDA-Ag, Hydroxyapatite nanowires-polydopamine-silver nanoparticles; IMC/ZnO, zinc oxide nanowires incorporated into intrafibrillar mineralized 
collagen scaffolds; PBO-ZnO NW-POSS, Poly (p-phenylene-2,6-benzobisoxazole) fiber system modified with zinc oxide nanowires and polyhedral oligomeric silses-
quioxane; Pt@Pd NWs-Hemin-PEI-rGo, Platinum-palladium core-shell nanowires, combined with hemin-polyethyleneimine-reduced graogene oxide; ROS, reactive 
oxygen species; TiO 2 -B@ANWs, TiO 2 -B@anatase nanowires; Wnt3a-HANW@MpSi, Wnt3a-loaded HANW@mesoporous silica; Zn/Mg-NW-Ti, Zinc/magnesium-
incorporated titanium nanowires.
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strength, fluoride release, and biocompatibility, while significantly 
suppressing cariogenic bacteria viability (e.g., Streptococcus mutans, 
Streptococcus sobrinus, Lactobacillus fermentum, and Lactobacillus rham-
nosus, ~5.8%), with less discoloration and aggregation than silver 
nanoparticles (AgNPs) [45,46]. This potential bioactivity is primarily 
driven by three synergistic pathways that general antibacterial mecha-
nisms of metallic nanowires discussed throughout this review: (1) 
physical disruption of bacterial membranes through high-aspect-ratio 
contact; (2) the localized generation of reactive oxygen species (ROS) 
leading to fatal oxidative stress; and (3) the sustained release of metallic 
ions (e.g., Ag + ) that penetrate cell walls to impair DNA replication and 
enzymatic functions. Their high aspect ratio also enables effective stress 
transfer within the polyacrylate matrix, although excessive loading may 
cause interfacial disruption and compromise overall performance. 
Hierarchical nanowires enhance the performance of resin-based 

composites by improving both their mechanical properties and bioac-
tivity. Hydroxyapatite nanowires coated with polydopamine and func-
tionalized with silver nanoparticles (HA-PDA-Ag) exhibit a combination 
of mineral-like rigidity and enhanced interfacial adhesion, along with 
sustained antibiofilm activity [24]. The polydopamine interface facili-
tates strong coupling with the polymeric matrix, enhancing nanowire 
dispersion and yielding notable improvements in flexural properties 
without compromising biocompatibility [47,48]. Compared with 
AgNW-modified GICs, these hybrid nanowires offer a broader spectrum 

of mechanical and biological benefits, making them well-suited for resin 
matrices.
Specialized nanowire systems can be tailored for targeted perfor-

mance in esthetic composites. Zinc-coated magnesium oxide nanowires 
(zMgO NWs) prioritize color stability, thermal durability, and structural 
integrity, making them particularly suitable for esthetic resin compos-
ites where antibacterial potency is desired secondary benefit rather than 
the primary objective. Their balanced combination of chemical stability 
and mild Zn²⁺ release offers a moderate antimicrobial effect relative to 
silver-based systems [32].
Nanowires also reinforce fiber-based endodontic posts by creating 

hierarchical micro- and nano-scale interfaces. Poly (p-phenylene-2,6-
benzobisoxazole) (PBO) fiber system modified with zinc oxide nano-
wires and polyhedral oligomeric silsesquioxane (PBO-ZnO NWs-POSS), 
forms a multi-scale interphase that markedly improves interfacial per-
formance, increasing interfacial shear strength by approximately 60% 

and achieving a flexural strength of by around 900 MPa, exceeding most 
commercial glass-fiber posts [34]. This hierarchical architecture, which 
combines mechanical interlocking with chemical bonding, addresses a 
key limitation of conventional fiber posts by enhancing stress transfer 
and reducing fiber pullout underload [49,50].

Overall, these systems demonstrate that the success of nanowire 
reinforcement depends less on the specific type of nanowire material 
and more on the quality of the nanowire bond with the matrix, their 
orientation, and the organization of their microstructure within the 
restoration. Across GICs, resin composites, and fiber-reinforced posts, 
nanowires have shifted restorative design from passive filler reinforce-
ment toward active modulation of stress distribution, antibacterial 
functionality, and long-term interfacial stability. However, most current 
studies are in vitro, and the clinical success of these reinforced systems 
depends on addressing technical challenges related to nanowire dis-
persibility, interfacial coupling, and loading optimization. Given their 
high surface energy, techniques such as high-energy ultrasonication or 
surface functionalization (e.g., silanization) are essential to ensure a 
homogeneous distribution and prevent stress-concentrating clusters. 
Effective stress transfer is further dictated by the quality of the interfa-
cial bond with the matrix rather than the material type alone. Typically, 
an optimized loading range is required to maximize mechanical and 
antibacterial benefits without compromising material viscosity or 
handling properties, although the exact optimum is system-dependent 
and may occur at lower levels (e.g., ~0.5 wt% AgNW-modified GICs). 
Continued progress in precisely controlling nanowire orientation and 
matrix integration is expected to further translate these nanoscale ad-
vantages into clinically durable restorative solutions.

4.2. Surface modification of dental implants

Peri-implant complications remain a persistent challenge for dental 
implants, as conventional surface treatments are often unable to 
simultaneously support osseointegration, modulate local biological re-
sponses, and prevent bacterial colonization [51]. Most commercially 
available implant systems rely on microscale roughening strategies, such 
as sandblasted, large-grit, acid-etched (SLA) surfaces, anodized titanium 

(e.g., TiUnite-type oxide layers), or plasma-sprayed hydroxyapatite 
coating stable. These approaches primarily enhance mechanical inter-
locking and surface energy to facilitate early bone deposition. However, 
their biological activity is largely passive and does not actively regulate 
the peri-implant microenvironment. Nanowire-based surface modifica-
tion introduces a hierarchical micro-nano architecture that extends 
beyond roughness enhancement toward multifunctional bioactivity. 
Unlike isolated nanoparticle coatings, interconnected nanowire arrays 
provide continuous topographical guidance for protein adsorption and 
cell attachment, while simultaneously enabling controlled ion release. 
The specific therapeutic outcomes of these nanowire-modified surfaces, 
including critical metrics such as Bone-to-Implant Contact (BIC), anti-
bacterial rates, and corrosion resistance across various animal models,

Table 4
Performance of nanowires in dental restorative materials.

Nanowire system Restorative materials Incorporated
amount

Dispersion & interfacial control Key findings (including optimal amount)

AgNWs [45,46] Glass ionomer cements 
(GICs)

0.05, 0.5 wt% Manual spatulation integration into 
GIC powder

• Optimal: 0.05 wt%
• Maintained compressive strength while providing 
antibiofilm effect

• 0.5 wt% led to potential ion leaching concerns but higher 
efficacy

HA-PDA-Ag [24] Resin composites 0, 1, 2, 5, 10 wt% Ultrasonic dispersion in ethanol
+ evaporation

• Optimal: 2 wt%
• Flexural strength increased by 38.5%
• higher loading (>5%) caused aggregation and strength 
decay.

zMgO [32] Resin composites 0, 0.3, 0.5, 1, 2 wt% Standardized manual/light-curing. • Optimal: 0.3–0.5 wt%
• Balanced antimicrobial effect with colour stability
(ΔE < 3.3)

• 1–2% caused severe discoloration.
PBO-ZnO NWs-POSS 
[34]

Fiber-reinforced 
endodontic posts

N/A In situ growth on fibers + POSS 
silane treatment.

• Significantly improved ILSS and load transfer via chemical/ 
mechanical interlocking

Abbreviations: AgNWs, silver nanowires; HA-PDA-Ag, Polydopamine-coated hydroxyapatite nanowires with silver; ILSS, interlaminar shear strength; PBO-ZnO NWs-
POSS, ZnO nanowire-POSS modified PBO fibers; zMgO, Zinc-coated magnesium oxide nanowires.
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are systematically summarized in Table 5. This transition from passive 
micro-roughness to active biological regulation is further evidenced by 
the precise experimental parameters and quantitative findings detailed 
below
Zinc-incorporated titanium nanowires (Zn-NW-Ti) effectively stim-

ulate osteogenesis and inhibit pathogens without exerting cytotoxicity. 
The dense, interwoven nanowire structure increases surface roughness 
and hydrophilicity, creating a favorable environment for osteoblast 
adhesion. Sustained Zn²⁺ release further stimulates cell proliferation and 
tissue regeneration, while directly inhibiting pathogens such as Por-
phyromonas gingivalis, Actinobacillus actinomycetemcomitans, and Staph-
ylococcus aureus without significant local tissue cytotoxicity [25,27]. In 
vivo, Zn-NW-Ti implants increased bone-implant contact and bone vol-
ume fraction in zebrafish and rabbit mandibular models [27,52]. These 
two parameters reflect the degree of direct bone adhesion and the pro-
portion of new bone formation around implants, respectively [53–55]. 
These data support the material enhancing bone formation and implant 
integration.
Magnesium-incorporated titanium nanowires (Mg-NW-Ti) provide 

prolonged osteogenic stimulation for guided bone regeneration. 
Compared with Zn²⁺, Mg²⁺ is released more moderately, promoting 
prolonged osteogenic stimulation without cytotoxic effects. Mg²⁺ en-
hances osteoblast differentiation, matrix mineralization, and vascular 
formation [49,56,57]. In rabbit mandibular defects, Mg-NW-Ti meshes 
enhanced bone regeneration and osseointegration, particularly in poorly 
vascularized regions, indicating stable osteogenesis under challenging 
physiological conditions [26].
Silver nanowire-modified titanium (AgNW-Ti) enhances antibacte-

rial properties while maintaining biocompatibility. The high aspect ratio 
and interconnected structure of AgNWs provide a large active surface for 
Ag⁺ release [58], resulting in stronger inhibition of peri-implant path-
ogens, such as Porphyromonas periodontium, compared with AgNPs. This 
antibacterial performance follows the general mechanisms of metallic 
nanowires described previously, primarily involving membrane 
disruption and Ag + release. Meanwhile, the nanowire architecture 
maintains favorable compatibility with osteoblasts, highlighting the 
importance of nanowire morphology in antibacterial efficacy [33]. 
Self-regenerating oxide nanowires offer smart surfaces that combine 

photocatalytic activity with osteoconduction. TiO₂-B@anatase nano-
wires (TiO₂-B@ANWs) with oxygen vacancies generate hydrophilic, 
chemically active interfaces under ultraviolet light, which promote

protein adsorption, cell attachment, and early osteogenic differentiation 
[59,60]. In vivo evaluation using rat femoral models demonstrates that 
TiO₂-B@ANWs significantly increased bone-implant contact and bone 
area compared with conventional sandblasted, large-grit, acid-etched 
controls, even outperforming ultraviolet irradiation on its own [30]. 
These findings highlight a sophisticated dual functionality that far ex-
ceeds the performance of conventional passive antibacterial coatings. 
Overall, compared with commercially established roughened or 

coated surfaces, nanowire-based modifications shift implant design from 

passive topographical enhancement toward multifunctional surface 
engineering. By integrating nanoscale architecture with controlled ion 
release and, in some systems, photocatalytic self-regeneration, nano-
wire-modified implants offer a more active strategy for promoting du-
rable osseointegration while reducing the risk of peri-implant disease.

4.3. Periodontal tissue regeneration

Successful periodontal bone and soft tissue regeneration benefits 
from biomaterials that can simultaneously provide osteoconductivity, 
antibacterial activity, and immunomodulatory activity within the 
complex oral microenvironment [61]. Unlike non-directional nano-
particles, the elongated morphology of nanowires provides continuous 
topographical guidance for cells. This structure mimics the natural 
orientation of periodontal fibers, promoting organized tissue growth 
that discontinuous nanoparticles cannot facilitate. The biological effi-
cacy of various nanowire systems is further detailed in Table 6, which 
highlights critical quantitative findings from both in vitro evaluations 
and in vivo animal models, including specific defect specifications and 
repair durations.
Hydroxyapatite nanowires (HANWs) show strong osteoconductive 

potential, supported by their chemical similarity to native apatite and 
high Ca–P availability. Their large surface area enhances Ca²⁺/PO₄³ ⁻ 
release and protein adsorption, promoting cell adhesion and matrix 
deposition [62]. When incorporated into polylactic acid (PLA) mem-
branes, HANWs create bilayered structures in which the nanowire sur-
face supports osteogenesis, while PLA prevents epithelial down-growth. 
In vitro, HANWs enhance protein adsorption and osteoblast adhesion. In 
vivo, HANW/PLA membranes have been shown to increase new bone 
formation and upregulate osteogenic markers in rat mandibular defects 
[28].
HANWs can also function as controlled-release therapeutic

Table 5
Quantitative analysis of nanowire-mediated systems in implant surfaces.

Nanowire
system

Key findings in vitro Animal
model

Defect site & size Repair
time

Key findings in vivo

Zn-NW-Ti
[25,52]

• Decreased corrosion current density
• Increased antioxidant enzymes by around 2-fold
• Promoted HUVEC tubulogenic

Zebrafish Systemic development & 
caudal fin/cranium

3–7 days • Significantly increased in mineralized 
area

• Observed clear vascular sprouting and 
upregulation of osteogenic factors

Zn-NW-Ti
[27]

• Antibacterial rate: > 90% against P. gingivalis Rabbit Mandible (extraction 
socket)
Φ 3.5 mm × 8 mm 

4 & 12 
weeks

• BIC: 64.55 ± 4.31% at 12 weeks
• Successful osseointegration even under 
bacterial challenge

Mg-NW-Ti
[26]

• Significantly increased cell adhesion numbers 
compared to pure Ti

Rabbit Mandible
Φ 8 mm × 5 mm vertical 
bone defect

4 & 8 
weeks

• Bone volume (BV) is significantly higher 
than pure Ti mesh

• BIC: increased to around 55%
• Maintained space stability for GBR

AgNW-Ti [33] • MIC: 12.5 µg/ml against P. gingivalis
• Cell viability maintained > 85%
• Identified that longer/thinner nanowires possess 
stronger membrane penetration and higher killing 
efficiency

N/A N/A N/A N/A

TiO₂-
B@ANWs
[30]

• Protein absorption increased by 1.8-fold
• Photocatalytic cleaning restored super-
hydrophilicity by removing organic contaminants.

Beagle Dog Alveolar ridge 2 & 4 
weeks

• BIC: 58.4 ± 5.2% at 4 weeks
• Bone formation area (BA) increased by 
1.2-fold compared to the control group

Abbreviations: AgNW-Ti, Silver nanowire-modified Titanium; BIC, bone-to-implant contact; GBR, guided bone regeneration; HUVEC, human umbilical vein endothelial 
cell; Mg-NW-Ti, Magnesium-incorporated titanium nanowires; MIC, minimum inhibitory concentration; TiO₂-B@ANWs, TiO₂-B@anatase nanowires; Zn-NW-Ti, Zinc-
incorporated titanium nanowires.
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platforms. A representative example is the Wnt3a-loaded HANW@me-
soporous silica (Wnt3a-HANW@MpSi) system for dentine-pulp regen-
eration [31]. The silica shell enables sustained Wnt3a release, which 
supports odontogenic differentiation and promotes reparative dentine 
formation, while the HA core dissolves, releasing Si⁴⁺ ions that enhance 
antioxidant capacity and odontogenic differentiation in vitro. These 
synergistic effects alleviate oxidative stress, stimulate the formation of 
dentine-producing cells, and help maintain pulp vitality during tissue 
repair [63–65].
Zinc oxide (ZnO) nanowires incorporated into intrafibrillar miner-

alized collagen scaffolds (IMC/ZnO) was able to provide a pH-
responsive antibacterial and osteogenic platform [20]. Under acidic 
inflammatory conditions, Zn²⁺ release contributes to antibacterial ac-
tivity against P. gingivalis [66], and has also been shown to support 
osteogenic differentiation in vitro [67,68]. Evidence from both in vitro 
and in vivo shows that local released Zn²⁺ also help shift the local im-
mune response toward a more pro-healing state and reduces inflam-
matory cytokines, enhancing regenerative conditions [69].
Lithiated porous silicon nanowires (LipSiNWs) combine the osteo-

genic effects of silicic acid with the regenerative activity of lithium [36]. 
Controlled Li⁺/Si⁴⁺ release has been shown to enhance stem cell prolif-
eration and osteogenic differentiation in vitro, while in vivo application 
in a murine periodontal defect model demonstrated increased vascu-
larized bone and periodontal ligament regeneration [70,71].
Overall, nanowire-based scaffolds offer a multifunctional approach 

to periodontal tissue regeneration, combining positive effects on 
osteogenesis, angiogenesis, and immune regulation. Their adaptability 
positions them as next-generation candidates for dental and periodontal 
tissue regeneration, bridging structural reinforcement with bioactive 
signaling.

4.4. Diagnosis and adjunctive therapy for oral diseases

Nanowires are now emerging as versatile platforms for use in oral 
diseases (mainly periodontitis and oral cancer) diagnostics and therapy. 
Their large surface area, electrical conductivity, and tunable surface 
chemistry allow highly sensitive biomarker detection and localized, 
stimulus-responsive treatment. In diagnostic applications, nanowires 
can be integrated into electrochemical, optical, and fluorescence sys-
tems to enable rapid and low-cost monitoring of oral disease-related 
molecules.
One notable example of this diagnostic potential is the use of 

platinum-palladium core-shell (Pt@Pd) nanowires. When combined 
with hemin-functionalized, polyethyleneimine-modified reduced gra-
phene oxide (Hemin-PEI-rGO), these bimetallic nanowires significantly 
accelerate electron transfer. In this system, the hemin provides enzyme-

like catalytic activity while the PEI enhances analyte capture [21], 
enabling the ultrasensitive detection of chlorogenic acid, a compound 
associated with periodontal inflammation [72,73]. Such advancements 
support the creation of simple and non-invasive tools for monitoring the 
oral environment.
Nanowire-based breath analysis also provides an additional non-

invasive route for early oral cancer detection. AgNWs coated with 
zeolitic imidazolate frameworks (AgNWs@ZIF) form surface-enhanced 
Raman scattering active nanochains that enrich volatile sulfur com-
pounds. This allows for highly sensitive detection of methanethiol, a key 
oral cancer biomarker [74]. When paired with an artificial intelligence 
(AI) system, particularly artificial neural networks [75], this platform 

has simulated oral-cancer breath profiles with 99% accuracy, demon-
strating the potential for nanowire substrates and AI analytics to be used 
to support rapid chairside screening.
Silicon nanowire field-effect transistors (SiNW-FET) offer a clinically 

relevant approach for multiplex saliva testing. Antibody-functionalized 
SiNWs detect cytokines at levels far below those of conventional im-
munoassays, utilizing label-free modulation of surface charge to 
generate an electrical signal [37]. Their ability to measure multiple 
biomarkers in real-time supports the potential integration of this tech-
nology into routine screening workflows for oral squamous cell 
carcinoma.
Nanowires can also function as localized therapeutic platforms for 

oral cancer. Polypyrrole nanowire arrays loaded with doxorubicin 
(DOX/Ppy) allow on-demand drug release under electrical stimulation 
while simultaneously generating near-infrared photothermal heating 
[35]. This dual-trigger approach enhances local drug delivery and in-
duces thermal damage to tumor cells, resulting in a reduction in the 
viability of oral cancer cells in vitro [76,77]. The combined 
electro-responsive release and photothermal effect disrupts cancer-cell 
survival mechanisms, highlighting the potential for minimally inva-
sive, site-specific therapy.
Overall, nanowires can bridge the gap between early diagnosis and 

targeted therapy, offering rapid detection, real-time monitoring, and 
localized treatment options that align with the growing emphasis on 
personalized and minimally invasive oral cancer care.

4.5. Biomimetic enamel-like materials

Nanowires provide versatile structural units for constructing enamel-
mimetic materials that reproduce key architectural and mechanical 
features of natural enamel. Ultralong hydroxyapatite nanowires 
(UHANWs), with diameters of approximately 50–200 nm and lengths 
ranging from 10 to 200 µm (aspect ratios >10,000), have garnered 
attention as effective building blocks for enamel-like tissue. Their

Table 6
Quantitative analysis of nanowire-mediated system in periodontal tissue regeneration.

Nanowire system Key findings in vitro Animal
model

Defect site & size Repair
time

Key findings in vivo

HANW/PLA 
membrane [28]

• Significantly enhanced protein 
adsorption and BMSC proliferation

SD Rat Calvaria defect (Φ
5 mm)

8 weeks • BV/TV: 36.21 ± 3.25%
• Significantly enhanced bone mineral density 
compared to pure polylactic acid

Wnt3a-HANW@MpSi
[31]

• Promoted DPSC migration and enhanced 
oxidative stress resistance

SD rat Pulp chamber (Φ 1 mm
× 2 mm

4 weeks • New dentine area: ~0.6 mm 2

• Formation of a continuous mineralized bridge 
and dense microvessels

IMC/ZnO scaffold 
[20]

• Antibacterial rate: >99% against
S. mutans

• Induced high expression of M2 
macrophage markers

Infected SD 
rat

Cranium defect (Φ 5 mm
+ S. aureus)

8 weeks • BV/TV: 29.74 ± 2.82%
• Achieved near-complete bone healing under 
active S. aureus infection

LipSiNWs [36] • Achieved stable and sustained release of 
Li + ions

• Significantly induced the differentiation 
of PDLCs

Beagle Dog Periodontal defect (5 ×
3 × 3 mm 3 )

12 weeks • New cementum: 2.31 ± 0.45 mm
• Integrated regeneration of alveolar bone, 
periodontal ligament, and cementum

Abbreviations: BV/TV, bone volume/total volume; BMSC, bone marrow stromal cells; DPSC, dental pulp stem cells; HANW, hydroxyapatite nanowire; IMC, intra-
fibrillar mineralized collagen; PDLCs, periodontal ligament cells.
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length, alignment potential, and chemical similarity to enamel make 
them a promising candidate for next-generation restorative materials. 
Ordering UHANWs into enamel-like bundles enables the develop-

ment of composites with mechanical behavior approaching a natural 
enamel structure. Wang et al. functionalized UHANWs with silane 
coupling agents (e.g., KH-570) and aligned the UHANWs into enamel 
rod-like bundles under shear forces. This process, combined with 
pressure-assisted densification, yielded composites with a hardness of 
between that of enamel and dentine, and demonstrated an enamel-like 
wear behavior, highlighting the importance of an ordered microstruc-
ture for mechanical performance [22].
UHANW assemblies can also reproduce enamel’s anisotropic struc-

ture and esthetic properties. Anisotropic structure refers to the way 
enamel rods are aligned in different directions in natural teeth, resulting 
in enamel with varying mechanical and optical properties along 
different axes. Self-aligned UHANW networks have demonstrated 
enamel-level mechanical properties by mimicking prism orientation. 
When embedded in a polymer matrix with a matching refractive index, 
the composites also achieve enamel-like translucency and fluorescence 
[23]. This emphasizes that both structural anisotropy and optical 
matching are critical for clinical esthetics.
Core-shell nanowires can further strengthen enamel analogs by 

replicating enamel’s amorphous-crystalline interface. Coating UHANWs 
with an amorphous zirconia (HA@A-ZrO₂) layer can recreate the 
amorphous intergranular phase of natural enamel, increasing fracture 
strength and strain at the single-nanowire level compared with uncoated 
UHANWs [29]. This nanoscale interface design provides a mechanism 

for damage tolerance that exceeds the capabilities of monolithic 
UHANWs.
When these core-shell nanowires are assembled into ordered arrays, 

they generate artificial enamel with superior integrated mechanical 
performance. Techniques such as bidirectional freezing, where nano-
wires are aligned along the growth direction of ice crystals formed from 

two temperature gradients, create aligned HA@A-ZrO₂ arrays that 
bonded effectively with polymer matrices, enabling efficient stress 
transfer and energy dissipation. The resulting composites exhibited 
stiffness and hardness exceeding natural enamel while retaining high 
toughness and viscoelasticity, demonstrating the value of hierarchy 
from atomic coating to bulk alignment [29].
Advanced techniques, such as magnetic assembly, allow for the 

introduction of gradient alignment for these enamel-like materials to 
achieve increased strength and crack resistance. Magnetically func-
tionalized nanowires (HA@A-ZrO₂-F) can be oriented layer-by-layer 
orientation into decussating (criss-crossing) structures that resemble 
inner enamel [19]. This gradient arrangement promotes crack deflection 
and interfacial toughening under load, significantly enhancing fatigue 
resistance without compromising the material’s high stiffness and 
hardness [78,79].
While UHANWs have demonstrated promising biomimetic outcomes 

in in vitro studies, their successful clinical translation will benefit from 

further advances in scalability and seamless integration into modern 
restorative workflows [80]. Recent developments in centrifugal casting 
and large-scale hydrothermal synthesis provide feasible pathways for 
industrial-scale fabrication [81,82]. In parallel, incorporating these 
biomimetic structures into pre-fabricated CAD/CAM blocks presents a 
practical route for clinical adoption. Such an approach would enable 
manufacturers to produce materials that replicate the mechanical 
anisotropy and aesthetics of natural enamel while remaining fully 
compatible with chairside milling technologies. These “biomimetic 
blocks” could, in turn, allow clinicians to leverage existing digital 
workflows to deliver restorations with enhanced wear resistance and 
improved biological integration compared to conventional isotropic 
materials.

5. Future perspectives

Most current studies are limited to in vitro experiments or short-term 

animal models, underscoring the need for comprehensive evaluation of 
long-term biosafety and systemic toxicity. In particular, the long-term 

safety of metallic nanowires warrants systematic investigation, 
including their ion release kinetics, potential systemic translocation, 
biodistribution, and accumulation in distant organs. Such insights are 
essential for defining safe dosage ranges and minimizing unintended 
biological effects. Table 3 summarizes different classes of nanowires 
exhibit material-specific limitations associated with their intended 
dental applications.
At the same time, successful clinical translation depends on the 

development of scalable synthesis methods capable of producing 
nanowires with consistent dimensions and surface properties under 
Good Manufacturing Practice standards. Establishing standardized 
evaluation frameworks for antibacterial performance, osteogenic po-
tential, and long-term mechanical stability will further enable mean-
ingful comparisons across studies and support regulatory approval. 
With continued interdisciplinary collaboration among materials 

scientists, biologists, and clinicians, nanowire-based technologies are 
well positioned to progress from laboratory proof-of-concept toward 
reliable and predictable clinical applications in dentistry.

6. Conclusion

This narrative review highlights the transformative potential of 
nanowires as a foundational technological platform in modern dentistry. 
Owing to their high aspect ratio and structural tunability, nanowires 
provide a unique strategy to bridge nanotechnology with clinical needs, 
enabling the replication of key structural, mechanical, and optical fea-
tures of natural dental tissues. From a translational perspective, nano-
wire applications in dentistry are at different stages of development. 
Nanowire-reinforced restorative materials and antibacterial nanowire 
composites are among the most advanced, as they can be more readily 
integrated into existing dental material systems. Approaches such as 
nanowire-based regenerative scaffolds, smart drug delivery systems, and 
biosensing platforms remain largely exploratory, with current evidence 
primarily derived from in vitro and early-stage in vivo studies. Overall, 
the integration of nanowire-based technologies represents a shift from 

conventional material replacement toward biomimetic restoration of 
dental form and function.
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