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ABSTRACT: Progress  in  biomedicine  has  long  been  driven  by  materials
innovation, an impetus now profoundly reshaping the field of orthodontics.
The  discipline  has  undergone  a  pivotal  evolution:  where  early  efforts
primarily  targeted  mechanical  performance  and  aesthetic  enhancement,
the  contemporary  focus  has  shifted  toward  intelligent,  multifunctional
materials that seamlessly integrate diagnosis with therapeutic intervention.
Today,  propelled  by  breakthroughs  in  microelectronics,  additive
manufacturing,  and  artificial  intelligence,  orthodontic  materials  are  being
fundamentally  re-engineered.  They  are  no  longer  passive  corrective
appliances  but  have  evolved  into  core  components  of  interactive
biomedical  platforms.  These  advanced  systems  are  designed  not  only  to
achieve precise tooth movement but also to enable real-time monitoring of
intraoral  forces,  biofilm  activity,  and  even  systemic  health  biomarkers.
Along this review,we trace the progression from material (including alloys,
polymers,  ceramic  materials)  and  manufacturing  advances  to  the
integration of smart sensing, responsive coatings, and artificial intelligence.
Representative  examples  illustrate  the  synergistic  integration  of  materials,  processing strategies,  and intelligent  systems,
facilitating  the  evolution  of  orthodontics  toward  personalized  and  intelligent  care.  Finally,  we  summarize  the  current
research  status  and  outline  prospective  directions,  foreseeing  an  intelligent,  minimally  invasive,  and  fully  personalized
paradigm for orthodontic treatment.
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 1    Introduction
With the prosperity of the global economy, the popularity of social
networks  and  the  pursuit  of  aesthetics,  the  proportion  of  people
receiving  orthodontic  treatment  has  increased  year  by  year.  The
basic  idea  of  orthodontics  first  appeared  in  the  17th  century,  far

before  the  establishment  of  a  systematic  clinical  framework.
However,  it  was  not  until  Delabar  invented  the  bow  wire
technology that the field really entered the modern orthodontic era
[1].  According to  the  World Health Organization,  malocclusion is
the  third  most  significant  oral  health  concern  worldwide,  with  a
prevalence  of  39%–93%  [2].  This  significant  clinical  demand  has
been a  major  driver  for  the  continuous  refinement  of  orthodontic
techniques  and appliances.  With the  progress  in  materials  science,
increasing  dissatisfaction  with  the  aesthetic  limitations  and
discomfort  of  metal  brackets  spurred  the  gradual  adoption  of
transparent  archwires  and  ceramic  alternatives.  Although  the
aesthetics  have  significantly  improved,  issues  such  as  cleaning
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difficulty  and  mechanical  friction  remain  clinical  challenges  to  be
addressed  [3].  The “bracket-free” invisible  orthodontic  technology
of  the  last  century  brought  about  revolutionary  changes.  Clear
aligners have gradually become the treatment of choice. They offer
the  dual  advantages  of  aesthetics  and  comfort.  However,  clear
aligner  treatment  relies  on  good  patient  compliance.  Longer
intervals  between  follow-up  visits  may  result  in  clinical  issues  not
being  detected  in  time [4].  Therefore,  there  is  a  significant  clinical
demand  for  advanced  smart  materials  with  integrated  sensing,
feedback,  and  responsiveness.  Such  timely  feedback  is  of  great
significance to clinical practice.

Advanced  orthodontic  materials  belong  to  the  emerging
interdisciplinary  fields  of  orthodontics,  materials  science,
engineering,  and  biomedical  sciences.  Through  innovative  design
and  precise  manufacturing,  these  materials  are  endowed  with
intelligent  capabilities  such  as  sensing,  responding,  adapting,  and
even actively executing. A search of the Web of Science Collection
database  shows  that  over  the  past  decade,  the  number  of  research
articles related to “smart materials” and “orthodontics” has steadily
increased  each  year.  The  latest  research  directions  indicate  that
interdisciplinary  collaboration  is  promoting  the  development  of
smart  materials.  For  example,  orthodontic  appliances  integrated
with microsensors can track orthodontic  forces in real  time [5−7].
Continuous  monitoring  of  oral  pH  fluctuations  can  assist  in  the
diagnosis  of  dental  caries  [8, 9],  Metabolite  analysis  in  saliva
provides a method for non-invasive health screening [10−12].  The
application of  antimicrobial  coatings improves the performance of
materials  [6].  Additive  manufacturing  (AM)  greatly  enhances  the
personalization  and  precision  of  orthodontic  devices.  Four-
dimensional  (4D)  printing  creates  materials  that  can  change  their

properties  or  shape  in  response  to  specific  stimuli  (such  as
mechanical,  chemical,  thermal,  or  electrical  stimuli)  [13, 14].  The
integration  of  artificial  intelligence  with  these  advanced
technologies  has  led  to  greater  progress  in  smart  orthodontic
systems  [15].  In  summary,  the  ultimate  goal  of  developing
advanced orthodontic materials is to establish an intelligent, precise,
and functional treatment system to improve orthodontic outcomes
and maintain long-term oral health.

Here,  this  review  systematically  analyzes  the  progress  of
advanced  orthodontic  materials.  As  shown  in Fig.  1,  we  have
comprehensively sorted out the latest progress of current advanced
orthodontic  materials  through systematic  retrieval.  At  the  end,  we
have detailed the main challenges at present and looked forward to
the future development direction of this field.

 2    Urgent  demands  of  advanced  functional
orthodontic materials
Orthodontic  products  have  been  continuously  developing.
However,  the  transition  to  fully  intelligent  and  personalized
treatment  protocols  remains  an  ongoing  challenge.  Up  to  now,
fixed  orthodontic  appliance  therapy  remains  the  preferred  choice
for  many  cases.  Relevant  technological  developments  have  mainly
targeted  brackets  and  archwires,  improving  their  aesthetic  and
functional  properties.  As  substitutes  for  metal  ones,  the
introduction of transparent archwires represent one such response
to  aesthetic  demands.  Many researches  addressed  the  lack  of  real-
time force feedback in clinical practice. Micro-sensors integrated at
the  bracket-archwire  interface  now  enable  direct  force

 

Figure 1    This diagram illustrates the evolution of orthodontic materials (ceramics, metals, polymers) into intelligent, multifunctional platforms. Overcoming persistent
challenges in durability, biocompatibility, and regulatory approval is essential to advance standardized production and achieve the goal of intelligent orthodontics.
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measurement  [16],  while  other  sensing  modalities  permit  early
detection  of  bond  failures  [17].  Apart  from  these  mechanical
considerations,  surface  engineering  approaches  were  utilized  to
create antibacterial bracket surfaces [18]. Current strategies include
titanium dioxide nanotube arrays on metal  brackets  for  controlled
chlorhexidine release to three-dimensional (3D)-printed bioceramic
brackets incorporating zinc ions. Although these designs can reduce
plaque  accumulation  to  some  degree,  they  still  face  unresolved
technical  challenges—including  the  durability  of  antimicrobial
efficacy,  the  risk  of  biofilm  resistance  development,  and  the
preservation  of  mechanical  strength—and  such  limitations,  along
with the opportunities for functional expansion, become even more
pronounced in the increasingly popular clear aligners, whose water
ripples  on the inside of  the invisible  braces  made of  thermoplastic
polyurethane  (TPU)  or  polyethylene  terephthalate  (PETG)  base,
which  aims  to  form  a  visual  hidden  effect,  but  provides  an  ideal
substrate  for  microbial  adhesion  [19].  Recent  research  confirmed
that these water ripples could significantly enhance bacterial biofilm
formation  [19].  The  limited  self-cleaning  effect  of  saliva  further
aggravates  the  risk  and  increases  the  incidence  of  complications
such  as  enamel  demineralization  and  tooth  coloring.  From  a
biomechanical  perspective,  clear  aligner  therapy  is  a  goal-oriented
technology.  Although  it  relies  on  increasingly  sophisticated  3D
modeling  and  AI  algorithms  for  treatment  planning,  it  lacks  a
crucial real-time feedback mechanism. The single-day wearing time
has a significant impact on the efficiency of treatment, but there is
no objective data feedback on it. The lack of feedback between these
designs  and  executions  still  brings  a  lot  of  trouble  to  doctors  and
patients, and increases unnecessary communication costs, which is
not  conducive  to  establishing  a  relationship  of  trust  between
doctors and patients. Paradoxically, the requirement for more than
22 h of intimate daily contact positions the clear aligner as a unique
platform for multifunctional integration, and emerging innovations
in  drug  delivery  and  biosensing  are  progressively  transforming  it
from  a  passive  mechanical  appliance  into  an  active  health-
management platform [20].

Saliva emerges as a diagnostically significant biofluid, containing
a  complex  milieu  of  DNA,  RNA,  proteins,  microorganisms,  and
metabolites  that  positions  it  as  an  ideal  medium  for  non-invasive
monitoring  [21],  upon  which  recent  engineering  advances  have
enabled the direct integration of microfluidic chips into orthodontic
aligners  to  achieve  picomolar-level  detection  sensitivity  for
periodontal  biomarkers  and  to  allow  real-time  oral  health
monitoring during treatment.

To conclude, we strongly believe that the advancement of next-
generation  orthodontic  materials  will  be  grounded  in
improvements  in  aesthetics  and  mechanical  performance,  while
moving toward greater intelligence and personalization.

 3    Design  and  fabrication  of  orthodontic
materials
As  clinical  demands  continue  to  rise,  researchers  have  not  only
focused  on  enhancing  the  mechanical  properties  of  orthodontic
materials  but have also integrated aesthetic considerations,  striving
to  balance  clinical  requirements  with  aesthetics.  Orthodontic
materials  can be classified into three  main categories:  metal  alloys,
ceramics,  and  polymers.  Metal  materials  are  widely  used  for  their
excellent mechanical strength and low friction coefficient,  but they
face  challenges  such  as  corrosion  risks  and  aesthetic  concerns.  In

contrast,  ceramics  have  good  biocompatibility  and  a  tooth-like
appearance,  making  them  highly  favored  by  patients  with  high
aesthetic  demands;  however,  their  inherent  brittleness  and  high
surface  friction  limit  their  clinical  use.  Polymers  such  as
polyurethane  (PU)  and  polyetheretherketone  (PEEK)  have  gained
growing  attention  due  to  their  design  flexibility  and  compatibility
with 3D printing technology [22, 23], motivating ongoing efforts to
develop next-generation polymer systems with enhanced functional
performance  and  intelligent,  stimulus-responsive  capabilities.  This
section  reviews  the  research  progress  of  these  three  types  of
materials [24, 25].

 3.1    Alloy for orthodontic materials
The  demand  for  mechanical  properties,  biocompatibility,  and
functional diversity in clinical treatment drives the development of
orthodontic  metal  materials.  The  development  of  oral  medicine  is
inseparable  from  materials  science.  The  development  of  dental
metal materials can be divided into four stages: the era of precious
metals,  the  era  of  stainless  steel,  the  era  of  nickel-titanium  alloys
(NiTi), and the era of metal surface biofunctionalization (Fig. 2(a)).
This  evolution  reflects  a  shift  in  treatment  concepts,  as  clinical
demands  gradually  move  from  basic  mechanical  requirements
toward intelligent and personalized designs.

Orthodontic archwires are an important force application device
in  orthodontic  treatment.  Archwires  need  to  exhibit  different
mechanical  properties  at  different  treatment  stages.  The  earliest
orthodontic  archwires  can  be  traced  back  to  gold  archwires
discovered on Egyptian mummies  (Fig.  2(a))  [26].  Gold  alloys  are
favored  for  their  excellent  biocompatibility  and  ductility  [27, 28].
Among  them,  gold-palladium  alloys  are  the  most  representative
materials.  They  possess  chemical  stability,  antioxidant  properties,
and good biocompatibility. Gold-palladium alloys can release non-
precious metal ions such as Cu2+ and Ag+.  These ions attach to the
bacterial  surface,  disrupt  enzyme  systems,  and  inhibit  microbial
growth  and  adhesion  [29, 30].  However,  the  high  cost  of  gold
significantly  restricts  its  widespread  clinical  application.  Semi-
precious metal materials, such as silver-palladium alloys, offer a cost-
effective  alternative.  These  alloys  primarily  consist  of  silver,  with
small  proportions  of  palladium,  gold,  and  copper.  Compared  to
non-precious metal materials, this alloy shows superior antioxidant
properties, corrosion resistance, and biocompatibility [30]. The Ag+

ions  released  by  silver-palladium  alloys  have  broad-spectrum
antibacterial  activity  but  exhibit  low  toxicity  to  human  cells  [31].
These properties render silver–palladium alloys particularly suitable
for the oral cavity, an open environment rich in microbial activity.

Precious  metal  alloy  archwires  are  relatively  soft,  preventing
them from delivering continuous orthodontic force, and their high
cost further limits clinical application, although they have excellent
biocompatibility  and  antibacterial  advantages  [37],  indicating  that
future  research  should  focus  on  optimizing  alloy  compositions  to
achieve  a  balance  among  biocompatibility,  mechanical
performance, and economic feasibility, thereby overcoming current
constraints and fully realizing their clinical potential.

Stainless  steel  wire  appeared  in  the  early  20th  century  and  was
quickly  applied  in  the  field  of  orthodontics  [38].  Its  excellent
strength, corrosion resistance,  as well  as its  low friction coefficient,
good  formability  and  cost-effectiveness  make  stainless  steel  an
important  material  for  manufacturing  orthodontic  brackets,
archwires,  and mini-implants [39].  To date,  stainless  steel  brackets
remain the most widely used choice in clinical practice.
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316  stainless  steel  is  the  mainstream  material  for  orthodontic
brackets,  with  a  composition  of  16%–18%  chromium,  10%–14%
nickel,  and  2%–3%  molybdenum  [40].  Nickel  is  the  primary
element that stabilizes the metallic austenite structure. It allows the
material  to  form  a  face-centered  cubic  (FCC)  crystal  lattice
structure.  This  structure  imparts  excellent  ductility  and  toughness
to  the  material,  making  it  highly  suitable  for  the  manufacture  of
complex orthodontic devices [40]. Additionally, 316L stainless steel
exhibits  strong  corrosion  resistance  in  chloride-containing
environments  [41].  This  property  has  been  confirmed  in  studies
using  simulated  physiological  solutions  [42]  and  artificial  saliva
[43].  316L  stainless  steel  remains  non-magnetic  under  most
conditions  [40].  This  characteristic  makes  it  highly  compatible  in
situations  where  imaging  examinations  are  required.  Although
316L  stainless  steel  meets  the  performance  requirements  for  most
orthodontic  treatments,  its  strength  and  hardness  may  still  be
insufficient  under  certain  harsh  conditions  [44].  As  a  result,
researchers  have  explored  various  methods  to  enhance  its
mechanical  properties.  For  example,  doping  with  niobium  (Nb)
and  combining  solution  heat  treatment  can  significantly  improve
mechanical  properties,  particularly  elongation  [45].  The
incorporation  of  TiN  into  the  material  can  increase  hardness  by
over  30%  [46].  However,  the  complexity  of  the  oral  environment
presents  unique  challenges  for  metallic  materials.  Fluctuations  in

temperature,  pH,  mechanical  load,  and  microbial  activity  all
accelerate  material  degradation.  The  performance  of  316L  is
significantly impaired under acidic conditions or when exposed to
fluoride ions [47, 48].

To  overcome  these  issues,  duplex  stainless  steel  (DSS)  is
composed of nearly equal proportions of austenite and ferrite. This
structure  combines  the  advantages  of  both,  exhibiting  unique
properties (Fig. 2(b)) [49]. Studies have shown that by adjusting the
ratio  of  the  two  phases  through  heat  treatment,  the  corrosion
resistance  of  DSS  can  be  precisely  controlled.  For  example,
treatment  at  900  °C for  2  min significantly  improves  its  corrosion
resistance  [35].  The  appropriate  addition  of  nitrogen  can
synergistically  enhance  the  strength  and  corrosion  resistance  of
stainless steel. Sintering in an N2–H2 gas atmosphere allows precise
control  of  nitrogen  absorption,  enabling  the  tensile  strength  of
stainless steel to exceed 500 MPa [50].

In  summary,  DSS  presents  higher  yield  strength  [49]  and
superior mechanical properties [51] compared to austenitic stainless
steel.  Furthermore,  DSS  exhibits  excellent  corrosion  resistance.  In
standard  pitting  corrosion  tests  using  a  6%  FeCl3 solution,  DSS
outperforms 316L in terms of corrosion resistance [52]. Due to the
scarcity  and  high  cost  of  nickel,  researchers  have  successfully
developed  low-alloy  duplex  stainless  steel  (LDSS).  By  partially
replacing  nickel  and  molybdenum  with  manganese  and  nitrogen

 

Figure 2    (a)  Timeline  of  orthodontic  alloy  development,  ranging  from  noble  metals  and  stainless  steel  to  nickel–titanium  and  modern  smart  alloys  [26, 32−34].
Reprinted with permission from Ref. [26], © American Dental Association 1947; Ref. [32], © Acta Materialia Inc. 2020; Ref. [33], © Mosby, Inc. 1986; Ref. [34], © Elsevier
B.V. 2023. (b) The Optical micrographs of 2507 and 2205 DSS, respectively. The bright regions are austenite, and the dark regions are ferrite. Reprinted with permission
from Ref. [35], © Springer Science Business Media, LLC 2017. (c) Simplified overview of the shape memory effect and the phase transitions. Reprinted with permission
from Ref. [36], © Karabuk University 2022.
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[53]. At the same time, it retains mechanical properties comparable
to  conventional  duplex  stainless  steel,  making  LDSS  an  ideal
alternative to 316L [54].

As  orthodontic  treatment  paradigms  continue  to  evolve,
materials science has developed in parallel. Influenced by the BEGG
light force philosophy, there has been an increasing clinical demand
for  archwires  with  superelastic  properties.  In  late  1971,  George
Andreasen from the University of Iowa first introduced NiTi alloys
into the  field  of  orthodontics,  demonstrating through experiments
that  it  outperformed  stainless  steel  archwires  in  terms  of  elastic
limit,  load-deflection  ratio,  and  working  range  [33, 55].  Shortly
thereafter, Unitek (now 3M Unitek) commercialized the NiTi alloy
under  the  brand  name “Nitinol” [56].  The  core  characteristic  of
NiTi  alloys  arises  from  their  thermoelastic  martensitic  phase
transformation:  under  external  force,  the  high-temperature
austenite  phase  (parent  phase)  transforms  into  the  martensite
phase,  and  this  transformation  is  reversible  upon  unloading  or
heating,  which imparts  superelasticity  and shape memory effect  to
the  material  (Fig.  2(c))  [36].  Recent  studies  on  the  microphase
transformation  mechanisms  of  NiTi  alloys  have  revealed  that,  in
addition to the common austenite (A) and martensite (M) phases,
the R-phase, an intermediate transition phase, plays a crucial role in
enhancing alloy fatigue life and reducing mechanical hysteresis [57].

To improve the mechanical properties of NiTi alloys, researchers
have  explored  various  material  enhancement  strategies.  For
example,  the  introduction  of  elements  such  as  copper  (Cu)  can
significantly  reduce  the  width  of  the  superelastic  hysteresis  loop,
while the addition of cobalt (Co), iron (Fe), or chromium (Cr) can
effectively  regulate  the  transformation  temperature  [58−60].  In
addition to introducing other elements,  processing techniques also
influence  the  performance  of  NiTi  alloys.  For  example,  heat
treatment  can  promote  the  formation  of  precipitates,  thereby
enabling  precise  control  of  plateau  stress  and  residual  strain  [60].
Additionally,  the  design  of  graded-force  archwires  allows  different
segments of a single archwire to release varying levels of stress. This
feature  allows  it  to  accommodate  differences  in  both  the  distance
and direction of tooth movement [61].

The  flexible  use  of  these  methods  meets  the  diverse  needs  of
orthodontic  treatments.  However,  it  is  important  to  note  that  the
nickel  element  in  NiTi  alloys  poses  a  risk  of  nickel  ion  release.
Under  certain  conditions,  this  release  may  even  exceed  that  of
stainless  steel  [62].  Researchers  have  attempted  to  optimize  the
performance  of  NiTi  alloys  through  compositional  modifications.
For  example,  the  incorporation  of  Cu  not  only  raises  the
transformation  temperature  but  also  alters  the  precipitation
behavior  and  phase  morphology,  affecting  the  mechanical
properties and superelastic range [55]. The addition of noble metals
such as palladium (Pd) and platinum (Pt) helps form a more stable
passive film on the alloy surface, effectively inhibiting the release of
nickel  ions [63].  Recent  studies  have focused on applying coatings
to  the  surface  of  NiTi  archwires  to  enhance  their  aesthetic  appeal
and improve biological safety. However, the long-term durability of
such  coatings  is  questionable.  The  relevant  technologies  will  be
further discussed in subsequent chapters. The fundamental solution
is  to  develop  nickel-free  alloys.  Titanium  and  its  alloys  have
excellent  biocompatibility  and  corrosion  resistance.  They  are  used
in  orthodontic  archwires  and  mini-implants.  Among  them,  β-
titanium alloys have an elastic modulus close to that of bone tissue.
Its  ultra-low  elastic  modulus  allows  it  to  exert  gentler  and  more
physiologically  appropriate  forces,  reducing  root  resorption  and

patient pain.  This characteristic is  crucial  for reducing orthodontic
complications [64].  β-Titanium alloys also have good strength and
toughness.  It  can  maintain  stability  without  significant  permanent
deformation under complex therapeutic stresses [65]. Nevertheless,
their  relatively  high  friction  coefficient  cannot  be  overlooked.
Studies  have  shown  that  Ti-Nb-based  wires,  such  as  Gummetal®,
generate  greater  frictional  forces  compared  to  other  orthodontic
alloys [66, 67], and this effect becomes more pronounced after acid
immersion  due  to  corrosion-induced  surface  roughening  [68].
While  elevated  friction  hinders  tooth  sliding  during  the  initial
alignment  phase,  it  can  be  advantageous  in  the  finishing  stage  by
facilitating  precise  tooth  control.  Beyond  Ti-Nb  systems,  other  β-
titanium alloys have also been investigated for orthodontic use. For
example,  Wang  et  al.  [69]  reported  a  high-performance  Ti-Ni-B
alloy  in  which  tensile  properties  and  mechanical  anisotropy  were
improved  by  controlling  columnar  prior-β  grains  and  α-Ti
morphology. Unfortunately, these alloys are prone to surface oxide
formation, which increases friction [66, 67] and thus impedes tooth
movement.  Outside  of  archwire  applications,  commercially  pure
titanium  (cp-Ti)  and  Ti-6Al-4V  alloys  have  become  the  primary
materials  for  orthodontic  micro-implants  [70].  Their  excellent
biocompatibility,  corrosion  resistance,  and  mechanical  stability
provide  reliable  osseointegration  and  anchorage,  forming  the
foundation for modern precision orthodontics.

Significant  improvements  have  been  made  in  the  mechanical
properties  of  orthodontic  alloys.  With  the  refinement  and
integration  of  various  processes,  orthodontic  alloys  are  now
evolving towards more intelligent and personalized designs,  which
will  be  further  discussed  in  the  following  sections.  However,  it  is
important to note that inherent issues such as imaging artifacts and
aesthetic  concerns  in  orthodontic  alloys  have  yet  to  be  resolved.
Moving forward, while focusing on intelligence and progress, these
issues must also be addressed.

 3.2    Polymers for digital orthodontics
Polymer materials are the foundation for enabling the functionality
of digital orthodontic devices, As their properties directly influence
the  efficiency,  accuracy,  and  safety  of  clinical  treatment.  This
chapter  provides  a  systematic  overview  of  polymers  applied  in
digital  orthodontics.  They  are  classified  into  four  main  categories
based  on  processing  techniques  and  primary  functions:
thermoforming  polymers,  polymer  blends,  directly  3D  printed
polymers,  and  bioactive  or  smart  polymers.  Clear  aligner  therapy
(CAT) made from thermoforming polymers has expanded rapidly
over the past decade [71]. The number of clear aligners worldwide
has  experienced  significant  growth  [72].  Currently,  most  clear
aligners are still produced using traditional vacuum thermoforming
technology. Thermoplastic sheets are directly formed over physical
models  [73, 74],  which  makes  the  process  relatively  complex.
Emerging  trends  indicate  a  shift  toward  the  implementation  of
direct 3D printing technologies, thereby obviating the requirement
for  physical  models.  However,  direct  printing  imposes  strict
requirements  on  materials,  including  excellent  biocompatibility,
mechanical properties, and optical transparency [74−77]. Tera Harz
TC-85  material  from  Graphy,  South  Korea,  has  received  FDA
approval and offers customizable colors to meet specific needs [78].
Currently,  no  other  direct  3D  printing  materials  fully  meet  the
performance standards (Refer to: https://itgraphy.com/en/dental). A
comparative  summary  of  their  advantages  and  disadvantages  is
provided in Table 1.

Clear aligners are generally made from several types of polymers,
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including  polyesters,  polyurethanes,  polypropylene,  and  various
copolymers  [89−91].  Polyethylene  terephthalate  (PET)  and  its
amorphous  copolymer,  polyethylene  terephthalate  glycol-modified
(PETG),  exhibit  excellent  mechanical  strength  and  optical  clarity,
making them the preferred material choices [92].

PET  is  synthesized  from  ethylene  glycol  and  terephthalic  acid,
and  it  exists  in  both  amorphous  and  crystalline  forms.  The
amorphous  form  is  transparent  and  highly  ductile,  while  the
crystalline  form  appears  opaque  white  and  exhibits  superior
hardness,  rigidity,  and  strength  [93].  These  two  forms  determine
the  material's  properties  [94].  To  ensure  that  PET-based  clear
aligners  provide  stable  orthodontic  forces,  research  primarily
focuses on improving tear resistance, flexural strength, and stiffness.
One  effective  approach is  the  introduction  of  functional  inorganic
fillers  to  bulk-modify  PET.  Li  et  al.  [95]  demonstrated  that  epoxy
resin  chain  extender-modified  pyrophyllite  (A-Prl)  significantly
improved the crystallization rate and impact toughness of both PET
and PET/PETG blends.

PETG  is  a  copolyester  derivative  of  PET.  It  is  modified  by
introducing 1,4-cyclohexanedimethanol (CHDM) as a comonomer.
Compared  with  PET,  PETG  exhibits  higher  toughness,  lower
crystallinity,  and  superior  thermoforming  ability  [96−98].  PETG
has  become  an  excellent  material  for  clear  aligners  and  retainers
[96]. Current research focuses on further improving its mechanical
performance  and  forming  capabilities  [97, 99].  Improvement
methods such as  adjusting the CHDM content or  blending PETG
with  other  polymers  can  achieve  better  flexibility,  higher  impact
resistance,  and  more  uniform  stress  distribution.  This  ensures  the
precise  and  effective  transmission  of  orthodontic  forces.  With  the
rapid advancement of  3D printing technologies,  PETG has shown
satisfactory  printability.  However,  the  precise  identification  of
optimal  printing  parameters  still  requires  extensive  investigation
and confirmation [100].

The  PU  main  chain  contains  unique  isocyanate  groups,
exhibiting  excellent  toughness,  elasticity,  wear  resistance,  and
biocompatibility.  Its  performance  remains  stable  under  X-ray
exposure,  which  is  particularly  important  in  orthodontic
treatments,  as  radiographic  examinations  are  often required [101].
Align  Technology  upgraded  its  clear  aligner  material  from  the
single-layer  polyurethane Exceed 30 to SmartTrack™—a multilayer
aromatic  thermoplastic  polyurethane/copolyester  composite  [102].
This  material  has  better  elasticity  and  can  provide  more  stable
orthodontic forces, making it widely recognized by doctors [91]. On
a  microscopic  level,  the  performance  of  PU  is  due  to  its  micro-
phase separation structure.underscoring the significant potential of
PU  in  orthodontic  applications.  The  hard  segments  provide
strength and rigidity, while the soft segments impart flexibility and
elasticity. Its performance can be finely tuned by adjusting the types

and  ratios  of  isocyanates,  polyols,  and  chain  extenders.  This
structural  configuration  establishes  PU  as  a  strong  alternative  to
conventional  materials  such  as  PETG,  as  it  more  effectively
accommodates  diverse  mechanical  and  deformation  requirements
[103].  Moreover,  PU  performs  better  than  PETG  in  terms  of
microbial adhesion and aggregation [104]. Similar to PETG, PU has
also become a potential material for direct 3D printing [22, 23, 105].
The  printing  parameters,  like  those  for  PETG,  remain  unclear.
Polycarbonate  (PC)  has  excellent  impact  resistance,  rigidity,  and
transparency.  Its  relatively  high  rigidity  may  exert  excessive  stress
on  the  periodontal  tissue.  Therefore,  PC  is  seldom  used  as  a
standalone material. Mixing PC with other polymers can effectively
reduce this risk while improving its mechanical properties.  Studies
have shown that mixing PETG/PC/TPU in specific proportions can
achieve  a  good  balance  between  toughness  and  rigidity  [90].  The
PETG/PC2858  blend  performs  better  in  tensile  strength,  impact
resistance, and elongation at break [106]. Additionally, PC is also a
potential material for direct 3D printing.

In  summary,  an  optimal  material  for  clear  aligners  should
provide  sufficient  rigidity  to  reliably  transmit  orthodontic  forces,
while  maintaining  adequate  elasticity  to  ensure  patient  comfort.
Achieving  a  balance  between  these  properties  within  a  single
polymer  presents  significant  challenges.  Polymer  blending  is  a
practical  solution.  Mixing  different  materials  such  as  PETG,  PC,
and TPU can optimize their properties. For example, mixing PETG
with  TPU  retains  PETG’s  rigidity  and  thermoformability  while
incorporating TPU’s flexibility and comfort [107]. The mechanical
properties  of  blended  polymers  are  significantly  influenced  by  the
blending ratio [90]. A blend of PETG/PC/TPU in a 70/10/20 ratio
outperforms  other  blending  ratios  in  terms  of  performance  [90].
Additionally,  incorporating  nanofillers  or  short  carbon  fibers  into
the  polymer  blend  can  significantly  enhance  its  mechanical
properties [108, 109].

Although  the  main  method  for  producing  clear  aligners  is
thermoforming  technology,  the  thermoforming  process  has
inherent  limitations.  The  complexity  of  personalized  structures,
high  mold  costs,  and  the  difficulty  of  achieving  fine  geometric
shapes  limit  its  clinical  application  range.  Direct  3D  printing
technology  directly  produces  the  final  product,  greatly  simplifying
the  manufacturing  process.  This  method  not  only  improves  the
accuracy of the aligners and optimizes their mechanical design but
also  avoids  material  property  changes  that  may  occur  during  the
thermoforming process [23, 110].

However, direct 3D printing of orthodontic devices is still limited
because  there  are  few  printable  polymer  materials  suitable  for
orthodontics.  Among  the  existing  materials,  PEEK  has  excellent
mechanical  strength,  chemical  stability,  and  biocompatibility.  Its
elastic modulus is close to that of bone tissue and dentin, effectively

 

Table 1    Performance evaluation and comparison of thermoplastic versus directly 3D-printed clear aligners

The fabrication of clear aligners Advantage Disadvantage References

Thermoplastic
Mature technology and low cost Limited accuracy and quality control [77, 79]

Short production cycle Potential degradation of mechanical properties [80, 81]
Diverse materials Material waste and adverse environmental impact [82]

3D printing

Highly customized High equipment cost [83]
Environmentally friendly Limited material choices [78, 84, 85]

Material performance improvement Complex manufacturing process [83, 86]
Minimization of material waste Inaccurate printing direction [87, 88]
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reducing  the “risk  of  stress  shielding” [111].  This  performance
profile  makes  it  highly  suitable  for  manufacturing  various  dental
prostheses  and  orthodontic  devices  [25].  Research  demonstrated
that PEEK can be effectively applied to NiTi archwires as  coatings
or sleeves, where it exhibited excellent flexibility, preserves the core
wire's  mechanical  properties,  improves  biocompatibility,  and
significantly  reduces  sliding  friction  [112−114].  The  alternative
approach involves using PEEK as a complete replacement for metal
archwires. However, studies by Maekawa et al. [25] and Tada et al.
[24] comparing the mechanical properties of PEEK wires with NiTi
wires found that while friction forces in self-ligating bracket systems
showed  no  significant  difference,  the  PEEK  wires  exhibited
undesirable  permanent  deformation  and  stress  relaxation.  In  the
long  term,  the  clinical  adoption  of  PEEK  archwires  remained
limited.  This  is  primarily  due  to  performance  gaps,  such  as
permanent  deformation  and  stress  relaxation,  alongside  a  lack  of
standardized  studies  comparing  them  to  commercial  orthodontic
wires. Nonetheless, PEEK archwires generally offer better aesthetics
than  metal  wires,  eliminate  the  risk  of  allergies  associated  with
metallic  materials,  and  are  compatible  with  MRI  [115].
Furthermore,  CAD/CAM  technology  has  enhanced  the  accuracy,
reliability,  and  efficiency  of  PEEK  fabrication,  while  reducing
production time [116, 117].

To  further  optimize  the  long-term  performance  of  PEEK  in
orthodontic  clinical  applications—particularly  in  the  microbe-rich
oral  environment—surface  functionalization  has  become  a
prominent direction in current research. Although current research
on  antibacterial  modification  of  PEEK  has  mainly  focused  on
orthopedic and maxillofacial implants, these modification strategies
provide valuable insights for orthodontic applications, such as mini-
implant  anchorage  and  removable  orthodontic  appliances.  Active
antibacterial and osteo-promotive surface engineering is expected to
become  a  critical  development  direction  for  improving  treatment
success  and  reducing  complications,  including  gingivitis  and
mucosal irritation. To enhance the antibacterial properties of PEEK,
some studies have explored functionalizing the PEEK surface with
antimicrobial  peptides  or  antibiotics  to  achieve  long-lasting
antibacterial  effects.  For  example,  one  study  loaded  murine  β-
defensin-14  onto  a  three-dimensional  porous  PEEK  surface.  This
modification  not  only  provides  the  material  with  long-lasting,
broad-spectrum antibacterial activity but also significantly promotes
the  osteogenic  differentiation  of  bone  marrow-derived
mesenchymal  stem  cells  [118].  In  infectious  animal  models,  this
approach  achieved  both  effective  antibacterial  action  and  bone
integration.  Another  strategy  involves  loading  small-molecule
drugs,  such  as  simvastatin,  to  modulate  the  local  immune
microenvironment,  thereby  achieving  combined  antibacterial  and
osteogenic  effects  [119].  A  further  research  direction  focuses  on
designing smart responsive coatings that can dynamically adapt to
the  complex  in  vivo  environment,  thereby  achieving  therapeutic
outcomes  that  integrate  both  antibacterial  activity  and  bone
regeneration [120−123].

In  brief,  PEEK  demonstrates  promising  yet  challenging
application  prospects  in  orthodontics,  particularly  for  composite
archwires  and  retainers  [114, 124].  It  is  crucial  to  emphasize  that
achieving  this  potential  in  clinical  applications  will  necessitate
substantial progress in both the material’s performance and its long-
term stability [115]. As discussed, although the application of digital
polymers in orthodontics is rapidly expanding, inherent limitations
remain  to  be  addressed.  Future  progress  must  not  only  focus  on

overcoming  these  challenges  but  also  move  toward  the
development  of  intelligent  orthodontic  appliances  with  bio-
responsive capabilities.

 3.3    Ceramic materials
Metal  brackets  are  not  aesthetically  pleasing  in  the  oral  cavity.
Ceramic  brackets  significantly  solve  this  problem.  Early  ceramic
brackets were mainly made from single-crystal alumina, also known
as sapphire brackets. This ceramic has high translucency, allowing it
to  blend  perfectly  with  natural  tooth  color,  resulting  in  excellent
aesthetic  effects.  Polycrystalline  alumina  ceramics,  in  addition  to
their  aesthetics,  also  possess  sufficient  strength  and  biocomp-
atibility, and their production cost is relatively low [125]. However,
ceramic  brackets  present  inherent  limitations.  Relative  to  their
metallic  counterparts,  they  possess  lower  fracture  toughness  while
exhibiting  comparatively  higher  bonding  strength  [126, 127].This
may lead to bracket fracture or damage to the teeth [126, 128].

Moreover,  ceramic  materials  generally  exhibit  higher  frictional
resistance  than  metal  brackets  [129, 130].  The  frictional  resistance
of  polycrystalline  ceramic  brackets  is  higher  than  that  of  single-
crystal  brackets.  This  is  the  fatal  flaw  of  ceramic  brackets,  as  it
greatly  affects  the  efficiency  of  tooth  movement  [131, 132].
Therefore,  researchers  have  developed  new  ceramic  materials  and
processing  techniques  to  enhance  their  mechanical  properties  and
biocompatibility  [133, 134].  For  example,  the  new  generation  of
polycrystalline  ceramic  brackets  has  significant  improvements  in
frictional  performance  compared  to  previous  products  [135].
Silicon nitride ceramics exhibit excellent biocompatibility [136]. To
meet  higher  aesthetic  demands,  researchers  have  developed  a
standardized  manufacturing  technology  for  customized  ceramic
brackets  (CCB)  [137].  It  enables  personalized  design,  with
improvements  in  both  aesthetics  and  mechanical  properties.
Clinical experience indicates that many practitioners are dissatisfied
with the high frictional resistance associated with ceramic brackets.
In  comparison,  biocompatibility  seems  less  important  in
orthodontic  treatment.  Therefore,  reducing  the  friction of  ceramic
brackets remains very important.

 4    Functional  treatments  for  orthodontic
materials
Orthodontic  treatment  relies  on  various  materials,  including  fixed
brackets,  removable  appliances,  and  auxiliary  devices.  These
appliances  create  a  unique  microenvironment  in  the  oral  cavity.
The  appliances  are  exposed  to  saliva  containing  enzymes  and
electrolytes,  which  facilitates  the  adhesion  of  pathogens  such  as
Streptococcus mutans and the formation of dental plaque. This is a
direct  cause  of  orthodontic  clinical  complications  such  as  enamel
demineralization and gingivitis [129]. Metal orthodontic appliances
are  susceptible  to  corrosion  by  saliva,  releasing  ions  such  as  Ni2+,
which  may  cause  oral  allergies.  Researchers  have  begun  exploring
novel  strategies  to  address  these  challenges.  This  chapter  reviews
innovations  in  orthodontic  appliance  materials,  mainly  including
surface  modification  for  functionalization,  incorporation  of
antimicrobial  nanoparticles,  and  the  addition  of  coatings  that
release bioactive agents.

 4.1    Antibacterial surface coatings
Improving the performance of orthodontic devices relies on surface
modification.  Techniques  such  as  atomic  layer  deposition  (ALD),
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physical vapor deposition (PVD), and sol–gel dip coating are used
to improve wear resistance, bioactivity, and antimicrobial functions.
The functional layers formed by these methods enable the materials
to  cope  with  the  complex  and  variable  oral  environment.  These
coating  methods  can  be  classified  into  physical  and  chemical
coatings.

PVD  transforms  solids  or  liquids  into  vapor  in  a  vacuum.  The
vapor  then  condenses  on  the  substrate,  forming  films  with
thicknesses ranging from nanometers to micrometers. It is capable
of producing multilayered, hierarchical structures or thick deposits,
even with specialized designs. Studies show that these PVD-derived
coatings  can  optimize  surface  properties,  including  roughness,
hardness, and elastic modulus. At the same time, they can enhance
the  material's  wear  resistance  and  corrosion  resistance  [138, 139].
Thermal  evaporation  is  the  core  method  of  PVD,  using  heat  to
evaporate  materials  and  effectively  deposit  single  or  composite
films.  Research  indicates  that  silver-based  nanocoatings  produced
by  this  method  can  significantly  improve  the  antimicrobial
properties of stainless steel brackets over the long term [140, 141].

Unlike thermal evaporation, which relies on heating, magnetron
sputtering uses radio-frequency or direct-current power along with
a  magnetic  field  to  control  plasma,  as  shown  in Fig.  3(a).  This
method allows for higher deposition rates and excellent film quality.
Its  outstanding  process  adaptability  and  low-temperature
operability  make  it  an  excellent  deposition  method  [142].  As  a
result, magnetron sputtering technology has been widely applied in
orthodontic  material  research  [143−147].  As  shown  in Fig.  3(b),
Sun et al. [142] used this method to deposit antimicrobial coatings
on  archwires  and  confirmed  that  nitrogen-doped  TiO2 composite
archwires  exhibited  higher  antimicrobial  activity  than  pure  TiO2
coatings.

Differing  from  physical  methods,  CVD  generates  coatings
through chemical  reactions.  The precursor gases react on a heated
substrate,  directly  forming  a  thin  film  on  the  surface,  which
includes  techniques  such  as  electrochemical  vapor  deposition
(EVD)  [148].  The  target  surface  acts  as  the  cathode  in  an
electrochemical  cell  (Fig.  3(c)).  Using  this  method,  Shimaa  El-
Hadad  et  al.  [149]  fabricated  a  hydroxyapatite  coating  on  a  Ti50-

 

Figure 3    (a)  Schematic  of  the  reactive  magnetron sputtering process.  Reproduced with permission from Ref.  [153],  © Maurya,  D.  K.  et  al.  2014.  (b)  An antibacterial
orthodontic  archwire  doped  with  N-TiO2.  Reproduced  with  permission  from  Ref.  [142],  ©  Royal  Society  of  Chemistry  2017.  (c)  The  typical  configuration  of  an
electrodeposition setup.  Reproduced with permission from Ref.  [154],  © Saha,  S.  et  al.  2020.  (d)  A Ni-Ti  memory alloy  coated with hydroxyapatite.  Reproduced with
permission from Ref. [149], © Springer Nature 2022. (e) A schematic ALD process for depositing multi-ZnO layers using DEZ and water as the precursors on substrate
with  reactive  OH*  sites.  Reproduced  with  permission  from  Ref.  [155],  ©  Guan,  C.  et  al.  2016.  (f)  Preparation  of  titanium  dioxide  film  on  titanium  dental  table.
Reproduced with permission from Ref. [151], © Pan, Y. et al. 2024.
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Ni50 shape memory alloy that exhibited favorable biocompatibility,
as  evidenced  by  nickel  ion  release  remaining  within  safe  limits
(Fig.  3(d)).  ALD  synthesizes  inorganic  thin  films  and  coatings
through  sequential  reactions  between  vapor-phase  precursors  and
substrate  surface  functional  groups,  and  as  shown  in Fig.  3(e) its
defining  feature  is  self-limitation—where  reactions  cease  once
surface sites are consumed and are subsequently regenerated in the
next  cycle—thus  enabling  atomic-scale  thickness  control.  ALD  is
widely  applied  to  deposit  uniform  antibacterial  nano-coatings  on
medical  devices,  ALD-derived  materials  simultaneously  enhance
friction  reduction,  antibacterial  activity,  corrosion  resistance,  and
inhibit undesired adhesion in the oral environment for orthodontic
applications  [150].  Hui  Cheng  et  al.  [151]  demonstrated  in  a
comparative  study  that  ALD  produces  nano-TiO2 coatings  on
titanium abutments with antibacterial properties equivalent to ZrO2
and  superior  to  anodic  oxidation  (AO)  in  reducing  bacterial  and
biofilm adhesion, while additional investigations confirm that ALD-
derived  coatings  can  effectively  limit  harmful  ion  release  from
orthodontic  materials,  as  evidenced  by  the  markedly  improved
resistance to nickel leaching in Al2O3-coated NiTi alloys immersed
in SBF (Fig. 3(f)) [152].

 4.2    Blending modifications
Although  surface  modification  technologies  have  been  shown  to
effectively improve the performance of orthodontic materials,  they
still face some inherent limitations, including insufficient long-term
adhesion  between  the  coating  and  the  substrate,  uneven
crystallinity,  and  inconsistent  composition  [156].  A  plausible
solution  strategy  is  to  directly  mix  functional  nanomaterials  into
orthodontic  materials,  thereby  achieving  long-lasting  and  stable
performance.

Recent  advances  in  nanoparticle  synthesis  and functionalization
have  opened  new  avenues  for  enhancing  the  antibacterial
performance and biocompatibility  of  orthodontic  materials.  Green
synthesis  strategies  utilizing  plant  extracts  or  biomolecules  have
enabled  the  preparation  of  various  nanoparticles  with  low toxicity
and  high  biocompatibility  [157].  Functionalization  approaches—
including polymer coating, surface modification, encapsulation and
ligand  addition—have  further  enhanced  the  stability  and
antibacterial  efficacy  of  nanoparticles  under  complex  oral
conditions  [158].  For  example,  the  use  of  nanoparticles  for
antibacterial drug delivery and targeting can markedly enhance the
stability,  permeability,  and  efficacy  of  antibiotics,  while  passive  or
active  mechanisms  effectively  overcome  drug  resistance,
intracellular  infections,  and  biofilm  barriers,  thereby  offering  new
strategies  for  the  treatment  of  bacterial  infections[159].  These
functionalized  nanoparticles  can  be  integrated  into  orthodontic
adhesives,  archwires,  or  aligner  matrices  to  provide  long-term
antimicrobial  protection,  promote  remineralization,  and  even
enable responsive drug release.

Incorporating antibacterial nanoparticles into dental matrices or
applying  them  as  surface  coatings  on  orthodontic  appliances
represents  a  reliable  strategy  for  enhancing  antimicrobial
performance  [160].  Depending  on  their  origin  and  mechanism,
they  are  typically  categorized  into  three  types:  inorganic
nanoparticles,  organic  nanoparticles,  and  nanoparticles  from
composite  materials  derived  from  natural  polymers.  Inorganic
nanoparticles  comprise  metals,  metal  oxides,  their  doped  forms,
and  novel  surface-modified  types,  including  silver  nanoparticles
[161],  gold nanoparticles [162],  and copper nanoparticles [163],  as

well  as  metal  oxide  nanoparticles  [164],  fluoride  nanoparticles
[165, 166],  and  graphene  oxide  nanoparticles  [167].  Silver
nanoparticles  were  the  most  widely  used  blending  additive,
demonstrating remarkable antibacterial efficacy both when applied
alone  and  in  combination  with  other  agents  (Fig.  4(a)). In  situ-
formed silver nanoparticles demonstrated pronounced antibacterial
efficacy  through  mechanisms  involving  oxidative  stress  and  the
release of silver ions [168, 169]. Several novel orthodontic materials
have  been developed using silver  nanoparticles.  Marco et  al.  [170]
incorporated  different  concentrations  of  silver  nanoparticles  into
the  commercial  orthodontic  adhesive  Transbond  XT  and  found
that  the  modified  adhesive  exhibited  significantly  enhanced
antibacterial  properties  and  effectively  reduced  enamel
demineralization.  Zhang  et  al.  [171]  applied  4,6-diamino-2-
pyrimidinethiol-modified gold nanoparticles (AuDAPT) onto clear
aligners, and these coatings displayed antibacterial activity against P.
gingivalis suspensions,  influenced  the  adjacent  material
environment, slowed biofilm development, and exhibited favorable
biocompatibility (Fig. 4(b)).

In addition, researchers have investigated the direct modification
of nanoparticles to accommodate diverse and complex orthodontic
environments, including nitrogen, sulfur, and various metal doping
strategies.  For  example,  Shweta  Nagesh  et  al.  [172]  synthesized
SrCuHA nanoparticles by incorporating strontium and copper ions
into hydroxyapatite,  which markedly  enhanced their  antimicrobial
activity.  Although  further  studies  are  needed  to  evaluate  bonding
strength,  biocompatibility,  and  long-term  antimicrobial
performance, they show great potential in orthodontic applications.
While  silver  nanoparticles  provide  outstanding  antibacterial
efficacy, they may also darken composite resins, leading to aesthetic
concerns.  Recent  investigations  have  focused  on  orthodontic
composites  incorporating  two  or  more  types  of  Nanoparticles
(NPs)  to  enhance  antibacterial  performance  while  maintaining
aesthetic  quality,  and  Mahdiyeh  et  al.  developed  an  Ag/ZnO
nanocomposite  resin  that  exhibited  strong  antibacterial  activity
against  diverse  oral  pathogens,  high  shear  bond  strength,  and
excellent  biocompatibility,  without  the  aesthetic  drawbacks
commonly linked to silver nanoparticles [173]. Alongside inorganic
nanoparticles,  research  has  also  examined  organic  and  natural
polymer-based  NPs,  with  representative  examples  including
quaternary  ammonium  compounds  as  broad-spectrum  cationic
antibacterial  agents  and  natural  polymer-based  systems  such  as
chitosan  NPs,  curcumin  NPs,  and  curcumin-doped  PLGA  NPs.
The  antibacterial  function  of  cationic  quaternary  ammonium salts
(QAS) mainly occurs through an extracellular mechanism in which
they  are  attracted  to  negatively  charged  bacterial  membranes,
penetrate  them,  and  cause  disruption,  a  process  confirmed  by
Tatiana’s group whose study showed that incorporating quaternary
ammonium methacrylate (QAM) into resin formulations markedly
reduced bacterial metabolic activity [174].

Compared  with  natural  polymer-based  NPs,  the  use  of  metal
NPs  may  weaken  shear  bond  strength  [175],  cause  undesirable
enamel  discoloration  when  incorporated  into  orthodontic
resins.  [176],  and  increase  the  cytotoxic  potential  of  the
material  [177].  Current  research  on  natural  polymer-based  NPs
have  largely  focused  on  chitosan  NPs,  a  biopolymer  obtained
through  chitin  deacetylation  which  have  been  investigated  for
enhancing  the  mechanical  and  antibacterial  properties  of
orthodontic  materials  [178],  whose  derivatives  can  inhibit
Streptococcus mutans, Streptococcus sanguinis,  and fungi [179], and
owing to their non-toxic, biodegradable, and biocompatible nature,
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these polysaccharide materials have attracted significant attention as
promising  alternatives  to  metal  NPs  for  overcoming  the  latter’s
limitations [180].

Orthodontic  materials  can  be  functionalized  through  blending
with  various  inorganic  non-metallic  or  organic  compounds.
Bioactive glass (BAG), an inorganic bioceramic material known for
strong  antibacterial  activity  and  outstanding  remineralization
capacity  under  physiological  conditions  [181],  has  been  further
advanced through fluoride doping to create resin adhesives capable
of  intelligently  releasing  fluoride  ions  in  response  to  the  acidic
environment of  early  caries  [182],  while  a  strontium- and calcium
phosphate-doped  BAG  system  (Sr/CaP-BAG)  offers  another
promising  strategy  by  simultaneously  delivering  Ca2+,  Sr2+,
phosphate  ions,  and  andrographolide  to  achieve  both  enamel
remineralization and effective antibacterial effects [183]. In terms of
organic  compounds,  1,3,5-triacryloylhexahydro-1,3,5-triazine
(TAT)  has  been  recognized  as  an  antibacterial  agent  with
photosensitizing  potential,  while  montmorillonite  (Mont)  and

nanoporous  silica  (NPS)  serve  as  carriers  in  long-lasting
antimicrobial  resins  that,  when  loaded  with  cetylpyridinium
chloride  (CPC),  enable  autopolymerizing  systems  to  sustain  drug
release  and  reloading  for  up  to  14  days  to  inhibit Streptococcus
mutans,  though  this  improvement  compromises  mechanical
strength and induces discoloration [184]. Moreover, evidence from
a randomized  clinical  trial  confirms  that  incorporating  quaternary
ammonium  methacryloxy  silicate  (QAMS)  into  acrylic  resin
provides  strong  anti-biofilm  activity  against  dental  plaque  [185],
with  the  modified  resin  remaining  appropriate  for  removable
denture fabrication and thus offering notable clinical potential.

 4.3    Ion  immersion  implantation  and  drug
loading/delivery
Beyond  surface  coatings  and  bulk  blending,  ion  implantation  and
drug-loading  systems  offer  more  targeted  functionalization.  The
former  embeds  ions  at  the  atomic  scale  to  create  a  stable  surface
layer  that  resists  biofilms  and  improves  corrosion  resistance  and

 

Figure 4    (a)  Antibacterial  mechanism of  NPs  applied  in  orthodontic  materials.  Reproduced  with  permission  from Ref.  [186],  ©  WILEY-VCH Verlag  GmbH & Co.
KGaA, Weinheim 2018. (b) A clear aligner doped with gold nanoparticles. Reproduced with permission from Ref. [171], © American Chemical Society 2020. (c) Plasma
immersion  ion  implantation  scheme.  Reproduced  with  permission  from  Ref.  [187].  (d)  Antimicrobial  ion  modification  in  orthodontic  adhesive.  Reproduced  with
permission from Ref. [188], © Kagami, K. et al. 2020. (e) Implementation method of a dual-mode antimicrobial orthodontic adhesive. Reproduced with permission from
Ref. [189], © Teng, X. T. et al. 2025.
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biocompatibility,  without  affecting  bulk  properties  (Fig.  4(c)).  The
latter  integrates  agents  such as  chlorhexidine or  nanoparticles  into
resins  or  coatings,  enabling sustained and controlled antimicrobial
release.

Since  their  introduction  to  dentistry  in  the  mid-1980s  [190],
titanium nitride (TiN) coatings and nitrogen ion implantation have
served  as  effective  surface  modification  strategies.  Early  studies
revealed  that  implanting  nitrogen,  fluoride,  or  silver  ions  into
orthodontic  materials  markedly  improved  antibacterial  activity,
wear resistance, and corrosion resistance. For example, nitrogen ion
implantation converts the NiTi archwire surface into a TiN layer by
replacing  allergenic  nickel  with  inert  nitrogen  and  thereby
producing the lowest ion release compared to uncoated or rhodium-
coated  wires  as  shown  in Fig.  4(d) [191],  while  a  comparable
strategy  of  embedding  fluoride  or  silver  ions  into  polymethyl
methacrylate  (PMMA)  enhanced  material  hydrophobicity,
decreased bacterial adhesion, and effectively inhibited Streptococcus
mutans growth [188].

Plasma  immersion  ion  implantation  and  deposition  (PIIID),
developed  as  an  advancement  over  conventional  plasma
techniques,  was  first  applied  to  orthodontic  brackets  and
demonstrated  antibacterial  performance  comparable  to  physical
vapor  deposition  (PVD)  and  silver  electroplating,  while  achieving
stronger bactericidal effects without altering surface roughness [18].
In  drug  delivery,  chlorhexidine  (CHX)—a  widely  used  cationic
antiseptic—prevents  caries  by  interfering  with  plaque  formation
and  bacterial  adhesion  to  the  acquired  pellicle  [192],  and  recent
progress  has  introduced  dual-mode  antibacterial  composites
containing  CHX-loaded  quaternary  ammonium-modified
mesoporous  silica  nanoparticles  (QLMSN@CHX)  as  functional
fillers,  which  eradicate  biofilms  within  24  hours  while  sustaining
antibacterial  efficacy,  mechanical  strength,  and  biocompatibility
comparable  to  commercial  orthodontic  resins  (Fig.  4(e))  [189].
Furthermore,  cinnamaldehyde—a  naturally  occurring  compound
extracted  from  cinnamon  essential  oil  with  proven  antibacterial
properties  [193]—has  been  integrated  into  cellulose-based
thermoplastic  clear  aligners,  enabling  these  modified  materials  to
delay biofilm development by cariogenic bacteria while maintaining
the  biocompatibility  and  mechanical  strength  required  for
orthodontic performance [194].

In  summary,  this  section  focuses  on  the  main  methods  of
orthodontic  material  modification.  These  methods have promoted
smarter  and  more  personalized  orthodontic  treatments.
Unfortunately,  clinical  translation  remains  challenging,  especially
due to issues such as long-term biocompatibility, coating durability,
and controlled release of compounds.

 5    Integration of sensor and orthodontic material
Orthodontic treatment still  heavily relies on the clinical experience
of practitioners. The main reason is the lack of real-time, objective
mechanical  and  physiological  feedback.  Microelectromechanical
systems  (MEMS)  and  flexible  hybrid  electronics  enable  miniature
sensors  to  be  directly  integrated  into  orthodontic  devices.  These
embedded  systems  allow  for  continuous,  non-invasive  clinical
monitoring, providing objective data to clinicians without affecting
oral function or treatment outcomes. Although these developments
are  promising,  many  challenges  remain  in  clinical  applications.
Sensors placed in the oral cavity must withstand repetitive chewing
forces,  be  able  to  endure  prolonged  exposure  to  the  saliva

environment,  and  cope  with  complex  microbial  ecosystems.  This
places  stringent  demands  on  the  sensor’s  biocompatibility,
structural  durability,  and  chemical  stability.  In  this  section,  we
review typical case studies that showcase the latest advancements in
the integration of wearable sensors with orthodontic devices, while
also  highlighting  the  key  obstacles  faced  in  this  field  and  future
directions for development.

 5.1    Force sensing
The  precise  application  of  orthodontic  force  is  the  foundation  for
achieving  ideal  tooth  movement.  In  clinical  practice,  determining
the  optimal  orthodontic  force  largely  depends  on  the  subjective
judgment of the orthodontist. Although finite element analysis can
simulate the application of force, it is difficult to accurately replicate
the real mechanical environment of the oral cavity. Therefore, real-
time visualization of orthodontic forces is particularly important. It
not only helps in clinical decision-making but also enhances patient
engagement.  Wearable  sensing  technology,  by  integrating  sensor
modules, enables the visualization of orthodontic treatment, laying
the foundation for precision orthodontics.

Fixed appliances remain the gold standard in orthodontics [195].
However, their mechanical system is extremely complex. The forces
and  moments  generated  by  the  appliance  are  the  primary  driving
forces  for  tooth  movement.  However,  this  process  is  usually  in  a
“black  box” state.  The  application  of  embedded  force  sensors  has
successfully  addressed  this  issue.  Depending  on  the  integration
method,  force  sensor  systems  can  be  divided  into  external  and
embedded systems. In external measurement systems, force sensors
are used as independent devices placed on experimental  platforms
outside the dental arch, avoiding conflicts between sensor size and
the  limited  oral  space.  The  application  of  such  systems  has  been
validated  [196−199].  For  instance,  studies  by  Lai  [200]  and
Midorikawa  [201]  rigidly  connected  six-axis  sensors  to  artificial
dental  models,  effectively  avoiding  spatial  constraints  within  the
dental  arch.  This  device  not  only  achieved  high  measurement
accuracy  but  also  enabled  the  visualization  of  orthodontic  forces.
Although  these  external  measurement  systems  are  still  far  from
being “wearable” devices  in  a  clinical  sense,  they  have  laid  an
important methodological foundation.

Clearly, in vitro measurement systems are unable to replicate the
complex mechanical  conditions  within the  oral  cavity.  As  a  result,
researchers  have  sought  to  integrate  force  sensors  directly  into
orthodontic brackets, with one of the key challenges being the issue
of wireless signal transmission [202−204]. Kuhl’s team pioneered a
wireless  stress  monitoring  system  for  orthodontic  brackets  by
integrating  24  piezoresistive  field-effect  transistors  (FETs)  with
planar  microcoils  on  a  CMOS  chip  through  electroplating  [205].
The resulting 2 mm × 2.5 mm × 0.73 mm module achieved the first
demonstration of wireless power delivery and data transmission for
embedded  sensors  using  the  13.56  MHz  medical  RFID  band.
Building on this foundation, the research team of Hafner,  Lapatki,
and  Paul  achieved  the  ultimate  leap  in  system  integration  and
clinical  applicability,  developing  the  first  telemetric  smart
orthodontic bracket suitable for clinical therapy [202]. This bracket
integrated  an  optimized  CMOS  stress-sensing  chip  with  a  custom
micro-coil  directly  beneath  the  slot  component  of  a  standard
ceramic bracket, enabling completely wireless telemetric operation.

With  continuous  progress  in  precision  manufacturing,  sensor
accuracy has been further improved.  Although a wired device was
employed,  Xie  et  al.  [203]  made  a  crucial  breakthrough  in
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measurement  precision  (Fig.  5(a)):  By  employing  an  ultra-
miniature MEMS pressure sensor array, they successfully achieved,
for  the  first  time,  three-dimensional  in  vivo  quantification  of
orthodontic  forces,  with  a  monitoring  error  of  less  than  0.01  N.
This  achievement  lays  a  solid  foundation  for  clinical  decision-
making.

Monitoring  the  three-dimensional  orientation  of  orthodontic
forces  represents  an  advanced  capability  of  smart  brackets,
extending beyond the conventional assessment of force magnitude.
In fixed appliance therapy, inappropriate torque is a common cause
of treatment failure. By monitoring torque forces in real time, smart
brackets  can  provide  clinicians  with  direct  evidence  of  whether
teeth are moving according to the predetermined 3D plan. For this
purpose,  As  shown  in Fig.  5(b),  Hu  et  al.  [206],  inspired  by  the
ancient  Chinese  architectural  mortise–tenon  joint  structure,
fabricated a pressure-sensing device that connects upper and lower
structures  through  interlocking  concavities  and  convexities.
Integrated  with  the  orthodontic  appliance,  this  device  can  analyze
the  magnitude  and  direction  of  orthodontic  forces,  offering
significant potential to enhance an orthodontist's control over force
values and vectors.

Sensing  technology  is  now  being  applied  to  the  bonding
interface.  One  study  proposed  a  wireless  microsystem  that  detects
humidity changes between the bracket and tooth surface,  enabling
early assessment of bonding stability. Another developed a sensor-
integrated  bracket  positioning  device  that  quantifies  vertical

pressure  during  bonding  in  real  time,  helping  to  standardize
adhesive  thickness  and  shift  the  procedure  from  an  experience-
based  to  a  digitally-guided  process  [17].  It  is  evident  that  the
integration  of  sensing  technology  and  orthodontics  is  a  powerful
strategy  for  eliminating “areas  of  experiential  uncertainty” in
clinical practice.

With  the  widespread  adoption  of  clear  aligner  technology,  the
need  for  mechanical  monitoring  has  extended  from  fixed
appliances  to  this  bracket-free  domain.  Given  that  clear  aligners
must  closely  fit  the  tooth  surfaces  to  deliver  effective  and
continuous  force,  researchers  were  dedicated  to  developing  ultra-
thin, flexible force sensors for integration onto the inner surface of
the  aligners.  For  example,  the  work  by  Sun  et  al.  [207]  made
significant  progress  in  visualizing  the  distribution  of  orthodontic
forces.  By  integrating  an iontronic  sensor  and electrode  array  into
the  inner  surface  of  the  aligner,  they  achieved  real-time,  3D
mapping  of  orthodontic  force  distribution.  Wired  connections
make  the  device  very  complex.  Wireless  sensing  technology  has
become  the  frontier  research  direction  in  this  field  [207, 208].  In
2025, Guo et al. [208] developed an orthogonal force sensing system
(OFAS)  integrated  into  clear  aligners.  The  system  combines
foldable  circuits  with  an  iontronic  sensor  array,  seamlessly
integrating  them  into  the  clear  aligner  (Fig.  6(a)).  It  can  precisely
measure  three-dimensional  forces  and  moments,  and  the
mechanical  data  is  highly  reliable.  After  15 days  of  in  vivo testing,
the  system  showed  a  certain  degree  of  performance  stability.  This

 

Figure 5    (a) The force-detecting bracket was designed and fabricated, followed by clinical trials. Reproduced with permission from Ref. [203], © Xie, Q. Y. et al. 2023. (b)
A flexible  six-axis  force  sensor  inspired by  mortise-tenon architecture,  enabling  multi-directional  force  measurement.  Reproduced with  permission from Ref.  [206],  ©
Elsevier Ltd. 2022.
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wireless  sensing  system  is  more  streamlined,  intelligent,  and
miniaturized.

In contrast to the above-mentioned sensing methods, Feng et al.
[209]  proposed  a  method  based  on  visual  signals.  The  device
directly  converts  orthodontic  forces  into  optical  image  outputs
(Fig.  6(b)).  By  combining  artificial  intelligence  for  image  analysis,
this  system  achieves  flexible  integration  of  monitoring  and
intelligent diagnostics.

Orthodontic  treatment  depends  not  only  on  the  magnitude  of
the  applied  force  but  also  on  the  control  of  the  force  direction.
Therefore,  sensors  capable  of  precisely  measuring  the  direction  of
force have significant clinical importance. The miniature sensor by
Shi  et  al.  [210]  ,  while  innovative  in  design,  proves  unsuitable  for
routine clinical use due to its rigid structure and reliance on wired
power and data connections.  In contrast,  the system developed by
Song  et  al.  [211]  employs  a  polyelectrolyte-based  iontronic  sensor
with  an  inductor–capacitor  (LC)  resonant  circuit.  Their  approach

uses  a  low-creep,  ion-leakage-free  polyelectrolyte  elastomer  as  the
core sensing material, which maintains excellent long-term stability
with  minimal  signal  drift  (<  2%)  under  sustained  static  pressure
(Fig. 6(c)).

Bite  force  monitoring  is  crucial  for  assessing  masticatory
function  and  the  effectiveness  of  orthodontic  treatment.  Professor
Yang’s  team  developed  a  flexible  piezoresistive  sensor  by
directionally freezing an MXene/bacterial cellulose composite into a
3D porous aerogel,  achieving a  sensitivity  of  210.21 kPa−1 within a
bite force range of 420 kPa [212]. Building on this, Lin et al.  [213]
combined  multilayer  ceramic  capacitors  with  polyimide
components to achieve static and functional monitoring of occlusal
forces. Yu et al. [214] proposed a self-powered flexible sensor array
based on the principle of triboelectric nanogenerators (TENG). This
array can convert the distribution of occlusal forces into an intuitive
electrical signal image, providing an objective method for evaluating
occlusal reconstruction outcomes (Fig. 7(a)). The advantage of this

 

Figure 6    (a) Real-time monitoring of tooth movement trajectory and force distribution via 3D orthodontic force signals acquired by a passive cross-shaped sensor array.
Reproduced with permission from Ref. [208], © Guo, J. H. et al. 2025. (b) Principles and future applications of bimodal non-interfering visual detection in the context of
orthodontic  force  monitoring  and  bacterial  infection  detection.  Reproduced  with  permission  from  Ref.  [209],  ©  Wiley-VCH  GmbH  2024.  (c)  An  iontronic  sensing
platform for orthodontics,  enabled by polyelectrolytes to achieve wireless  and drift-free operation.  Reproduced with permission from Ref.  [211],  © Song,  J.  et  al.  some
rights reserved; exclusive licensee American Association for the Advancement of Science 2025.
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device is  that it  eliminates the limitations of active power supplies.
Liu  et  al.  [215]  fabricated  a  piezoelectric  sensor  using  regenerated
silk fibroin. Its biodegradability is very eco-friendly, but its lifespan
is a concern. Of course, the integration of artificial intelligence with
sensors  has  greatly  promoted  the  development  of  digital
orthodontics.  A  notable  example  is  the  work  of  Feng  et  al.  [216],
who introduced ARIA, a fully integrated smart clear aligner system.
By  applying  machine  learning  algorithms  to  large-scale  clinical
datasets,  ARIA  achieved  accurate  classification  of  malocclusion
types  (accuracy  >  95%)  and  automated  detection  and  tracking  of
harmful  oral  habits.  This  innovation  represents  a  significant  step
forward  in  orthodontics,  transitioning  from  conventional
mechanical sensing to a new era of intelligent, integrated treatment
systems (Fig. 7(b)).

Neuromuscular  dysfunction  has  a  significant  impact  on  oral
function  [217, 218].  For  example,  unilateral  chewing  may  lead  to
facial  developmental  asymmetry.  Wang  et  al.  [219]  designed  a
detection  system  that  track  muscle  bulges  and  cranial  vibrations

caused  by  temporalis  muscle  contractions,  indirectly  identifying
unilateral chewing behavior, with a detection accuracy of 84.8%. In
contrast, surface electromyography (sEMG) can directly record the
action potentials of muscle fibers. This offers a greater advantage in
studying the fundamental  mechanisms of  neuromuscular  function
[220, 221].  However,  the  bulky  equipment  of  traditional  sEMG
limits  its  application  in  daily  monitoring.  Therefore,  the
miniaturization  of  its  equipment  may  be  the  next  direction  for
research.

The  effectiveness  of  orthodontic  treatment  highly  depends  on
patient  compliance.  Therefore,  monitoring  the  wear  time  of  the
orthodontic  appliance  is  crucial.  It  not  only  provides  reliable
evidence but also reduces communication barriers between doctors
and patients. The wearable technology of miniaturized temperature
sensors  (such  as  TheraMon®)  solves  this  problem  [222, 223].  This
technology  has  been  validated  in  orthodontic  clinical  trials  [224].
The  results  revealed  a  significant  difference  between  self-reported
and actual usage by the patients. It is evident that the key research

 

Figure 7    (a)  A  flexible  self-powered  sensor  array  enabling  real-time  monitoring  and  visualization  of  occlusal  force  distribution.  Reproduced  with  permission  from
Ref. [214], © Elsevier Ltd. 2024. (b) Flexible integrated aligner with piezoelectric sensors for real-time occlusal force monitoring and AI-based detection of harmful oral
habits. Reproduced with permission from Ref. [216], © Feng, H. et al. 2024.
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direction in advancing digital orthodontics lies in the integration of
these  monitoring  systems,  coupled  with  real-time  data  for
intelligent management and feedback.

 5.2    Biomolecular sensors
Tooth  movement  relies  on  the  remodeling  of  periodontal  tissues.
Healthy periodontium is the cornerstone of successful orthodontic
treatment.  In  recent  years,  biosensor  technology  has  made  it
possible  to  conduct  non-invasive,  continuous  biomarker
monitoring  in  oral  fluids  (such  as  saliva  and  gingival  crevicular
fluid)  [225, 226].  This  method can detect  inflammation,  metabolic
activity,  and  hormone  levels,  providing  new  approaches  for
assessing  periodontal  and  overall  health  [227].  Monitoring
periodontal  health  indicators  provides  important  references  for
evaluating orthodontic outcomes [228, 229].

Unlike the single-time-point sampling method used in previous
periodontal monitoring, wearable systems enable continuous, non-
invasive  monitoring  and  support  long-term  dynamic  tracking.  It
can  monitor  changes  in  plaque,  mineral  dissolution,  pH  levels,
metabolites,  and  bone  metabolism  markers  [230, 231].  This  long-
term monitoring has irreplaceable advantages in the ever-changing
oral environment.

Oral  pH serves  as  a  primary  environmental  determinant  of  the
microbial community's structure and activity, and represents one of
the most critical indicators for assessing microbial metabolic activity
and  caries  risk.  Tseng  et  al.  [232]  introduced  a  millimeter-scale,
conformable  radio-frequency  trilayer  sensor  for  tooth  enamel,
establishing  a  versatile  platform  for  wireless,  battery-free
monitoring  of  the  oral  environment.  As  illustrated  in Fig.  8(a),
when  the  pH-responsive  PNIPAM  hydrogel  functions  as  the
sensing layer, its volume changes accordingly with variations in oral
pH. The volumetric changes in the sensing layer affect the dielectric
constant  of  the  sensor,  which  in  turn  causes  a  shift  in  the
resonant  frequency,  enabling  real-time  pH  feedback.  It  should  be
noted  that  the  sensor  can  be  engineered  to  respond  to  multiple
stimuli,  including  calcium  ions  and  temperature,  thereby
making  it  applicable  for  monitoring  a  variety  of  biochemical
parameters [233, 235−237].

Colorimetric methods have gained increasing attention for their
low cost and intuitive readout. Matzeu et al. [233] developed a fully
edible  colorimetric  pH  sensor,  using  pH  indicators  derived  from
natural  fruits  like  blueberries  and  nectarine  peels.  This  choice
ensured both biocompatibility and reduced production costs. When
exposed to saliva at different pH levels, the sensor exhibited distinct
color changes. By comparing the results with a color chart, salivary

 

Figure 8    (a) Wireless RF sensing platform using a functional interlayer to convert environmental changes into frequency responses. Reproduced with permission from
Ref. [232], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018. (b) A mouthguard-based colorimetric sensor for the determination of intraoral pH variations.
Reproduced  with  permission  from  Ref.  [233],  ©  Matzeu,  G.  et  al.  2021.  (c)  Integrated  Multiplexed  Sensing  Clear  Aligner  (IMSCA)  for  monitoring  enamel
demineralization indicators during orthodontic treatment. Reproduced with permission from Ref. [8], © American Chemical Society 2023. (d) Schematic diagram of a
modular flexible electronic system for real-time monitoring of salivary Ca2+, pH, and temperature. Reproduced with permission from Ref. [234], © Ling, W. et al. 2022.
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pH  could  be  directly  observed  by  the  naked  eye.  However,  the
biggest  problem  with  this  sensor  is  its  inability  to  continuously
monitor the pH change of saliva in real time (Fig. 8(b)).

The  development  of  wireless,  battery-free,  miniaturized
monitoring  systems  is  crucial  for  advancing  the  practical
deployment of wearable technologies. Mondal et al. [238] developed
a  miniaturized  passive  wireless  pH  sensor  based  on  direct
electrochemistry. This pH sensing system used a custom solid-state
electrode  to  achieve  49.5  mV/pH  linear  response.  Its  integrated
ADC-RF  architecture  enables  fully  passive  operation  through
backscatter communication, providing interference-resistant digital
output  that  surpasses  colorimetric  methods.  Successful  oral
validation  establishes  a  pathway  to  reliable  implantable  chemical
sensors.

Monitoring  oral  calcium  and  phosphate  ions  is  essential  in
orthodontics  for  assessing  enamel  demineralization  risk,  as  they
directly  regulate  the  demineralization-remineralization  balance.
Miniaturized  sensing  strategies  for  this  purpose  are  actively  being
explored  [234, 239, 240],  among  which  one  study  developed  a
multiplexed sensor array integrated into a clear aligner. This system
achieved  the  first  synchronous,  wireless,  and  real-time  monitoring
of  pH,  Ca2+,  and  PO4

3−.  In  both  simulated  demineralization
experiments  and  tests  on  human  teeth,  it  accurately  captured  the
release of Ca2+ and PO4

3− in response to acidic challenge (Fig. 8(c)),
providing early warning of enamel demineralization.

To  confirm  the  stability  and  reliability  of  the  sensor  in  clinical
settings,  Ling  et  al.  [234]  innovatively  combined  a  Ca2+ sensor
(based  on  the  ionophore  ETH  129)  with  a  pH  sensor  (based  on
polyaniline)  and  a  temperature  sensor  to  create  a  dual-sensor
system.  They  cleverly  incorporated  the  temperature  sensor  to
compensate  for  signal  drift  in  the  electrochemical  measurements.
Experimental  results  demonstrated  that  the  Ca2+ sensor  showed  a
linear response within the 0.25 to 4 mM range, with a sensitivity of
30.3  mV·dec−1,  while  the  pH  sensor  displayed  linearity  across  the
pH  range  of  4  to  8,  with  a  sensitivity  of  60.6  mV·dec−1,  thus  fully
covering  the  concentration  windows  required  for  clinical
applications. Additionally, the device incorporated polyvinyl butyral
(PVB) to enhance stability, while gold nanoparticles (AuNPs) were
electroplated  onto  the  electrodes  to  improve  sensor  performance,
with a lifespan exceeding 20 days (Fig. 8(d)).

Diabetes  has  become  a  major  global  health  challenge,  with  its
prevalence  steadily  increasing.  The  number  of  people  affected  is
projected to  rise  from 422 million in  2014 to  552 million by  2030
[241].  The  disease  disrupts  bone  metabolism  through  the
accumulation  of  advanced  glycation  end-products  and  persistent
inflammation, thereby impairing the bone healing process [242]. In
orthodontics,  such  disruption  can  influence  alveolar  bone
remodeling,  ultimately  affecting  treatment  outcomes  [243].
Consequently,  monitoring  glucose  levels  becomes  particularly
critical, and this demand can be met by biosensors capable of non-
invasive  oral  glucose  detection,  offering  dual  benefits  for  diabetes
management and real-time orthodontic guidance [11, 244].

Since  salivary  glucose  concentrations  are  markedly  elevated
during  the  early  stages  of  diabetes  [245].  Arakawa  et  al.  [10]
incorporated a glucose oxidase (GOD)-based enzymatic sensor into
a  wireless  telemetry  system  embedded  in  a  customized
mouthguard,  creating  a “cavity  sensor” for  real-time  salivary
glucose  monitoring  (Fig.  9(a)).  This  device  achieved  accurate
detection  within  the  physiologically  relevant  range  of  5–
1000 μmol·L−1. To improve resistance against interference, the same

group  later  applied  a  cellulose  acetate  (CA)  coating  to  the  sensor.
This  anti-fouling  membrane  effectively  minimized  disturbances
from  electroactive  species  in  human  saliva,  such  as  ascorbate  and
urate,  thereby  enhancing  selectivity  and  stability,  and  making  the
sensor  highly  suitable  for  short-term  intraoral  monitoring
(Fig.  9(b))  [11].  Nevertheless,  enzymatic  sensors  face  inherent
drawbacks,  including  limited  operational  stability  and  complex
fabrication  processes,  which  remain  significant  obstacles.  To
address  these  issues,  recent  studies  have  shifted  toward  non-
enzymatic  alternatives.  For  instance,  Lu  et  al.  [244]  developed  a
mouthguard sensor  using  robust  platinum metal  hydrogel  (PMH)
as the electrocatalyst (Fig. 9(c)). This non-enzymatic sensor offers a
wide  linear  detection  range,  maintains  strong  performance  in  real
saliva,  and,  importantly,  has  lower  maintenance  costs,  which  is
another  key  advantage.  Notably,  recent  studies  have  conferred
active  antibacterial  properties  to  hydrogel-based  glucose  sensors.
The  constructed  superhydrophilic  sensing  interface  effectively
inhibits  the  adhesion  and  biofilm  formation  of  various  oral
pathogens,  significantly  enhancing  the  reliability  and  durability  of
the sensors in complex oral environments [246].

Lactate, the final product of glycolysis [247], can lower local pH,
increasing  the  risk  of  enamel  demineralization.  In  addition,  it  acts
as  a  signaling  molecule,  stimulating  gingival  fibroblasts  to  release
pro-inflammatory  factors  that  may  exacerbate  periodontal
inflammation  and  tissue  damage.  Liu  et  al.  [248]  employed  an
electrochemical  approach  combining  enzymatic  reactions  with
electrode processes to detect uric acid (UA) concentrations in saliva.
The  detection  was  achieved  through  electron  transfer,  where
reduction  at  a  Prussian  Blue-modified  electrode  generated  current
corresponding to salivary UA levels. Considering the complexity of
saliva,  the  researchers  introduced  electropolymerized  o-
phenylenediamine  to  protect  the  electrode  from  biofouling  and
interference  caused  by  electroactive  substances.  The  device  was
further  integrated  with  a  Bluetooth  low  energy  chipset,  enabling
wireless  connectivity  with  smartwatches,  mobile  phones,  or
computers.  Similar  sensing  platforms  have  also  been  adapted  to
monitor  salivary  cholesterol  [249],  providing  potential  utility  for
assessing systemic bone metabolism (Fig. 9(d)).

Urea is an endogenous basic substrate, and its metabolism plays
a key role in maintaining periodontal health [251, 252]. Researchers
have  designed  sensors  based  on  cross-linking  methods  to  detect
urea  levels.  These  sensors  exhibit  high  specificity  and  a  linear
response over a wide concentration range. Additionally, a miniature
Bluetooth module enables real-time wireless transmission of data to
smart devices [253].

Gas signaling molecules produced by microbial metabolism play
a  significant  regulatory  role  in  normal  human  metabolism.
Ammonia (NH3) is a key metabolic product of oral microbes and is
significantly  associated  with  caries  activity  [254].  As  shown  in
Fig. 10(a), Jin et al. [255] designed a multifunctional flexible sensor
platform  based  on  bacterial  cellulose/MXene  (BC/MXene)  bio-
aerogel.  With  its  unique  three-dimensional  porous  structure,  the
platform can selectively  detect  NH3 at  carious  sites.  Volatile  sulfur
compounds (VSCs) are another important oral metabolic product.
Their dynamic fluctuations are closely related to periodontal tissue
health. Sensing detection technologies for these biomarkers provide
strong support for early, non-invasive diagnosis of periodontitis and
caries  [256−259].  The  transparent  fluorescent  dental  braces
developed  by  Li  et  al.  [260]  integrate  ZnO-PDMS  nanocomposite
materials  inside  (Fig.  10(b)).  Its  working  principle  is  based  on  the
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fluorescence quenching effect of ZnO quantum dots when exposed
to VSCs (especially H2S), enabling intuitive and precise localization
of  hidden  caries,  which  was  validated  in  clinical  trials.  Ma  et  al.
[261]  introduced  a  colorimetric  detection  system  based  on
gold@silver  nanorods  (Au@Ag  NRs)  This  material  has  localized
surface  plasmon  resonance  (LSPR)  properties  (Fig.  10(c)).  When
exposed  to  H2S,  this  sensor  exhibits  a  distinct  color  change.  This
method is simpler to operate and suitable for large-scale screening.

Unlike  the  monitoring  of  bacterial  metabolic  products,
monitoring of oral pathogens is more direct [252, 262, 263]. Li et al.
[263]  developed  a  portable  electrochemical  sensor  that  enables
specific  detection  of Streptococcus  mutans,  the  primary  cariogenic
bacterium,  in  saliva.  This  sensor  can  convert  bacterial  capture
events into quantifiable changes in current signals, thereby enabling
bacterial  monitoring.  The  system  has  high  sensitivity,  a  wide
detection  range,  and  significant  clinical  application  value.  In

conclusion, biosensors have shown great potential for application in
oral  healthcare,  but  most  research remains  at  the  laboratory  stage.
Issues  such as  long-term operational  stability  and biocompatibility
still need to be addressed.

 5.3    Integrated sensing for diagnosis and treatment
The  application  of  sensors  should  not  be  limited  to  a  single
diagnostic  or  therapeutic  function,  but  should  integrate  both
functions.  Integrated  diagnostic  and  therapeutic  orthodontic
devices  represent  a  new  development  direction,  aiming  to  build  a
multifunctional  system  that  combines  sensing,  decision-making,
and intervention to achieve intelligent orthodontic treatment.

The  design  of  integrated  diagnostic  and  therapeutic  systems
relies  on  hardware  platforms  that  can  support  sensing,  decision-
making,  and  execution  functions.  From  this  perspective,  the
occlusion-activated  electromechanical  synergistic  orthodontic

 

Figure 9    (a) A cavity sensor measuring salivary glucose. Reproduced with permission from Ref. [10], © Elsevier B.V. 2015. (b) A cavity sensor for glucose detection with
a  cellulose  acetate  coating.  Reproduced  with  permission  from  Ref.  [11],  ©  American  Chemical  Society  2020.  (c)  Non-enzymatic  electrochemical  sensor  for  detecting
salivary  glucose,  utilizing  a  platinum-based  metallic  hydrogel.  Reproduced  with  permission  from Ref.  [244],  ©  Elsevier  B.V.  2024.  (d)  A screen-printed  biosensor  was
developed on a  PET-based mouthguard for  monitoring salivary  uric  acid,  employing the  uricase  enzyme as  the  active  component.  Reproduced with permission from
Ref. [250], © Elsevier B.V. 2015.
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appliance  (EMSA)  proposed  by  Wang  et  al.  [264]  represents  a
promising  prototype  platform.  This  design  cleverly  converts  daily
chewing  pressure  into  a  localized  piezoelectric  field,  thus
eliminating  the  need  for  power  supply.  Animal  experiments  have
confirmed  that  the  system  can  significantly  enhance  tooth
movement  efficiency,  with  the  potential  to  perform  execution
functions.  More  importantly,  the  electric  field  generated  by  the
platform  provides  an  energy  foundation  for  integrating  various
diagnostic  sensors  (such  as  pH,  mechanical,  and  biofilm  sensors).
This  may  be  a  feasible  technological  pathway  for  integrated
diagnosis  and  treatment,  achieving  true  closed-loop  management
(Fig. 11(a)).

Further  illustrating  the  concept  of  integrated  diagnosis  and
therapy, Park et al. [265] developed a functional polysilsesquioxane
(PSQ) coating (Fig.  11(b)).  This  coating essentially  forms a “static”
diagnostic-therapeutic system. The quaternary ammonium ions on
the  coating  surface  can  effectively  recognize  negatively  charged
bacteria,  adsorb,  and  kill  them.  The  bactericidal  mechanism,
triggered  by  long  alkyl  chain-mediated  membrane  disruption,
ultimately leads to bacterial lysis.  Animal experiments showed that

the appliance coated with this material significantly delayed plaque
biofilm formation and maturation within two weeks.

Once  dental  caries  progress  into  significant  cavities,  the  process
becomes  irreversible  and  loses  its  self-limiting  nature.  Therefore,
real-time  monitoring  and  timely  intervention  are  crucial  for
effective  prevention.  Shi  et  al.  [266]  designed  a  highly  integrated,
wearable,  battery-free  wireless  diagnostic-therapeutic  dental  patch.
(Fig. 11(c)). This device combines a pH monitoring system with an
intelligently  triggered  drug  delivery  system,  establishing  a  closed-
loop diagnostic-therapeutic model. When a persistently acidic high
caries  risk  oral  environment  is  detected,  fluoride  is  released  in  a
controlled  amount  as  needed,  preventing  the  progression  of
orthodontic complications like caries.

Successful  orthodontic  treatment  depends  on  the  application  of
appropriate  forces,  which  facilitate  desired  tooth  movement
through  gradual  remodeling  of  the  periodontal  tissues.  In  this
process,  orthodontic  sensing  primarily  encompasses  force  sensing
and  biosensing:  force  sensing  allows  direct  monitoring  of
orthodontic  loads  to  prevent  adverse  effects  from  inappropriate
force application,  while  biosensing assesses  the health status of  the
teeth  and  periodontal  tissues  to  provide  objective  parameters  for

 

Figure 10    (a)  Flexible  sensor  designed  for  site-specific  monitoring  of  NH3.  Reproduced  with  permission  from Ref.  [255],  ©  American  Chemical  Society  2021.  (b)  A
fluorescent  mouthguard  platform  for  volatile  sulfur  compound  sensing.  Reproduced  with  permission  from  Ref.  [260],  ©  WILEY-VCH  Verlag  GmbH  &  Co.  KGaA,
Weinheim 2020. (c) Au@Ag NRs-PDMS mouthguard for visual H2S sensing at lesion sites. Reproduced with permission from Ref. [261], © Wiley-VCH GmbH 2022.
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safe  orthodontic  treatment.  However,  specific  biomarkers  capable
of  monitoring  periodontal  remodeling  during  orthodontic  tooth
movement  have  yet  to  be  identified.  Future  developments  will
require breakthroughs in fundamental research to enable the design
of  highly  specific  biosensors  capable  of  objectively  evaluating  the
progression  of  orthodontic  tooth  movement.  Ultimately,  the
integration  of  diagnosis  and therapy  represents  the  cornerstone  of
smart  healthcare.  Driven  by  big  data  and  artificial  intelligence,
telemedicine,  intelligent  decision  support,  and  real-time  precision
interventions will guide orthodontic practice toward a personalized
and predictive era.

 6    Typical applications
The  design  philosophy  of  orthodontic  appliances  is  shifting  from
relying on clinical experience to relying on scientific data. This shift
is  reflected  in  the  integration  of  real-time  sensing  and  interactive
features into the appliances. Nevertheless, mature products are still
rare.  A  large  body  of  academic  research  and  patents  outlines  a

possible  path  forward.  Various  integrated  sensing  methods  for
orthodontic  appliances  are  presented  here  (see Table  2),  with  a
focus  on  innovations  in  mechanical  monitoring,  biosensing,  and
compliance tracking. Most of these have not yet left the laboratory,
but they provide direction for the development of  next-generation
precision orthodontic materials and devices.

As  shown  in Table  2,  orthodontic  appliances  with  integrated
sensors  have  made  significant  progress  over  the  past  five  years.
Research  has  mainly  focused  on  two  directions:  biosensing  and
force  sensing.  Furthermore,  gas-sensing  technologies  are  expected
to become a significant focus in future research. The oral cavity is a
naturally  open  ecosystem  with  a  variety  of  bacteria,  and  volatile
metabolites  produced  by  microorganisms  provide  a  basis  for
monitoring  oral  health.  In  the  field  of  gas  sensing,  metal-organic
frameworks  (MOFs)  possess  great  application  potential  owing  to
their large specific surface area and tunable pore size [267–269]. For
example,  detecting  volatile  organic  compound  (VOC)  biomarkers
in  exhaled  breath  can  enable  the  early  diagnosis  of  lung  cancer
[270, 271]. Monitoring volatile organic compounds such as acetone,

 

Figure 11    (a) Illustration showing the mechanism of an occlusion-activated piezoelectric synergistic aligner (EMSA) for enhanced tooth movement. Reproduced with
permission  from  Ref.  [264],  ©  American  Chemical  Society  2023.  (b)  Antimicrobial  and  wear-resistant  PSQ-coated  clear  aligner.  Reproduced  with  permission  from
Ref. [265], © Elsevier B.V. 2021. (c) Wearable dental patch platform with combined diagnostic and therapeutic capabilities. Reproduced with permission from Ref. [266],
© Shi, Z. H. et al. 2022.
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ethanol,  ammonia,  and  other  VOCs  can  facilitate  the  detection  of
systemic diseases, including diabetes [272]. MOF-based gas sensing
technologies  thus  not  only  provide  a  novel  approach  for  systemic
disease  screening  but  also  offer  promising  directions  for  health
monitoring  in  orthodontics.  Additionally,  patient  compliance
monitoring  is  another  important  research  direction,  which  greatly
determines the clinical outcomes of orthodontic treatment. Looking
ahead,  the  development  of  orthodontic  appliances  lies  in  the
integration  of  material  properties  with  biosensing.  The
development  of  artificial  intelligence  technologies  may  accelerate
this  process,  ultimately  making  orthodontic  treatment  more
predictable, safer, and more effective.

 7    Summary and outlook
The  development  of  advanced  orthodontic  materials  continues  to
confront  substantial  challenges.  While  metals,  polymers,  and
ceramics  have  each  contributed  to  transformative  progress  in
orthodontic  treatment,  achieving  fully  intelligent  therapeutics
remains  an  unresolved  goal.  Metallic  materials  still  pose  issues  of
allergic  potential  and  poor  aesthetics.  Among  polymers,
conventional resins lack the mechanical strength required for long-
term  use,  and  thermoplastics  suffer  from  poorly  defined  3D
printing  parameters.  Meanwhile,  high-performance  ceramics  face
technical  barriers  such  as  sintering  deformation  and  progressive
friction increase over time.

The  integration  of  sensor  functions  in  orthodontic  devices  still
faces  many  challenges.  For  instance,  the  long-term  structural
durability,  biocompatibility,  and  power  supply  of  such  integrated
systems  must  be  rigorously  validated.  The  lack  of  standardized

production  protocols,  incomplete  quality  traceability  systems,  and
stringent  regulatory  approvals  (e.g.,  FDA  certification)  further
hinder the translation from laboratory to clinical applications.

According  to  current  trends,  the  development  of  future
orthodontic  devices  will  rely  on  the  integration  of  multiple
disciplines.  For  example,  4D  printing  can  transform  orthodontic
devices  from  static  to  dynamic  responses,  allowing  for  self-
adjustment based on the oral environment. Orthodontic devices are
exposed  to  saliva  and  other  oral  fluids  for  extended  periods,
providing a unique platform for monitoring overall health, which is
highly  beneficial.  It  offers  the  potential  for  remote  health
management and early detection of conditions such as sleep apnea
or diabetes. Especially when combined with artificial intelligence, it
enables  closed-loop  treatment.  For  example,  it  can  monitor  and
optimize  orthodontic  forces  while  collecting  physiological  data,
achieving  integrated  diagnosis  and  treatment.  In  the  future,  these
innovations  may  redefine  orthodontic  treatment,  shifting  from
mere  dental  correction  to  proactive  and  comprehensive  health
management.
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Table 2    List of orthodontic braces with sensing function patents

Title Publication number Publication date Medical
function Country

Orthodontic appliance performance monitor US11612455B2 2020-02-13 Force sensing USA
Customized aligner change indicator US11779243B2 2020-07-09 Force sensing USA

System for force measurement upon orthodontic appliances US11992383B2 2022-12-28 Force sensing USA
Orthodontic pressure real-time detection device integrated with MEMS

sensor CN119818222A 2025-04-15 Force sensing China

An invisible aligner based on transparent piezoelectric film and its design
method CN119488373A 2025-02-21 Force sensing China

Automated treatment staging for teeth US11369456B2 2020-04-23 Force sensing USA
Multilayer composite transparent dental floss based on pressure-sensitive

deformation recognition and deformation recognition method thereof CN115770116B 2024-01-23 Force sensing China

Intraoral appliances with proximity and contact sensing US10888396B2 2020-03-26 Compliance USA
An invisible aligner device for monitoring wear time and treatment efficacy,

and method thereof CN112741699A 2021-05-04 Compliance China

Orthodontic elastic monitoring methods and devices (duplicate family) US20210128273A1 2021-05-06 Compliance USA
A dental retainer for detecting periodontal hydrogen sulfide via MOF

microporous adsorption and visual probes CN120177447A 2025-06-20 Gas sensing China

Tooth socket for monitoring human body physiological information and head
movement data acquisition method CN112773338A 2021-05-11 Biosensing China

Wearable oral diagnostic and treatment device and manufacturing method
thereof CN120392029B 2025-09-16 Biosensing China

Flexible intelligent sensing tooth socket CN115211995A 2022-10-21 Biosensing China
Biosensor performance indicator for intraoral appliances US11576766B2 2020-07-09 Biosensing USA

A smart retainer-based system for in-situ detection of periodontal status in
individual teeth and dentition and its detection method CN120531388A 2025-08-26 Biosensing China

Embedded oral sensor platform US12121368B2 2022-05-12 Multimodal
sensing USA

Zhang et al. Nano Research | Vol. 19, No. 4

Nano Research, 2026, 19, 94908339 94908339 (20 of 28)

https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339


 Declaration of competing interest
All  the  contributing  authors  report  no  conflict  of  interests  in  this
work.

 Author contribution statement
J.  X.  Z.  and  T.  T.  S.:  Investigation,  literature  collection,  formal
analysis,  writing  manuscript.  J.  S.  J.:  Methodology,  software,  data
validation,  writing  manuscript.  H.  P.  R.  and  G.  S.  H.:  Resource
provision,  data  curation.  Z.  Z.  and  X.  Y.  L.:  Conceptualization,
supervision, project administration, funding acquisition. All authors
have read and approved the final manuscript.

 Use of AI statement
None.

References 

 Delabarre,  C.  F.  Traité  De  La  Seconde  Dentition,  Et  Méthode
Naturelle  De  La  Diriger;  Suivis  D'un  Aperçu  De  Séméiotique
Bucale. Ouvrage Orné De 22 Planches. Paris, 1819.

[1]

 Lin, M.; Xie, C. M.; Yang, H. M.; Wu, C. X.; Ren, A. S. Prevalence
of  malocclusion  in  Chinese  schoolchildren  from  1991  to  2018:  A
systematic  review  and  meta-analysis.  Int.  J.  Paediatr.  Dent.  2020,
30, 144–155.

[2]

 Kumar Verma, S.; Kumar Yadav, P.; Rajendra Singh Bais, D.; Singh,
S.  Impact  of  clear  aligners  on plaque and periodontal  health.  Int.  J.
Oral Health Dent. 2024, 10, 9–12.

[3]

 Papadimitriou,  A.;  Mousoulea,  S.;  Gkantidis,  N.;  Kloukos,  D.
Clinical  effectiveness  of  Invisalign®  orthodontic  treatment:  A
systematic review. Prog. Orthod. 2018, 19, 37.

[4]

 Lee,  S.;  Lee,  C.;  Bosio,  J.  A.;  Melo,  M.  A.  S.  Smart  flexible  3D
sensor  for  monitoring  orthodontics  forces:  Prototype  design  and
proof of principle experiment. Bioengineering 2022, 9, 570.

[5]

 Zhou, Z. Q.; Sun, C. X.; Li, Z. H. Conformal iontronic sensing clear
aligner. Int. Dent. J. 2025, 75, 105391.

[6]

 Li, Q.; Liu, J. B.; Xu, Y. Y.; Liu, H. J.; Zhang, J.; Wang, Y. N.; Sun,
Y.; Zhao, M. Z.; Liao, L.; Wang, X. L. Fast cross-linked hydrogel as
a green light-activated photocatalyst for localized biofilm disruption
and  brush-free  tooth  whitening. ACS  Appl.  Mater.  Interfaces 2022,
14, 28427–28438.

[7]

 Liu, Z. Q.; Sun, T. C.; Chen, Y. Y.; Mo, X. Y.; Kao, H.; Chen, H. J.
Integrated  multiplex  sensing  clear  aligner  for  in  situ monitoring  of
dental  enamel  demineralization. ACS  Biomater.  Sci.  Eng.  2023,  9,
3680–3689.

[8]

 Ratanaporncharoen,  C.;  Tabata,  M.;  Kitasako,  Y.;  Ikeda,  M.;  Goda,
T.;  Matsumoto,  A.;  Tagami,  J.;  Miyahara,  Y. pH mapping on  tooth
surfaces  for  quantitative  caries  diagnosis  using  micro  Ir/IrOx  pH
sensor. Anal. Chem. 2018, 90, 4925–4931.

[9]

 Arakawa, T.; Kuroki, Y.; Nitta, H.; Chouhan, P.; Toma, K.; Sawada,
S.  I.;  Takeuchi,  S.;  Sekita,  T.;  Akiyoshi,  K.;  Minakuchi,  S.  et  al.
Mouthguard  biosensor  with  telemetry  system  for  monitoring  of
saliva  glucose:  A  novel  cavitas  sensor. Biosens.  Bioelectron. 2016,
84, 106–111.

[10]

 Arakawa, T.; Tomoto, K.; Nitta, H.; Toma, K.; Takeuchi, S.; Sekita,
T.;  Minakuchi,  S.;  Mitsubayashi,  K. A  Wearable  cellulose  acetate-
coated  mouthguard  biosensor  for  in  vivo  salivary  glucose
measurement. Anal. Chem. 2020, 92, 12201–12207.

[11]

 Jeon, S.; Kim, S. H.; Heo, G.; Heo, H. J.; Chae, S. Y.; Kwon, Y. W.;
Lee,  S.  K.;  Han,  D.  W.;  Kim,  H.  J.;  Kim,  Y.  H.  et  al. A  wearable
electrochemical  biosensor  for  salivary  detection  of  periodontal
inflammation  biomarkers:  Molecularly  imprinted  polymer  sensor
with deep learning integration. Adv. Sci. 2025, 12, e09658.

[12]

 Zhou, W. X.; Qiao, Z. G.; Nazarzadeh Zare, E.; Huang, J. F.; Zheng,[13]

X. Q.; Sun, X. L.; Shao, M. M.; Wang, H.; Wang, X. Y.; Chen, D. et
al.  4D-printed  dynamic  materials  in  biomedical  applications:
Chemistry,  challenges,  and  their  future  perspectives  in  the  clinical
sector. J. Med. Chem. 2020, 63, 8003–8024.
 Zarek,  M.;  Layani,  M.;  Cooperstein,  I.;  Sachyani,  E.;  Cohn,  D.;
Magdassi, S. 3D printing: 3D printing of shape memory polymers for
flexible electronic devices (Adv. Mater. 22/2016). Adv. Mater. 2016,
28, 4166.

[14]

 Gupta,  S.;  Verma,  S.;  Chauhan,  A.  K.;  Roy,  M.  S.;  Rajkumari,  W.;
Sahgal,  C.  Knowledge,  attitude,  and  perception  of  orthodontic
students, and orthodontists regarding role of artificial intelligence in
field  of  orthodontics—An  online  cross-sectional  survey.  J.  World
Fed. Orthod. 2025, 14, 3–11.

[15]

 Lapatki,  B.  G.;  Paul,  O.  Smart  brackets  for  3D-force-moment
measurements  in  orthodontic  research  and  therapy-developmental
status and prospects. J. Orofac. Orthop. 2007, 68, 377–396.

[16]

 Quadir,  N. A.;  Albasha, L.;  Taghadosi,  M.; Qaddoumi, N.;  Hatahet,
B.  Low-power  implanted  sensor  for  orthodontic  bond  failure
diagnosis and detection. IEEE Sensors J. 2018, 18, 3003–3009.

[17]

 Meyer-Kobbe,  V.;  Doll,  K.;  Stiesch,  M.;  Schwestka-Polly,  R.;
Demling,  A.  Comparison  of  intraoral  biofilm  reduction  on  silver-
coated  and  silver  ion-implanted  stainless  steel  bracket  material.  J.
Orofac. Orthop. 2019, 80, 32–43.

[18]

 Pasaoglu  Bozkurt,  A.;  Demirci,  M.;  Erdogan,  P.;  Kayalar,  E.
Comparison  of  microbial  adhesion  and  biofilm  formation  on
different  orthodontic  aligners.  Am.  J.  Orthod.  Dentofacial  Orthop.
2025, 167, 47–62.

[19]

 Manfredini,  D.;  Lombardo,  L.;  Vigiani,  L.;  Arreghini,  A.;  Siciliani,
G. Effects  of  invisible  orthodontic  retainers  on masticatory muscles
activity during sleep: A controlled trial. Prog. Orthod. 2018, 19, 24.

[20]

 Gilany,  K.;  Mohamadkhani,  A.;  Chashmniam,  S.;  Shahnazari,  P.;
Amini,  M.;  Arjmand,  B.;  Malekzadeh,  R.;  Nobakht  Motlagh
Ghoochani,  B.  F.  Metabolomics  analysis  of  the  saliva  in  patients
with  chronic  hepatitis  B  using  nuclear  magnetic  resonance:  A  pilot
study. Iran. J. Basic Med. Sci. 2019, 22, 1044–1049.

[21]

 Jeong, M.; Radomski, K.; Lopez, D.; Liu, J. T.; Lee, J. D.; Lee, S. J.
Materials and applications of 3D printing technology in dentistry: An
overview. Dent. J. 2023, 12, 1.

[22]

 Tartaglia,  G. M.; Mapelli,  A.;  Maspero, C.;  Santaniello,  T.;  Serafin,
M.;  Farronato,  M.;  Caprioglio,  A.  Direct  3D  printing  of  clear
orthodontic aligners: Current state and future possibilities. Materials
2021, 14, 1799.

[23]

 Tada, Y.; Hayakawa, T.; Nakamura, Y. Load-deflection and friction
properties of PEEK wires as alternative orthodontic wires. Materials
2017, 10, 914.

[24]

 Maekawa, M.; Kanno, Z.; Wada, T.; Hongo, T.; Doi, H.; Hanawa, T.;
Ono, T.; Uo, M. Mechanical properties of orthodontic wires made of
super engineering plastic. Dent. Mater. J. 2015, 34, 114–119.

[25]

 Weinberger,  B.  W.  The  dental  art  in  ancient  Egypt.  J.  Am.  Dent.
Assoc. 1947, 34, 170–184.

[26]

 Givan,  D.  A.  Precious  Metals  in  Dentistry. Dent.  Clin.  North  Am.
2007, 51, 591–601.

[27]

 Reuling, N.; Pohl-Reuling, B.; Keil, M. Biocompatibility of precious
metal dental alloys. ZWR 1991, 100, 146, 148, 150 passim.

[28]

 Godoy-Gallardo,  M.;  Eckhard,  U.;  Delgado,  L.  M.;  De Roo Puente,
Y.  J.  D.;  Hoyos-Nogués,  M.;  Gil,  F.  J.;  Perez,  R.  A.  Antibacterial
approaches in tissue engineering using metal ions and nanoparticles:
From  mechanisms  to  applications.  Bioact.  Mater.  2021,  6,
4470–4490.

[29]

 Laurent,  F.;  Grosgogeat,  B.;  Reclaru,  L.;  Dalard,  F.;  Lissac,  M.
Comparison  of  corrosion  behaviour  in  presence  of  oral  bacteria.
Biomaterials 2001, 22, 2273–2282.

[30]

 Trabelsi, K.; Ciriminna, R.; Albo, Y.; Pagliaro, M. SilverSil: A new
class of antibacterial materials of broad scope. ChemistryOpen 2020,
9, 459–463.

[31]

 Voisin, T.; Forien, J. B.; Perron, A.; Aubry, S.; Bertin, N.; Samanta,[32]

Nano Research | Vol. 19, No. 4 Zhang et al.

94908339 (21 of 28) Nano Research, 2026, 19, 94908339

https://doi.org/10.1111/ipd.12591
https://doi.org/10.18231/j.ijohd.2024.002
https://doi.org/10.18231/j.ijohd.2024.002
https://doi.org/10.1186/s40510-018-0235-z
https://doi.org/10.3390/bioengineering9100570
https://doi.org/10.1016/j.identj.2025.105391
https://doi.org/10.1021/acsami.2c00887
https://doi.org/10.1021/acsbiomaterials.3c00029
https://doi.org/10.1021/acs.analchem.8b00867
https://doi.org/10.1021/acs.analchem.8b00867
https://doi.org/10.1016/j.bios.2015.12.014
https://doi.org/10.1021/acs.analchem.0c01201
https://doi.org/10.1002/advs.202509658
https://doi.org/10.1021/acs.jmedchem.9b02115
https://doi.org/10.1002/adma.201670148
https://doi.org/10.1002/adma.201670148
https://doi.org/10.1016/j.ejwf.2024.08.002
https://doi.org/10.1016/j.ejwf.2024.08.002
https://doi.org/10.1007/s00056-007-0728-8
https://doi.org/10.1109/jsen.2018.2791426
https://doi.org/10.1007/s00056-018-00165-3
https://doi.org/10.1007/s00056-018-00165-3
https://doi.org/10.1016/j.ajodo.2024.08.010
https://doi.org/10.1186/s40510-018-0228-y
https://doi.org/10.22038/ijbms.2019.36669.8733
https://doi.org/10.3390/dj12010001
https://doi.org/10.3390/ma14071799
https://doi.org/10.3390/ma10080914
https://doi.org/10.4012/dmj.2014-202
https://doi.org/10.4012/dmj.2014-202
https://doi.org/10.14219/jada.archive.1947.0038
https://doi.org/10.14219/jada.archive.1947.0038
https://doi.org/10.1016/j.cden.2007.03.005
https://doi.org/10.1016/j.bioactmat.2021.04.033
https://doi.org/10.1016/S0142-9612(00)00416-6
https://doi.org/10.1002/open.202000016
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339


A.;  Baker,  A.;  Wang,  Y.  M.  New  insights  on  cellular  structures
strengthening  mechanisms  and  thermal  stability  of  an  austenitic
stainless  steel  fabricated  by  laser  powder-bed-fusion.  Acta  Mater.
2021, 203, 116476.

 Miura,  F.;  Mogi,  M.;  Ohura,  Y.;  Hamanaka,  H.  The  super-elastic
property of the Japanese NiTi alloy wire for use in orthodontics. Am.
J. Orthod. Dentofacial Orthop. 1986, 90, 1–10.

[33]

 Anand,  B.  G.;  Shejale,  K.  P.;  Rajesh  Kumar,  R.;  Thangam,  R.;
Prajapati,  K.  P.;  Kar,  K.;  Mala,  R.  Bioactivation  of  an  orthodontic
wire  using  multifunctional  nanomaterials  to  prevent  plaque
accumulation. Biomater. Adv. 2023, 148, 213346.

[34]

 Hammood,  A.  S.;  Noor,  A.  F.;  Alkhafagy,  M.  T.  Evaluation  of
corrosion  behavior  in  artificial  saliva  of  2507  and  2205  duplex
stainless  steel  for  orthodontic  wires  before  and after  heat  treatment.
J. Mater. Sci. Mater. Med. 2017, 28, 187.

[35]

 Uysal, I.; Yilmaz, B.; Atilla, A. O.; Evis, Z. Nickel titanium alloys as
orthodontic archwires: A narrative review. Eng. Sci. Technol., Int. J.
2022, 36, 101277.

[36]

 Nikolai,  R.  J.  Orthodontic  wire:  A  continuing  evolution.  Semin.
Orthod. 1997, 3, 157–165.

[37]

 Kusy,  R.  P. A  review  of  contemporary  archwires:  Their  properties
and characteristics. Angle Orthod. 1997, 67, 197–207.

[38]

 Oh,  K.  T.;  Kim,  Y.  S.;  Park,  Y.  S.;  Kim,  K.  N. Properties  of  super
stainless  steels  for  orthodontic  applications. J.  Biomed.  Mater.  Res.
Part B: Appl. Biomater. 2004, 69, 183–194.

[39]

 Simionescu,  N.;  Ravoiu,  A.;  Benea,  L.  Electrochemical  in  vitro
properties  of  316L  stainless  steel  for  orthodontic  applications. Rev.
Chim. 2019, 70, 1144–1148.

[40]

 Jin,  J.  C.;  Cho,  S.;  Kim,  K.;  Sim,  H.;  Park,  B.  G.;  Lee,  Y.  K.
Microstructures and intergranular corrosion resistances of hot-rolled
austenitic  stainless  steel  clad  plates.  J.  Mater.  Res.  Technol.  2023,
26, 1–13.

[41]

 Kassab, E.; Neelakantan, L.; Frotscher, M.; Swaminathan, S.; Maaß,
B.; Rohwerder, M.; Gomes, J.; Eggeler, G. Effect of ternary element
addition  on  the  corrosion  behaviour  of  NiTi  shape  memory  alloys.
Mater. Corros. 2014, 65, 18–22.

[42]

 Neaga,  V.;  Benea,  L.;  Alexandru,  A. 316L stainless  steel  alloys  for
orthodontic  application:  Effect  of  fluorinated  toothpaste  on  the
corrosion  behavior  in  human  saliva.  Int.  J.  Electrochem.  Sci. 2020,
15, 9568–9578.

[43]

 Evlashin,  S.  A.;  Kuzminova,  Y.  O.;  Simonov,  A.  P.;  Firsov,  D.  G.;
Dubinin, O. N.; Rogozin, O. A.; Perevozchikov, M. V.; Akhatov, I.
S. Boron as an alloying element for improving mechanical properties
of  austenitic  stainless  steels  in  laser  powder  bed  fusion. Materialia
2023, 32, 101908.

[44]

 Jujur, I. N.; Susilowati, S. E.; Roseno, S.; Wargadipura, A. H. S. The
effect  of  niobium  addition  on  mechanical  properties  and  corrosion
resistance of a medical grade SS316L. ASEAN J. Chem. Eng. 2021,
21, 178–187.

[45]

 Srisawadi,  S.;  Tanprayoon,  D.;  Sato,  Y.;  Tsukamoto,  M.;  Suga,  T.
Fabrication  of  316L  stainless  steel  with  TiN  addition  by  vacuum
laser powder bed fusion. Opt. Laser Technol. 2020, 126, 106116.

[46]

 Wang, Q. F.; Zhang, M. X.; Yang, C. T.; Yang, Y.; Zhou, E. Z.; Liu,
P.;  Jin,  D.  Q.;  Xu,  D.  K.;  Wu,  L.;  Wang,  F.  H.  Oral  microbiota
accelerates  corrosion  of  316L  stainless  steel  for  orthodontic
applications. J. Mater. Sci. Technol. 2022, 128, 118–132.

[47]

 Yang, Y.; Masoumeh, M.; Zhou, E. Z.; Liu, D.; Song, Y. B.; Xu, D.
K.; Wang, F. H.; Smith, J. A. Streptococcus mutans biofilms induce
metabolite-mediated corrosion of 316 L stainless steel in a simulated
oral environment. Corros. Sci. 2021, 182, 109286.

[48]

 Patra, S.; Agrawal, A.; Mandal, A.; Podder, A. S. Characteristics and
manufacturability  of  duplex stainless  steel:  A review. Trans.  Indian
Inst. Met. 2021, 74, 1089–1098.

[49]

 Corpas Iglesias, F. A.; Ruiz Román, J. M.; Ruiz Prieto, J. M.; Garc´a
Cambronero, L.; Iglesias Godino, F. J. Effect of nitrogen on sintered
duplex stainless steels. Powder Metall. 2003, 46, 39–42.

[50]

 Gong,  L.  H.  Research  progress  in  low-nickel  duplex  stainless  steel.
Total Corros. Control 2013.

[51]

 Peguet,  L.;  Gaugain,  A.  Localized  corrosion  resistance  of  duplex
stainless  steels:  Methodology  and  properties;  a  review  paper. Rev.
Métall. 2011, 108, 231–243.

[52]

 Okada,  N.;  Tadokoro,  Y.;  Tsuge,  S.;  Gonome,  F.;  Kizaki,  M. Lean
duplex stainless steel for resources saving society. Zairyo-to-Kankyo
2017, 66, 263–267.

[53]

 Fischer,  D.;  Li,  C.;  Huang, W.; Sun, W. Investigation of the sulfide
stress cracking and stress corrosion cracking behaviors of duplex and
lean  duplex  stainless  steel  parent  and  welded  materials  in  sour
service. In CORROSION 2016, Vancouver, 2016.

[54]

 Brantley,  W.  A.  Evolution,  clinical  applications,  and  prospects  of
nickel-titanium  alloys  for  orthodontic  purposes.  J.  World  Fed.
Orthod. 2020, 9, S19–S26.

[55]

 Kusy,  R.  P.;  Whitley,  J.  Q.  Resistance  to  sliding  of  orthodontic
appliances  in  the  dry  and  wet  states:  Influence  of  archwire  alloy,
interbracket  distance,  and  bracket  engagement.  J.  Biomed.  Mater.
Res. 2000, 52, 797–811.

[56]

 Assawakawintip,  T.;  Santiwong,  P.;  Khantachawana,  A.;  Sipiyaruk,
K.;  Chintavalakorn,  R. The  effects  of  temperature  and  time  of  heat
treatment  on  thermo-mechanical  properties  of  custom-made  NiTi
orthodontic closed coil springs. Materials 2022, 15, 3121.

[57]

 Gil, F. J.; Solano, E.; Peña, J.; Engel, E.; Mendoza, A.; Planell, J. A.
Microstructural,  mechanical  and  citotoxicity  evaluation  of  different
NiTi and NiTiCu shape memory alloys. J. Mater. Sci.: Mater. Med.
2004, 15, 1181–1185.

[58]

 Xu,  H.  B.;  Müller,  I. Effect  of  mechanical  vibration,  heat  treatment
and  ternary  addition  on  the  hysteresis  in  shape  memory  alloys.  J.
Mater. Sci. 1991, 26, 1473–1477.

[59]

 Thompson,  S.  A.  An  overview  of  nickel-titanium  alloys  used  in
dentistry. Int. Endod. J. 2001, 33, 297–310.

[60]

 Rodrigues, P. F.; Fernandes, F. M. B.; Magalhães, R.; Camacho, E.;
Lopes,  A.;  Paula,  A.  S.;  Basu,  R.;  Schell,  N.  Thermo-mechanical
characterization of NiTi orthodontic archwires with graded actuating
forces. J. Mech. Behav. Biomed. Mater. 2020, 107, 103747.

[61]

 Mikulewicz, M.; Suski, P.; Tokarczuk, O.; Warzyńska-Maciejewska,
M.;  Pohl,  P.;  Tokarczuk,  B.  Metal  ion  release  from  orthodontic
archwires:  A  comparative  study  of  biocompatibility  and  corrosion
resistance. Molecules 2024, 29, 5685.

[62]

 Miličić  Lazić,  M.;  Popović  Bajić,  M.;  Đorđević,  I.;  Živković,  M.;
Lazić,  V.;  Jokanović,  V.;  Nasov,  I.;  Živković,  S. A  brief  overview
and application  of  nickel-titanium shape  memory alloy  in  dentistry.
In  Titanium-Based  Alloys—Characteristics  and  Applications.
Vizureanu, P.; Bălțatu, M. S., Eds.; IntechOpen: London, 2024.

[63]

 Chang,  H.  P.;  Tseng,  Y.  C.  A  novel  β-titanium  alloy  orthodontic
wire. Kaohsiung J. Med. Sci. 2018, 34, 202–206.

[64]

 Schmeidl,  K.;  Janiszewska-Olszowska,  J.;  Grocholewicz,  K.;
Grassia,  V.  Clinical  features  and  physical  properties  of  Gummetal
orthodontic wire in comparison with dissimilar archwires: A critical
review. BioMed Res. Int. 2021, 2021, 6611979.

[65]

 Albawardi,  A.;  Warunek,  S.;  Makowka,  S.;  Al-Jewair,  T.  Friction
forces  generated  by  aesthetic  Gummetal®  (Ti–Nb)  orthodontic
archwires:  A  comparative  in  vitro  study.  Int.  Orthod.  2022,  20,
100683.

[66]

 Alexander,  L.;  Kommi,  P.;  Arani,  N.;  Mathew,  A.;  Yashwant,  A.;
Senkutvan,  R.  S.  Evaluation  and  comparison  of  surface
characteristics of commercially available TMA wires using scanning
electron  microscopy  and  optical  profilometer.  Indian  J.  Dent.  Res.
2019, 30, 548.

[67]

 Ique,  M.  M.  A.;  Ferreira,  M.  F.;  Botazzo  Delbem,  A.  C.;  De
Mendonça,  M.  R.  Corrosion-induced  changes  in  surface  properties
and  roughness  of  orthodontic  wires.  Am.  J.  Orthod.  Dentofacial
Orthop. 2024, 165, 565–575.

[68]

 Wang,  S.  X.;  Li,  S.  F.;  Gan,  X.  M.;  Misra,  R.  D.  K.;  Zheng,  R.;
Kondoh, K.;  Yang, Y. F. Insights into the microstructural  design of
high-performance Ti alloys for laser powder bed fusion by tailoring

[69]

Zhang et al. Nano Research | Vol. 19, No. 4

Nano Research, 2026, 19, 94908339 94908339 (22 of 28)

https://doi.org/10.1016/j.actamat.2020.11.018
https://doi.org/10.1016/0889-5406(86)90021-1
https://doi.org/10.1016/0889-5406(86)90021-1
https://doi.org/10.1016/j.bioadv.2023.213346
https://doi.org/10.1007/s10856-017-5997-1
https://doi.org/10.1016/j.jestch.2022.101277
https://doi.org/10.1016/S1073-8746(97)80066-7
https://doi.org/10.1016/S1073-8746(97)80066-7
https://doi.org/10.1002/jbm.b.30002
https://doi.org/10.1002/jbm.b.30002
https://doi.org/10.37358/RC.19.4.7081
https://doi.org/10.37358/RC.19.4.7081
https://doi.org/10.1016/j.jmrt.2023.07.192
https://doi.org/10.1002/maco.201206587
https://doi.org/10.20964/2020.10.17
https://doi.org/10.1016/j.mtla.2023.101908
https://doi.org/10.22146/ajche.63778
https://doi.org/10.1016/j.optlastec.2020.106116
https://doi.org/10.1016/j.jmst.2022.04.012
https://doi.org/10.1016/j.corsci.2021.109286
https://doi.org/10.1007/s12666-021-02278-7
https://doi.org/10.1007/s12666-021-02278-7
https://doi.org/10.1179/003258903225010532
https://doi.org/10.1051/metal/2011062
https://doi.org/10.1051/metal/2011062
https://doi.org/10.3323/jcorr.66.263
https://doi.org/10.3323/jcorr.66.263
https://doi.org/10.3323/jcorr.66.263
https://doi.org/10.3323/jcorr.66.263
https://doi.org/10.3323/jcorr.66.263
https://doi.org/10.1016/j.ejwf.2020.08.005
https://doi.org/10.1016/j.ejwf.2020.08.005
https://doi.org/10.1002/1097-4636(20001215)52:4<797::AID-JBM25>3.0.CO;2-9
https://doi.org/10.1002/1097-4636(20001215)52:4<797::AID-JBM25>3.0.CO;2-9
https://doi.org/10.3390/ma15093121
https://doi.org/10.1007/s10856-004-5953-8
https://doi.org/10.1007/BF00544655
https://doi.org/10.1007/BF00544655
https://doi.org/10.1046/j.1365-2591.2000.00339.x
https://doi.org/10.1016/j.jmbbm.2020.103747
https://doi.org/10.3390/molecules29235685
https://doi.org/10.1016/j.kjms.2018.01.010
https://doi.org/10.1155/2021/6611979
https://doi.org/10.1016/j.ortho.2022.100683
https://doi.org/10.4103/ijdr.IJDR_420_18
https://doi.org/10.1016/j.ajodo.2023.11.014
https://doi.org/10.1016/j.ajodo.2023.11.014
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339


columnar  prior-β  grains  and  α-Ti  morphology.  J.  Mater.  Sci.
Technol. 2024, 187, 156–168.

 Latifian,  E.;  Alavian,  H.  Photon  encounters  orthodontic  miniscrew
during cobalt-60 oral  radiotherapy:  A Monte Carlo simulation. Eur.
Phys. J. Plus 2025, 140, 1170.

[70]

 Iliadi,  A.;  Koletsi,  D.;  Papageorgiou,  S.  N.;  Eliades,  T.  Safety
considerations for thermoplastic-type appliances used as orthodontic
aligners  or  retainers.  A  systematic  review  and  meta-analysis  of
clinical and in-vitro research. Materials 2020, 13, 1843.

[71]

 Lee,  R.  Invisible  orthodontics  market:  North  American  market
remains solid, Chinese market grows rapidly. Int.  Mag. Dent. Print.
Technol 2022, 2, 46–47.

[72]

 Riolo,  C.  S.;  Bayirli,  B.  In-house  orthodontic  workflow  using  3D
printing. Embracing Novel Technol. Dent. Orthod. 2020, 56, 22–35.

[73]

 Bayirli,  B.;  Kim-Berman,  H.;  Puntillo,  A.  Embracing  novel
technologies in dentistry and orthodontics. 2020.

[74]

 Kasper,  F.  K.  3D  printing  applications  in  clear  aligner  fabrication.
Embrac. Nov. Technol. Dent. Orthod. 2020, 56, 7–21.

[75]

 Edelmann, A.; English, J. D.; Chen, S. J.; Kasper, F. K. Analysis of
the  thickness  of  3-dimensional-printed  orthodontic  aligners. Am.  J.
Orthod. Dentofacial Orthop. 2020, 158, e91–e98.

[76]

 Jindal, P.; Juneja, M.; Siena, F. L.; Bajaj, D.; Breedon, P. Mechanical
and  geometric  properties  of  thermoformed  and  3D  printed  clear
dental  aligners.  Am.  J.  Orthod.  Dentofacial  Orthop.  2019,  156,
694–701.

[77]

 Lee, S. Y.; Kim, H.; Kim, H. J.; Chung, C. J.; Choi, Y. J.; Kim, S. J.;
Cha, J. Y. Thermo-mechanical properties of 3D printed photocurable
shape memory resin for clear aligners. Sci. Rep. 2022, 12, 6246.

[78]

 VAS,  N.  V.;  JAIN,  R.  K.  An  update  on  3D-printed  orthodontic
aligners. J. Clin. Diagn. Res. 2024, 18, ZE01–ZE05.

[79]

 Dubey, S.; Dash, B. P.; Mohanty, B.; Jena, S.; Sahoo, N.; Singh, S.
3D printing in  orthodontics—Past,  present  and future:  A systematic
review and meta-analysis. Bioinformation 2025, 21, 1766–1774.

[80]

 Šimunović,  L.;  Miličević,  A.  M.;  Brenko,  L.;  Haramina,  T.;
Meštrović, S. Absorption and desorption dynamics of thermoformed
and  3-dimensional-printed  orthodontic  aligners.  Am.  J.  Orthod.
Dentofacial Orthop. 2025, 168, 466–476.

[81]

 Peter,  E.;  J,  M.;  Ani  George,  S.  Are  clear  aligners  environment
friendly. Am. J. Orthod. Dentofacial Orthop. 2022, 161, 619–620.

[82]

 Narongdej,  P.;  Hassanpour,  M.;  Alterman,  N.;  Rawlins-Buchanan,
F.;  Barjasteh,  E.  Advancements  in  clear  aligner  fabrication:  A
comprehensive  review of  direct-3D printing  technologies. Polymers
2024, 16, 371.

[83]

 Caelli,  C.;  Tamburrino,  F.;  Brondi,  C.;  Razionale,  A.  V.;  Ballarino,
A.; Barone, S. Sustainability in healthcare sector: The dental aligners
case. Sustainability 2023, 15, 16757.

[84]

 Goracci,  C.;  Juloski,  J.;  D'Amico,  C.;  Balestra,  D.;  Volpe,  A.;
Juloski,  J.;  Vichi,  A.  Clinically  relevant  properties  of  3D  printable
materials  for  intraoral  use  in  orthodontics:  A  critical  review  of  the
literature. Materials 2023, 16, 2166.

[85]

 Migliorati,  M.;  Drago,  S.;  Lenzuni,  M.;  Marrella,  A.;  Giannoni,  P.;
Lagazzo,  A.  Effect  of  3D  printing  settings  on  the  mechanical
properties  and  biocompatibility  of  polymeric  materials  used  for  3D
direct printing of orthodontic aligners. J. Mater. Res. Technol. 2025,
38, 1724–1733.

[86]

 Ghazel, R.; Blouza, M. A.; Abid, Y.; Amor, W. B.; Dallel, I.; Tobji,
S.; Amor, A. B. Evolving technologies in orthodontics: The example
of  the direct  3D printed aligners:  A literature  review. Saudi  J.  Oral
Dent. Res. 2025, 10, 194–204.

[87]

 Can,  E.;  Panayi,  N.;  Polychronis,  G.;  Papageorgiou,  S.  N.;  Zinelis,
S.; Eliades, G.; Eliades, T. In-house 3D-printed aligners: Effect of in
vivo  ageing  on  mechanical  properties.  Eur.  J.  Orthod.  2022,  44,
51–55.

[88]

 Hartshorne,  J.;  Wertheimer,  M.  B.  Emerging  insights  and  new
developments  in  clear  aligner  therapy:  A  review  of  the  literature.
AJO-DO Clin. Companion 2022, 2, 311–324.

[89]

 Zhang,  N.;  Bai,  Y.  X.;  Ding,  X.  J.;  Zhang,  Y.  Preparation  and[90]

characterization of thermoplastic materials for invisible orthodontics.
Dent. Mater. J. 2011, 30, 954–959.
 Condò,  R.;  Mampieri,  G.;  Giancotti,  A.;  Cerroni,  L.;  Pasquantonio,
G.;  Divizia,  A.;  Convertino,  A.;  Mecheri,  B.;  Maiolo,  L.  SEM
characterization  and  ageing  analysis  on  two  generation  of  invisible
aligners. BMC Oral Health 2021, 21, 316.

[91]

 Dupaix, R. B.; Boyce, M. C. Finite strain behavior of poly(ethylene
terephthalate)  (PET)  and  poly(ethylene  terephthalate)-glycol
(PETG). Polymer 2005, 46, 4827–4838.

[92]

 Lanaro,  M.;  Booth,  L.;  Powell,  S.  K.;  Woodruff,  M.  A.
Electrofluidodynamic  technologies  for  biomaterials  and  medical
devices: Melt electrospinning. In Electrofluidodynamic Technologies
(EFDTs)  for  Biomaterials  and  Medical  Devices.  Guarino,  V.;
Ambrosio, L., Eds.; Woodhead Publishing, 2018; pp 37–69.

[93]

 McKeen,  L.  W.  Polyester  Plastics.  In  Permeability  Properties  of
Plastics  and  Elastomers;  4th  ed.  McKeen,  L.  W.,  Ed.;  William
Andrew Publishing, 2017; pp 95–114.

[94]

 Li, J.; Li, B.; Huang, S. W.; Luo, S. S.; He, S. B.; Gao, C. T.; Liu, S.
Epoxy  chain  extender  grafted  pyrophyllite/poly(ethylene
terephthalate) composites with enhanced crystallinity and mechanical
properties. Polym. Compos. 2022, 43, 6404–6415.

[95]

 Grigore, A.; Onisei, D.; Schiller, E.; Szuhanek, C. The indications of
polyethylene  in  the  orthodontic  field.  Mater.  Plast.  2016,  53,
227–228.

[96]

 Chen,  T.  T.;  Zhang,  W.  K.;  Zhang,  J.  Alkali  resistance  of
poly(ethylene terephthalate) (PET) and poly(ethylene glycol-co-1, 4-
cyclohexanedimethanol terephthalate) (PETG) copolyesters: The role
of composition. Polym. Degrad. Stab. 2015, 120, 232–243.

[97]

 Chen, T. T.; Zhang, J. Non-isothermal cold crystallization kinetics of
poly(ethylene  glycol-co-1,4-cyclohexanedimethanol  terephthalate)
(PETG) copolyesters with different compositions. Polym. Test. 2015,
48, 23–30.

[98]

 Zhang,  X.  L.;  Li,  B.;  Wang,  K.;  Zhang,  Q.;  Fu,  Q.  The  effect  of
interfacial  adhesion  on  the  impact  strength  of  immiscible  PP/PETG
blends  compatibilized  with  triblock  copolymers. Polymer 2009, 50,
4737–4744.

[99]

 Deivasikamani,  S.  M.;  Mathiyazhagan,  K.;  Mugeshkannan,  G.;
Sridhar,  D.;  Pranesh,  M.  Enhancing  mechanical  characteristics  of
PETG  carbon  fiber  composite  through  various  shell  thickness  in
FDM  processing.  Int.  Res.  J.  Adv.  Eng.  Hub  (IRJAEH)  2024,  2,
706–714.

[100]

 Feldman, D. Polyurethane and polyurethane nanocomposites: Recent
contributions  to  medicine. Biointerface  Res.  Appl.  Chem. 2021, 11,
8179–8189.

[101]

 Rossini,  G.;  Parrini,  S.;  Castroflorio,  T.;  Deregibus,  A.;  Debernardi,
C.  L.  Efficacy  of  clear  aligners  in  controlling  orthodontic  tooth
movement: A systematic review. Angle Orthod. 2015, 85, 881–889.

[102]

 Casavola,  C.;  Cianci,  C.;  Pappalettera,  G.;  Pappalettere,  C.;  Renna,
G.; Laurenziello, M.; Ciavarella, D. Mechanical behavior analysis of
PU  and  PETG  passive  clear  aligners  under  simulated  swallowing
loads. J. Mater. Eng. Perform. 2025, 34, 25528–25537.

[103]

 Gao, T. Y.; Yun, J. Y.; Zheng, Y. G.; Mu, C. C.; Zhao, B. J. Time-
dependent  microbiome  dynamics  in  orthodontic  thermoplastic
materials: Comparing PETG and TPU. Clin. Oral Investig. 2025, 29,
374.

[104]

 Su, T. W.; Zhang, H. Q.; Kang, T.; Zhou, M. Q.; Han, J.; Ning, N.;
Lin,  H.;  Chen,  X.  P.;  Chen,  Q.  M.  Application  progress  of  three-
dimensional  printing  technology  in  orthodontics. Digit.  Med. 2022,
8, 31.

[105]

 Ma, Y. S.; Fang, D. Y.; Zhang, N.; Ding, X. J.; Zhang, K. Y.; Bai, Y.
X.  Mechanical  properties  of  orthodontic  thermoplastics  PETG/
PC2858 after blending. Chin. J. Dent. Res. 2016, 19, 43–48.

[106]

 Blom,  M.;  Van  Putten,  R.  J.;  Van  Der  Maas,  K.;  Wang,  B.;  Van
Klink,  G.  P.  M.;  Gruter,  G.  J.  M. Terephthalate  copolyesters  based

[107]

Nano Research | Vol. 19, No. 4 Zhang et al.

94908339 (23 of 28) Nano Research, 2026, 19, 94908339

https://doi.org/10.1016/j.jmst.2023.11.055
https://doi.org/10.1016/j.jmst.2023.11.055
https://doi.org/10.1140/epjp/s13360-025-07103-4
https://doi.org/10.1140/epjp/s13360-025-07103-4
https://doi.org/10.3390/ma13081843
https://doi.org/10.1016/j.ajodo.2020.07.029
https://doi.org/10.1016/j.ajodo.2020.07.029
https://doi.org/10.1016/j.ajodo.2019.05.012
https://doi.org/10.1038/s41598-022-09831-4
https://doi.org/10.7860/jcdr/2024/67084.19279
https://doi.org/10.6026/973206300211766
https://doi.org/10.1016/j.ajodo.2025.04.022
https://doi.org/10.1016/j.ajodo.2025.04.022
https://doi.org/10.1016/j.ajodo.2021.12.012
https://doi.org/10.3390/polym16030371
https://doi.org/10.3390/su152416757
https://doi.org/10.3390/ma16062166
https://doi.org/10.1016/j.jmrt.2025.07.247
https://doi.org/10.36348/sjodr.2025.v10i04.002
https://doi.org/10.36348/sjodr.2025.v10i04.002
https://doi.org/10.1093/ejo/cjab022
https://doi.org/10.1016/j.xaor.2022.04.009
https://doi.org/10.1016/j.xaor.2022.04.009
https://doi.org/10.1016/j.xaor.2022.04.009
https://doi.org/10.4012/dmj.2011-120
https://doi.org/10.1186/s12903-021-01676-z
https://doi.org/10.1016/j.polymer.2005.03.083
https://doi.org/10.1002/pc.26955
https://doi.org/10.1016/j.polymdegradstab.2015.07.008
https://doi.org/10.1016/j.polymertesting.2015.09.008
https://doi.org/10.1016/j.polymer.2009.08.004
https://doi.org/10.47392/IRJAEH.2024.0101
https://doi.org/10.33263/briac111.81798189
https://doi.org/10.2319/061614-436.1
https://doi.org/10.1007/s11665-025-11204-7
https://doi.org/10.1007/s00784-025-06441-y
https://doi.org/10.4103/digm.digm_36_22
https://doi.org/10.3290/j.cjdr.a35696
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339


on 2, 3-butanediol and ethylene glycol and their properties. Polymers
2024, 16, 2177.

 Clarke,  T.;  Hosseini,  A.  Effects  of  print  parameters  on  tensile
characteristics of additively manufactured polyethylene terephthalate-
glycol (PETG). Int. J. Adv. Manuf. Technol. 2023, 125, 4953–4974.

[108]

 K  N,  V.;  Bonthu,  D.;  Doddamani,  M.;  Pati,  F.  Additive
manufacturing  of  short  silk  fiber  reinforced  PETG  composites.
Mater. Today Commun. 2022, 33, 104772.

[109]

 Maspero,  C.;  Tartaglia,  G.  M.  3D  printing  of  clear  orthodontic
aligners: Where we are and where we are going. Materials 2020, 13,
5204.

[110]

 Alexakou,  E.;  Damanaki,  M.;  Zoidis,  P.;  Bakiri,  E.;  Mouzis,  N.;
Smidt,  G.;  Kourtis,  S. PEEK high performance polymers:  A review
of  properties  and  clinical  applications  in  prosthodontics  and
restorative  dentistry.  Eur.  J.  Prosthodont.  Restor.  Dent.  2019,  27,
113–121.

[111]

 Boccaccini, A. R.; Peters, C.; Roether, J. A.; Eifler, D.; Misra, S. K.;
Minay,  E.  J.  Electrophoretic  deposition  of  polyetheretherketone
(PEEK) and PEEK/Bioglass® coatings on NiTi shape memory alloy
wires. J. Mater. Sci. 2006, 41, 8152–8159.

[112]

 Sheiko,  N.;  Kékicheff,  P.;  Marie,  P.;  Schmutz,  M.;  Jacomine,  L.;
Perrin-Schmitt,  F.  PEEK  (polyether-ether-ketone)-coated  nitinol
wire: Film stability for biocompatibility applications. Appl. Surf. Sci.
2016, 389, 651–665.

[113]

 Shirakawa,  N.;  Iwata,  T.;  Miyake,  S.;  Otuka,  T.;  Koizumi,  S.;
Kawata, T. Mechanical properties of orthodontic wires covered with
a polyether ether ketone tube. Angle Orthod. 2018, 88, 442–449.

[114]

 Nai, T. A. P.; Aydin, B.; Brand, H. S.; Jonkman, R. E. G. Present and
theoretical  applications  of  poly-ether-ether-ketone  (PEEK)  in
orthodontics: A scoping review. Materials 2022, 15, 7414.

[115]

 Win, P. P.; Moe, O. G.; Chen, D. D. S.; Peng, T. Y.; Cheng, J. H. C.
A  comparative  analysis  of  mechanical  properties  of
polyetheretherketone  (PEEK)  vs.  standard  materials  used  in
orthodontic  fixed  appliances:  A  systematic  review.  Polymers  2024,
16, 1271.

[116]

 Zecca, P. A.; Caccia, M.; Siani, L.; Caprioglio, A.; Fastuca, R. PEEK
retainers  without  CAD-CAM:  Simple  solutions  for  everyday
challenges. Appl. Sci. 2024, 14, 7806.

[117]

 Yuan, X. W.; Ouyang, L. P.; Luo, Y.; Sun, Z. J.; Yang, C.; Wang, J.
X.;  Liu,  X.  Y.;  Zhang,  X.  L.  Multifunctional  sulfonated
polyetheretherketone  coating  with  beta-defensin-14  for  yielding
durable  and  broad-spectrum  antibacterial  activity  and
osseointegration. Acta Biomater. 2019, 86, 323–337.

[118]

 Sun, Y. X.; Liu, X. D.; Zeng, X. L.; Wang, L. P.; Jin, Z.; Yeung, K.
W.  K.;  Liu,  X.  Y.;  Ouyang,  L.  P.;  Liao,  Y.  Simvastatin-loaded
sulfonated  PEEK enhances  angiogenesis  and  osteogenesis  via  miR-
29cb2-mediated  HIF-3α  downregulation. Chem.  Eng.  J. 2022, 448,
137738.

[119]

 Liu, X. D.; Zhang, H. F.; Tan, J.; Lu, Z. Y.; Peng, X. C.; Ouyang, L.
P.; Liu, X. Y. “Janus” PEEK implant with sandwich Mg-containing
coating for  infected tissue repair. Compos.  Part  B:  Eng. 2025, 289,
111938.

[120]

 Hou, Z. Y.; Tan, J.; Guan, S. W.; Wei, C.; Hou, Z. H.; Zhang, X. M.;
Liu,  X.  Y.  Tailoring  microenvironment  responsive  Fe/Cu  micro-
galvanic  couples  on  polyetheretherketone  for  selective  antibacteria
and osteogenesis. Compos. Part B: Eng. 2024, 284, 111670.

[121]

 Zhang, X. M.; Guan, S. W.; Tan, J.; Zhou, J. J.; Hou, Z. Y.; Qian, S.;
Liu, X. Y. Atomic layer deposition of nano-ceramic films on PEEK:
A  surface  engineering  approach  to  boost  osteointegration  for
orthopedic implants. Appl. Surf. Sci. 2025, 704, 163516.

[122]

 Zhao, T.; Liu, X. D.; Chu, Z. Z.; Zhao, J.; Jiang, D. Y.; Dong, X. H.;
Lu,  Z.  Y.;  Yeung,  K.  W.  K.;  Liu,  X.  Y.;  Ouyang,  L.  P. L-arginine
loading  porous  PEEK  promotes  percutaneous  tissue  repair  through
macrophage orchestration. Bioact. Mater. 2024, 40, 19–33.

[123]

 Kadhum,  A.  S.;  Alhuwaizi,  A.  F.  The  efficacy  of  polyether-ether-[124]

ketone wire as a retainer following orthodontic treatment. Clin. Exp.
Dent. Res. 2021, 7, 302–312.

 Flores,  D.  A.;  Caruso,  J.  M.;  Scott,  G.  E.;  Jeiroudi,  M.  T.  The
fracture  strength  of  ceramic  brackets:  A  comparative  study.  Angle
Orthod. 1990, 60, 269–276.

[125]

 Khalil,  A.  S.;  Baowideen,  F.  A.;  Alhujaili,  A.  S.;  Alotaibi,  N.  F.;
Almanjhi,  W.  A.;  Yassin,  H.  Y.;  Nasser,  M.  M.;  Alzahrani,  A.  F.;
Alrehaili,  R.  S.  Efficacy  of  lasers  in  debonding  ceramic  brackets:
Exploring the rationale and methods. Cureus 2024, 16, e61050.

[126]

 Karamouzos,  A.;  Athanasiou,  A.  E.;  Papadopoulos,  M.  A.  Clinical
characteristics and properties of ceramic brackets: A comprehensive
review. Am. J. Orthod. Dentofacial Orthop. 1997, 112, 34–40.

[127]

 Martinez, M.; Fawaz, P.; El Sayegh, P.; Rapin, C.; Vande Vannet, B.
The  microhardness  and  chemical  composition  of  different  ceramic
self-ligating brackets: An in vitro study. Dent. J. 2025, 13, 285.

[128]

 Srinivasan,  D.;  Krishnan, R. K. Mechanical  properties and potential
clinical implications of improved superelastic orthodontic archwires:
An observational study. Cureus 2023, 15, e48334.

[129]

 Arici,  N.;  Akdeniz,  B.  S.;  Arici,  S.  Comparison  of  the  frictional
characteristics  of  aesthetic  orthodontic  brackets  measured  using  a
modified in vitro technique. Korean J. Orthod. 2015, 45, 29–37.

[130]

 Ghadirian,  H.;  Geramy,  A.;  Keshvad,  M.  A.;  Heidari,  S.;
Chiniforush,  N. Effects  of  diode  and  Nd:  YAG laser  irradiation  on
friction forces between two types of ceramic brackets and rhodium-
coated archwires. J. Lasers Med. Sci. 2021, 12, e13.

[131]

 Bhat,  K.  R.  R.;  Ahmed,  N.;  Joseph,  R.;  Younus A, A. Comparative
evaluation of frictional resistance between different types of ceramic
brackets  and  stainless  steel  brackets  with  Teflon-coated  stainless
steel  and  stainless  steel  archwires:  An  in-vitro  study. Cureus 2022,
14, e24161.

[132]

 Peng, S. M.; Fu, H. J.; Li, R.; Li, H.; Wang, S. Y.; Li, B. Y.; Sun, J.
J. A  new  direction  in  periodontitis  treatment:  Biomaterial-mediated
macrophage immunotherapy. J. Nanobiotechnology 2024, 22, 359.

[133]

 Wang, W. W.; Zheng, Y.; Jiang, Z. Y.; Liang, H. F.; Yang, M.; Li, B.
Microstructure, interface characteristics and mechanical properties of
Ti(C,  N)-based  cermets  with  a  cellular  structure. Ceram.  Int. 2024,
50, 15623–15632.

[134]

 Dergham,  C.  A.;  Khoury,  E.;  Ghoubril,  J.  In  vitro  comparison  of
frictional  forces  of  a  new  polycrystalline  ceramic  bracket  versus
metal-insert  ceramic  bracket  before  and  after  aging.  Int.  Orthod.
2019, 17, 202–207.

[135]

 Zhang,  P.;  He,  R.  J. 3D-printed  silicon nitride  ceramic  implants  for
clinical  applications:  The  state  of  the  art  and  prospects. RSC  Adv.
2025, 15, 406–419.

[136]

 Yang,  L.;  Yin,  G.  F.;  Liao,  X.  M.;  Yin,  X.;  Ye,  N.  S.  A  novel
customized ceramic bracket for esthetic orthodontics: In vitro study.
Prog. Orthod. 2019, 20, 39.

[137]

 Zhang, J.;  Lou, J.;  He, H.;  Xie,  Y. N. Comparative investigation on
the tribological performances of TiN, TiCN, and Ti-DLC film-coated
stainless steel. JOM 2019, 71, 4872–4879.

[138]

 Karandish,  M.;  Hajipour,  N.;  Yazdani,  H.;  Mahdavi,  M.;  Rahsepar,
M.  An  investigation  of  the  corrosion  behavior  of  zinc-coated
stainless  steel  orthodontic  wires:  The  effect  of  physical  vapor
deposition method. BMC Oral Health 2024, 24, 501.

[139]

 Prabha, R. D.; Kandasamy, R.; Sivaraman, U. S.; Nandkumar, M. A.;
Nair,  P.  D.  Antibacterial  nanosilver  coated  orthodontic  bands  with
potential  implications  in  dentistry.  Indian  J.  Med.  Res.  2016,  144,
580–586.

[140]

 Zeidan, N. K.; Enany, N. M.; Mohamed, G. G.; Marzouk, E. S. The
antibacterial  effect  of  silver,  zinc-oxide  and  combination  of  silver/
zinc oxide nanoparticles coating of orthodontic brackets (an in vitro
study). BMC Oral Health 2022, 22, 230.

[141]

 Liu,  J.  M.;  Lou,  Y.  X.;  Zhang,  C.;  Yin,  S.;  Li,  H.  M.;  Sun,  D.  Q.;
Sun, X. H. Improved corrosion resistance and antibacterial properties
of  composite  arch-wires  by N-doped TiO2  coating. RSC Adv. 2017,
7, 43938–43949.

[142]

Zhang et al. Nano Research | Vol. 19, No. 4

Nano Research, 2026, 19, 94908339 94908339 (24 of 28)

https://doi.org/10.3390/polym16152177
https://doi.org/10.1007/s00170-023-11003-1
https://doi.org/10.1016/j.mtcomm.2022.104772
https://doi.org/10.3390/ma13225204
https://doi.org/10.3390/ma13225204
https://doi.org/10.1922/EJPRD_01892Zoidis09
https://doi.org/10.1007/s10853-006-0556-z
https://doi.org/10.1016/j.apsusc.2016.07.159
https://doi.org/10.2319/082417-572.1
https://doi.org/10.3390/ma15217414
https://doi.org/10.3390/app14177806
https://doi.org/10.1016/j.actbio.2019.01.016
https://doi.org/10.1016/j.cej.2022.137738
https://doi.org/10.1016/j.compositesb.2024.111938
https://doi.org/10.1016/j.compositesb.2024.111938
https://doi.org/10.1016/j.compositesb.2024.111670
https://doi.org/10.1016/j.apsusc.2025.163516
https://doi.org/10.1016/j.bioactmat.2024.05.025
https://doi.org/10.1002/cre2.377
https://doi.org/10.1002/cre2.377
https://doi.org/10.1016/s0889-5406(05)81612-9
https://doi.org/10.1016/s0889-5406(05)81612-9
https://doi.org/10.7759/cureus.61050
https://doi.org/10.1016/S0889-5406(97)70271-3
https://doi.org/10.3390/dj13070285
https://doi.org/10.7759/cureus.48334
https://doi.org/10.4041/kjod.2015.45.1.29
https://doi.org/10.34172/jlms.2021.13
https://doi.org/10.7759/cureus.24161
https://doi.org/10.1186/s12951-024-02592-4
https://doi.org/10.1016/j.ceramint.2024.02.042
https://doi.org/10.1016/j.ortho.2019.03.001
https://doi.org/10.1039/D4RA07970A
https://doi.org/10.1186/s40510-019-0292-y
https://doi.org/10.1007/s11837-019-03718-y
https://doi.org/10.1186/s12903-024-04242-5
https://doi.org/10.4103/0971-5916.200895
https://doi.org/10.1186/s12903-022-02263-6
https://doi.org/10.1039/C7RA06960J
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339


 Lukose, C. C.; Anestopoulos, I.; Panagiotidis, I. S.; Zoppi, G.; Black,
A.  M.;  Dover,  L.  G.;  Bowen,  L.;  Serrano-Aroca,  Á.;  Mendola,  L.;
Morrone, D. et al. Transformative bioactive wear resistant Ti3Au: N
and  Ti3Au:  O  coatings  for  medical  implants  and  devices.  Adv.
Healthc. Mater. 2025, e03441.

[143]

 Monica, A.; Padmanabhan, S. The effect of nitrogen-doped titanium
dioxide-modified  stainless  steel  brackets  on  Streptococcus  mutans.
Angle Orthod. 2022, 92, 396–401.

[144]

 Zhang,  M.  Q.;  Xie,  T.  Y.;  Qian,  X.  Z.;  Zhu,  Y.;  Liu,  X.  M.
Mechanical  properties  and  biocompatibility  of  Ti-doped  diamond-
like carbon films. ACS Omega 2020, 5, 22772–22777.

[145]

 Suciu,  V.;  Ferreira,  A.;  Correa,  M.  A.;  Vaz,  F.;  Munteanu,  D.
Structural,  mechanical,  and  decorative  properties  of  sputtered  TiN
and  Ti  (N,  C)  films  for  orthodontic  applications;  an  in  vitro  study.
Materials 2021, 14, 5175.

[146]

 Gao,  A.;  Hang,  R.  Q.;  Huang,  X.  B.;  Zhao,  L.  Z.;  Zhang,  X.  Y.;
Wang,  L.;  Tang,  B.;  Ma,  S.  L.;  Chu,  P.  K.  The  effects  of  titania
nanotubes with embedded silver oxide nanoparticles on bacteria and
osteoblasts. Biomaterials 2014, 35, 4223–4235.

[147]

 Makhlouf,  A.  S.  H.  Current  and  advanced  coating  technologies  for
industrial  applications.  In  Nanocoatings  and  Ultra-Thin  Films.
Makhlouf,  A.  S.  H.;  Tiginyanu,  I.,  Eds.;  Woodhead  Publishing:
Oxford, 2011; pp 3–23.

[148]

 Ibrahim, K. M.; Safwat, E. M.; Ghayad, I. M.; El-Hadad, S. In-vitro
biocompatibility evaluation of cast Ni–Ti alloy produced by vacuum
arc melting technique for biomedical and dental applications. Chem.
Pap. 2023, 77, 847–858.

[149]

 Hashemi  Astaneh,  S.;  Faverani,  L.  P.;  Sukotjo,  C.;  Takoudis,  C.  G.
Atomic  layer  deposition  on  dental  materials:  Processing  conditions
and  surface  functionalization  to  improve  physical,  chemical,  and
clinical properties - A review. Acta Biomater. 2021, 121, 103–118.

[150]

 Pan,  Y.;  Cao,  L.  L.;  Chen,  L.  B.;  Gao,  L.  J.;  Wei,  X.;  Lin,  H.  L.;
Jiang,  L.;  Wang,  Y.  H.;  Cheng,  H. Enhanced  bacterial  and  biofilm
adhesion  resistance  of  ALD  nano-TiO2  coatings  compared  to  AO
coatings  on  titanium  abutments.  Int.  J.  Nanomedicine  2024,  19,
11143–11159.

[151]

 Lin,  H.  C.;  Chang,  Y.  L.;  Han,  Y.  Y.;  Yang,  K.  C.;  Chen,  M.  C.
Atomic layer deposited Al2O3 films on NiTi shape memory alloys for
biomedical applications. Procedia Manuf. 2019, 37, 431–437.

[152]

 Maurya,  D.  K.;  Sardarinejad,  A.;  Alameh,  K. Recent  developments
in R. F. magnetron sputtered thin films for pH sensing applications-
an overview. Coatings 2014, 4, 756–771.

[153]

 Saha,  S.;  Johnson,  M.;  Altayaran,  F.;  Wang,  Y.  L.;  Wang,  D.  L.;
Zhang, Q. F. Electrodeposition fabrication of chalcogenide thin films
for photovoltaic applications. Electrochem 2020, 1, 286–321.

[154]

 Guan,  C.;  Wang,  J.  Recent  development  of  advanced  electrode
materials  by  atomic  layer  deposition  for  electrochemical  energy
storage. Adv. Sci. 2016, 3, 1500405.

[155]

 Zhang, L. W.; Huang, X. M.; Liu, L. W.; Nasar, N. K. A.; Gu, X. Y.;
Davis, T. P.; Zheng, X. R.; Wang, L. Z.; Qiao, R. R. Fabrication of
organic/inorganic  nanocomposites:  From  traditional  synthesis  to
additive manufacturing. Adv. Mater. 2025, 37, e2505504.

[156]

 Vijayaram,  S.;  Razafindralambo,  H.;  Sun,  Y.  Z.;  Vasantharaj,  S.;
Ghafarifarsani,  H.;  Hoseinifar,  S.  H.;  Raeeszadeh,  M. Applications
of  green  synthesized  metal  nanoparticles—A  review.  Biol.  Trace
Elem. Res. 2024, 202, 360–386.

[157]

 Ahmad, F.; Salem-Bekhit,  M. M.; Khan, F.; Alshehri,  S.;  Khan, A.;
Ghoneim,  M.  M.;  Wu,  H.  F.;  Taha,  E.  I.;  Elbagory,  I.  Unique
properties  of  surface-functionalized  nanoparticles  for  bio-
application:  Functionalization  mechanisms  and  importance  in
application. Nanomaterials 2022, 12, 1333.

[158]

 Yeh, Y. C.; Huang, T. H.; Yang, S. C.; Chen, C. C.; Fang, J. Y. Nano-
based  drug  delivery  or  targeting  to  eradicate  bacteria  for  infection
mitigation: A review of recent advances. Front. Chem. 2020, 8, 286.

[159]

 Zhang,  Y.;  Du,  Q.;  Fei,  W.;  Li,  X.  B.  Application  of  antibacterial[160]

nanoparticles  in  orthodontic  materials. Nanotechnol.  Rev. 2022, 11,
2433–2450.
 Tristán-López, J. D.; Niño-Martínez, N.; Kolosovas-Machuca, E. S.;
Patiño-Marín,  N.;  De  Alba-Montero,  I.;  Bach,  H.;  Martínez-
Castañón,  G.  A. Application  of  silver  nanoparticles  to  improve  the
antibacterial activity of orthodontic adhesives: An in vitro study. Int.
J. Mol. Sci. 2023, 24, 1401.

[161]

 Faizee, S. H.; M, P.; Manvitha, P.; D, H. Evaluation of antimicrobial
effects of orthodontic band cement incorporated with zirconia, gold,
copper  biosynthesized  nanoparticles-  an  in-vitro  study:  Original
research. Int. J. Orthod. Rehabil 2024, 14, 8–18.

[162]

 Bari, A.; Bloise, N.; Fiorilli, S.; Novajra, G.; Vallet-Regí, M.; Bruni,
G.;  Torres-Pardo,  A.;  González-Calbet,  J.  M.;  Visai,  L.;  Vitale-
Brovarone,  C.  Copper-containing  mesoporous  bioactive  glass
nanoparticles  as  multifunctional  agent  for  bone  regeneration.  Acta
Biomater. 2017, 55, 493–504.

[163]

 Tavassoli Hojati, S.; Alaghemand, H.; Hamze, F.; Ahmadian Babaki,
F.;  Rajab-Nia,  R.;  Rezvani,  M.  B.;  Kaviani,  M.;  Atai,  M.
Antibacterial,  physical  and  mechanical  properties  of  flowable  resin
composites  containing  zinc  oxide  nanoparticles. Dent.  Mater. 2013,
29, 495–505.

[164]

 Choi,  J.  H.;  Lee,  E.  S.;  Jung,  H.  I.;  Kim,  B.  I.  Drug  delivery  and
antibiofilm  efficacy  of  nano  silver  fluoride  sustained  release
orthodontic  elastomerics  against  Streptococcus  mutans.  Sci.  Rep.
2024, 14, 19912.

[165]

 Mitwalli, H.; Balhaddad, A. A.; AlSahafi, R.; Oates, T. W.; Melo, M.
A. S.;  Xu, H. H. K.;  Weir,  M. D. Novel CaF2 nanocomposites with
antibacterial function and fluoride and calcium ion release to inhibit
oral biofilm and protect teeth. J. Funct. Biomater. 2020, 11, 56.

[166]

 Pourhajibagher,  M.;  Ghorbanzadeh,  R.;  Salehi-Vaziri,  A.;  Bahador,
A.  In  vitro  assessments  of  antimicrobial  potential  and  cytotoxicity
activity of an orthodontic adhesive doped with nano-graphene oxide.
folia Med. 2022, 64, 110–116.

[167]

 Yin, I.  X.;  Zhang, J.;  Zhao, I.  S.;  Mei,  M. L.;  Li,  Q. L.;  Chu, C. H.
The  antibacterial  mechanism  of  silver  nanoparticles  and  its
application in dentistry. Int. J. Nanomedicine 2020, 15, 2555–2562.

[168]

 Xu, L.; Wang, Y. Y.; Huang, J.; Chen, C. Y.; Wang, Z. X.; Xie, H.
Silver  nanoparticles:  Synthesis,  medical  applications  and  biosafety.
Theranostics 2020, 10, 8996–9031.

[169]

 Sánchez-Tito,  M.;  Tay,  L.  Y.  Antibacterial  and  white  spot  lesions
preventive  effect  of  an  orthodontic  resin  modified  with  silver-
nanoparticles. J. Clin. Exp. Dent. 2021, 13, e685–e691.

[170]

 Zhang,  M.  Q.;  Liu,  X.  M.;  Xie,  Y.  Z.  Y.;  Zhang,  Q.;  Zhang,  W.;
Jiang,  X.  Y.;  Lin,  J.  X. Biological  safe  gold  nanoparticle-modified
dental  aligner  prevents  the  Porphyromonas  gingivalis  biofilm
formation. ACS Omega 2020, 5, 18685–18692.

[171]

 Kumar,  R.;  Nagesh,  S.;  Mani,  S.  P.  Preparation  and  assessment  of
antimicrobial  effect  of  strontium  and  copper  co-substituted
hydroxyapatite  nanoparticle-incorporated  orthodontic  composite:  A
preliminary in vitro study. Cureus 2023, 15, e47495.

[172]

 Kachoei,  M.;  Divband,  B.;  Rahbar,  M.;  Esmaeilzadeh,  M.;
Ghanizadeh,  M.;  Alam,  M. A  novel  developed  bioactive  composite
resin  containing  silver/zinc  oxide  (Ag/ZnO)  nanoparticles  as  an
antimicrobial  material  against Streptococcus  mutans,  Lactobacillus,
and  Candida  albicans.  Evid.  Based  Complement.  Alternat.  Med.
2021, 2021, 4743411.

[173]

 Assad-Loss,  T.  F.;  Vignoli,  J.  F.;  Garcia,  I.  M.;  Portela,  M.  B.;
Schneider,  L.  F.  J.;  Collares,  F.  M.;  Cavalcante,  L.  M.  A.;  De
Almeida  Tostes,  M.  Physicochemical  properties  and  biological
effects  of  quaternary  ammonium  methacrylates  in  an  experimental
adhesive  resin  for  bonding  orthodontic  brackets.  J.  Appl.  Oral  Sci.
2021, 29, e20201031.

[174]

 Eslamian, L.; Borzabadi-Farahani, A.; Karimi, S.; Saadat, S.; Badiee,
M. R. Evaluation of the shear bond strength and antibacterial activity
of  orthodontic  adhesive  containing  silver  nanoparticle,  an  in-vitro
study. Nanomaterials 2020, 10, 1466.

[175]

 Sánchez-Tito, M.; Tay, L. Y. Effect of an orthodontic resin modified[176]

Nano Research | Vol. 19, No. 4 Zhang et al.

94908339 (25 of 28) Nano Research, 2026, 19, 94908339

https://doi.org/10.1002/adhm.202503441
https://doi.org/10.1002/adhm.202503441
https://doi.org/10.2319/062521-510.1
https://doi.org/10.1021/acsomega.0c01715
https://doi.org/10.3390/ma14185175
https://doi.org/10.1016/j.biomaterials.2014.01.058
https://doi.org/10.1007/s11696-022-02523-3
https://doi.org/10.1007/s11696-022-02523-3
https://doi.org/10.1016/j.actbio.2020.11.024
https://doi.org/10.2147/IJN.S482478
https://doi.org/10.1016/j.promfg.2019.12.070
https://doi.org/10.3390/coatings4040756
https://doi.org/10.3390/electrochem1030019
https://doi.org/10.1002/advs.201500405
https://doi.org/10.1002/adma.202505504
https://doi.org/10.1007/s12011-023-03645-9
https://doi.org/10.1007/s12011-023-03645-9
https://doi.org/10.3390/nano12081333
https://doi.org/10.3389/fchem.2020.00286
https://doi.org/10.1515/ntrev-2022-0137
https://doi.org/10.3390/ijms24021401
https://doi.org/10.3390/ijms24021401
https://doi.org/10.56501/intjorthodrehabil.v14i4.910
https://doi.org/10.1016/j.actbio.2017.04.012
https://doi.org/10.1016/j.actbio.2017.04.012
https://doi.org/10.1016/j.dental.2013.03.011
https://doi.org/10.1038/s41598-024-70632-y
https://doi.org/10.3390/jfb11030056
https://doi.org/10.3897/folmed.64.e58600
https://doi.org/10.2147/IJN.S246764
https://doi.org/10.7150/thno.45413
https://doi.org/10.4317/jced.58330
https://doi.org/10.1021/acsomega.0c01532
https://doi.org/10.7759/cureus.47495
https://doi.org/10.1155/2021/4743411
https://doi.org/10.1590/1678-7757-2020-1031
https://doi.org/10.3390/nano10081466
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339


with silver-nanoparticles on enamel color change. J. Clin. Exp. Dent.
2022, 14, e241–e246.

 Bahrami,  R.;  Pourhajibagher,  M.;  Badiei,  A.;  Masaeli,  R.;
Tanbakuchi,  B.  Evaluation  of  the  cell  viability  and  antimicrobial
effects  of  orthodontic  bands  coated  with  silver  or  zinc  oxide
nanoparticles: An in vitro study. Korean J. Orthod. 2023, 53, 16–25.

[177]

 Jayakumar, R.; Prabaharan, M.; Sudheesh Kumar, P. T.; Nair, S. V.;
Tamura,  H.  Biomaterials  based  on  chitin  and  chitosan  in  wound
dressing applications. Biotechnol. Adv. 2011, 29, 322–337.

[178]

 Nader,  A.  H.;  Sodagar,  A.;  Akhavan,  A.;  Pourhajibagher,  M.;
Bahador,  A.  Antibacterial  effects  of  orthodontic  primer  harboring
chitosan nanoparticles against the multispecies biofilm of cariogenic
bacteria in a rat model. Folia Med. 2020, 62, 817–824.

[179]

 Albuquerque, P. B. S.; De Oliveira, W. F.; Dos Santos Silva, P. M.;
Dos  Santos  Correia,  M.  T.;  Kennedy,  J.  F.;  Coelho,  L.  C.  B.  B.
Skincare application of medicinal plant polysaccharides—A review.
Carbohyd. Polym. 2022, 277, 118824.

[180]

 Jafari,  N.;  Habashi,  M.  S.;  Hashemi,  A.;  Shirazi,  R.;  Tanideh,  N.;
Tamadon,  A.  Application  of  bioactive  glasses  in  various  dental
fields. Biomater. Res. 2022, 26, 31.

[181]

 Al-Eesa,  N.  A.;  Wong,  F.  S.  L.;  Johal,  A.;  Hill,  R.  G.  Fluoride
containing  bioactive  glass  composite  for  orthodontic  adhesives-ion
release properties. Dent. Mater. 2017, 33, 1324–1329.

[182]

 Chaichana,  W.;  Insee,  K.;  Chanachai,  S.;  Benjakul,  S.;  Aupaphong,
V.;  Naruphontjirakul,  P.;  Panpisut,  P.  Physical/mechanical  and
antibacterial  properties  of  orthodontic  adhesives  containing  Sr-
bioactive  glass  nanoparticles,  calcium  phosphate,  and
andrographolide. Sci. Rep. 2022, 12, 6635.

[183]

 Otsubo,  S.;  Nakanishi,  K.;  Fukukawa,  K.;  Endo,  R.;  Yoshida,  S.;
Matsumoto, A.; Yoshihara, K.; Akasaka, T.; Hasebe, A.; Yoshida, Y.
et  al.  Development  of  autopolymerizing  resin  material  with
antimicrobial  properties  using  montmorillonite  and  nanoporous
silica. Pharmaceutics 2023, 15, 544.

[184]

 Liu,  S.  Y.;  Tonggu,  L.;  Niu,  L.  N.;  Gong,  S.  Q.;  Fan,  B.;  Wang,  L.
G.; Zhao, J. H.; Huang, C.; Pashley, D. H.; Tay, F. R. Antimicrobial
activity of a quaternary ammonium methacryloxy silicate-containing
acrylic resin: A randomised clinical trial. Sci. Rep. 2016, 6, 21882.

[185]

 Tang,  S.  H.;  Zheng,  J. Antibacterial  activity  of  silver  nanoparticles:
Structural effects. Adv. Healthc. Mater. 2018, 7, 1701503.

[186]

 Larson,  L.  A.;  Williams,  J.  M.;  Current,  M.  I.  Ion  implantation  for
semiconductor  doping  and  materials  modification. Rev.  Accel.  Sci.
Technol. 2011, 4, 11–40.

[187]

 Kagami,  K.;  Abe,  Y.;  Shinonaga,  Y.;  Imataki,  R.;  Nishimura,  T.;
Harada,  K.;  Arita,  K.  Antibacterial  and  antifungal  activities  of
PMMAs  implanted  fluorine  and/or  silver  ions  by  plasma-based  ion
implantation with argon. Materials 2020, 13, 4525.

[188]

 Teng, X. T.; Cao, Y. G.; Mao, J.; Luo, X. J. Dual-mode antibacterial
orthodontic  composite:  Contact-killing  QACs  and  sustained  CHX
release  via  large-pore  mesoporous  silica  nanoparticles.  Int.  J.  Mol.
Sci. 2025, 26, 6172.

[189]

 Jabbari,  Y.  S.  A.;  Fehrman,  J.;  Barnes,  A.  C.;  Zapf,  A.  M.;  Zinelis,
S.;  Berzins,  D.  W.  Titanium  nitride  and  nitrogen  ion  implanted
coated dental materials. Coatings 2012, 2, 160–178.

[190]

 Katić, V.; Ćurković, L.; Ujević Bošnjak, M.; Špalj, S. Determination
of corrosion rate of orthodontic wires based on nickel-titanium alloy
in artificial saliva. Materialwiss. Werkstofftech. 2014, 45, 99–105.

[191]

 Poppolo  Deus,  F.;  Ouanounou,  A.  Chlorhexidine  in  dentistry:
Pharmacology,  uses,  and  adverse  effects.  Int.  Dent.  J.  2022,  72,
269–277.

[192]

 De Oliveira Carvalho, I.; Purgato, G. A.; Píccolo, M. S.; Pizziolo, V.
R.; Coelho, R. R.; Diaz-Muñoz, G.; Alves Nogueira Diaz, M. In vitro
anticariogenic  and  antibiofilm  activities  of  toothpastes  formulated
with essential oils. Arch. Oral Biol. 2020, 117, 104834.

[193]

 Astasov-Frauenhoffer,  M.;  Göldi,  L.;  Rohr,  N.;  Worreth,  S.;  Dard,
E.;  Hünerfauth,  S.;  Töpper,  T.;  Zurflüh,  J.;  Braissant,  O.

[194]

Antimicrobial  and  mechanical  assessment  of  cellulose-based
thermoformable  material  for  invisible  dental  braces  with  natural
essential oils protecting from biofilm formation. Sci.  Rep. 2023, 13,
13428.

 Alhafi, Z. M.; Hajeer, M. Y.; Alam, M. K.; Jaber, S. T. Quality and
stability of orthodontic treatment outcomes with clear aligners versus
fixed  appliances:  A  systematic  review  and  meta-analysis.  Eur.  J.
Orthod. 2025, 47, cjaf091.

[195]

 Shimoda, K.; Tsuichihara, S.; Takemura, H.; Soga, K.; Suga, K.; Lai,
W.  J.;  Kim,  S.;  Kanno,  Z.;  Uo,  M.  Orthodontic  force  and  moment
sensing  device:  Influence  of  deflection  of  wire  and  tooth’s
orientation.  In Proceedings  of  2019  IEEE International  Conference
on  Systems,  Man  and  Cybernetics  (SMC),  Bari,  Italy,  2019,  pp
4337–4340.

[196]

 Bourauel, C.; Drescher, D.; Thier, M. An experimental apparatus for
the  simulation  of  three-dimensional  movements  in  orthodontics.  J.
Biomed. Eng. 1992, 14, 371–378.

[197]

 Mencattelli,  M.;  Donati,  E.;  Cultrone,  M.;  Stefanini,  C.  Novel
universal  system  for  3-dimensional  orthodontic  force-moment
measurements  and  its  clinical  use.  Am.  J.  Orthod.  Dentofacial
Orthop. 2015, 148, 174–183.

[198]

 Rues, S.; Panchaphongsaphak, B.; Gieschke, P.; Paul, O.; Lapatki, B.
G. An  analysis  of  the  measurement  principle  of  smart  brackets  for
3D force and moment monitoring in orthodontics. J. Biomech. 2011,
44, 1892–1900.

[199]

 Lai, W.; Midorikawa, Y.; Kanno, Z.; Takemura, H.; Suga, K.; Soga,
K.;  Ono,  T.;  Uo,  M. Development  and modification of  a  device for
three-dimensional measurement of orthodontic force system: The V-
bend system re-visited. Dent. Mater. J. 2016, 35, 908–917.

[200]

 Midorikawa, Y.; Takemura, H.; Mizoguchi, H.; Soga, K.; Kamimura,
M.;  Suga,  K.;  Lai,  W.  J.;  Kanno,  Z.;  Uo,  M.  Six-axis  orthodontic
force  and  moment  sensing  system for  dentist  technique  training.  In
2016 38th Annual International Conference of the IEEE Engineering
in Medicine and Biology Society  (EMBC),  Orlando,  USA, 2016,  pp
2206–2209.

[201]

 Hafner, J.; Lapatki, B. G.; Paul, O. First telemetric smart orthodontic
bracket  for  therapeutic  applications.  In 2018  IEEE SENSORS,  New
Delhi, India, 2018, pp 1–4.

[202]

 Xie, Q. Y.; Li, P. L.; Zhou, Z. T.; Bai, G.; Sun, K.; Li, X. X.; Hu, T.
T.; Yang, H.; Zou, D. H.; Yang, C. Fabrication of three-dimensional
orthodontic force detecting brackets and preliminary clinical test for
tooth movement simulation. Heliyon 2023, 9, e19852.

[203]

 Bartholomeyczik,  J.;  Haefner,  J.;  Joos,  J.;  Schubert,  F.;  Ruther,  P.;
Paul,  O.;  Lapatki,  B.  Novel  concept  for  the  multidimensional
measurement of forces and torques in orthodontic smart brackets. In
SENSORS, 2005 IEEE, Irvine, USA, 2005, pp 4.

[204]

 Kuhl,  M.;  Gieschke,  P.;  Rossbach,  D.;  Hilzensauer,  S.  A.;
Panchaphongsaphak, T.; Ruther, P.; Lapatki, B. G.; Paul, O.; Manoli,
Y. A wireless stress mapping system for orthodontic brackets using
CMOS  integrated  sensors.  IEEE  J.  Solid-St.  Circ.  2013,  48,
2191–2202.

[205]

 Hu,  J.  H.;  Qiu,  Y.;  Wang,  X.  E.;  Jiang,  L.  L.;  Lu,  X.  Y.;  Li,  M.;
Wang,  Z.  Q.;  Pang,  K.;  Tian,  Y.;  Zhang,  W.  A.  et  al. Flexible  six-
dimensional force sensor inspired by the tenon-and-mortise structure
of ancient Chinese architecture for orthodontics. Nano Energy 2022,
96, 107073.

[206]

 Sun,  C.  X.;  Li,  S.;  Zhou,  Z.  Q.;  Chen,  X.  X.;  Liu,  Z.;  Liao,  S.  L.;
Xing, J.; Sun, H. Y.; Cheng, Y.; Yi, Z. K. et al. Conformal iontronic
sensing clear aligner. Adv. Funct. Mater. 2024, 34, 2408376.

[207]

 Guo, J.  H.; Niu, Q.; Xu, J.  L.;  Wang, L. Y.; Wang, X. Y.; Gong, J.
D.; Zhu, H. F.;  Wang, R. J.;  Chang, Y.; Pan, T. R. et al. All-in-one
iontronic  sensing  aligner  for  high-precision  3D  orthodontic  force
monitoring. Adv. Sci. 2025, 12, e11984.

[208]

 Feng,  H.;  Lv,  Y.  S.;  Yang,  X.;  Wang,  J.;  Zhang,  X.  X.;  Pei,  X.  B.
Bimodal  visual  sensors  based  on  mechanoluminescence  and

[209]

Zhang et al. Nano Research | Vol. 19, No. 4

Nano Research, 2026, 19, 94908339 94908339 (26 of 28)

https://doi.org/10.4317/jced.59224
https://doi.org/10.4041/kjod22.091
https://doi.org/10.1016/j.biotechadv.2011.01.005
https://doi.org/10.3897/folmed.62.e50200
https://doi.org/10.1016/j.carbpol.2021.118824
https://doi.org/10.1186/s40824-022-00274-6
https://doi.org/10.1016/j.dental.2017.08.185
https://doi.org/10.1038/s41598-022-10654-6
https://doi.org/10.3390/pharmaceutics15020544
https://doi.org/10.1038/srep21882
https://doi.org/10.1002/adhm.201701503
https://doi.org/10.1142/S1793626811000616
https://doi.org/10.1142/S1793626811000616
https://doi.org/10.3390/ma13204525
https://doi.org/10.3390/ijms26136172
https://doi.org/10.3390/ijms26136172
https://doi.org/10.3390/coatings2030160
https://doi.org/10.1002/mawe.201400201
https://doi.org/10.1016/j.identj.2022.01.005
https://doi.org/10.1016/j.archoralbio.2020.104834
https://doi.org/10.1016/j.archoralbio.2020.104834
https://doi.org/10.1038/s41598-023-39320-1
https://doi.org/10.1093/ejo/cjaf091
https://doi.org/10.1093/ejo/cjaf091
https://doi.org/10.1016/0141-5425(92)90081-U
https://doi.org/10.1016/0141-5425(92)90081-U
https://doi.org/10.1016/j.ajodo.2015.01.028
https://doi.org/10.1016/j.ajodo.2015.01.028
https://doi.org/10.1016/j.jbiomech.2011.04.029
https://doi.org/10.4012/dmj.2016-118
https://doi.org/10.1016/j.heliyon.2023.e19852
https://doi.org/10.1109/JSSC.2013.2264619
https://doi.org/10.1109/JSSC.2013.2264619
https://doi.org/10.1109/JSSC.2013.2264619
https://doi.org/10.1016/j.nanoen.2022.107073
https://doi.org/10.1002/adfm.202408376
https://doi.org/10.1002/advs.202511984
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339


biosensing  for  artificial  intelligence-assisted  orthodontics.  Adv.
Funct. Mater. 2025, 35, 2416437.
 Shi, Y.; Ren, C. C.; Hao, W.; Zhang, M.; Bai, Y. X.; Wang, Z. Y. An
ultra-thin  piezoresistive  stress  sensor  for  measurement  of  tooth
orthodontic  force  in  invisible  aligners.  IEEE  Sens.  J.  2012,  12,
1090–1097.

[210]

 Song,  J.;  Yang,  R.  S.;  Shi,  J.  L.;  Chen,  X.  X.;  Xie,  S.;  Liao,  Z.  L.;
Zou, R. J.;  Feng, Y. P.;  Ye, T. T.;  Guo, C. F. Polyelectrolyte-based
wireless and drift-free iontronic sensors for orthodontic sensing. Sci.
Adv. 2025, 11, eadu6086.

[211]

 Wang,  W.  D.;  Liu,  J.  Q.;  Zhao,  N.;  Yang,  B.  Ti3C2Tx/MXene
composite aerogel flexible biosensor for measuring occlusal force in
situ. Langmuir 2023, 39, 13571–13578.

[212]

 Lin,  K.  R.;  Chang,  C.  H.;  Liu,  T.  H.;  Lin,  S.  W.;  Lin,  C.  H.
Experimental and numerical estimations into the force distribution on
an occlusal surface utilizing a flexible force sensor array. J. Biomech.
2011, 44, 1879–1884.

[213]

 Yu, H.; Cao, W. T.; Han, W.; Li, W. J.; Gao, Y.; Zhang, Y. Q.; Chen,
F.; Qi, S. C. A flexible self-powered occlusal force sensor array for
assisting  oral  occlusion  reconstruction.  Nano  Energy  2025,  133,
110466.

[214]

 Liu, J. H.; Li, W. D.; Jia, J.; Tang, C. Y.; Wang, S.; Yu, P.; Zhang, Z.
M.;  Ke,  K.;  Bao,  R.  Y.;  Liu,  Z.  Y.  et  al. Structure-regenerated  silk
fibroin  with  boosted  piezoelectricity  for  disposable  and
biodegradable  oral  healthcare  device.  Nano  Energy  2022,  103,
107787.

[215]

 Feng, H.; Song, W. H.; Li, R. Y.; Yang, L. X.; Chen, X. X.; Guo, J.
J.;  Liao,  X.;  Ni,  L.;  Zhu,  Z.;  Chen,  J.  Y.  et  al.  A  fully  integrated
orthodontic  aligner  with  force  sensing  ability  for  machine  learning-
assisted diagnosis. Adv. Sci. 2025, 12, 2411187.

[216]

 Cho, G. H.; Lee, Y. Analysis of masticatory muscle activity based on
presence  of  temporomandibular  joint  disorders.  Med.  Sci.  Monit.
2020, 26, e921337.

[217]

 Pittar,  N.;  Sicignano,  A.;  Bardini,  G.;  Farella,  M.  Effect  of
orthodontic  appliances  on  masticatory  muscle  activity.  Semin.
Orthod. 2024, 30, 341–345.

[218]

 Wang,  S.  Q.;  Zhou,  G.;  Watson,  A.;  Xie,  L.;  Sun,  M.  L.;  Jung,  W.
Wearable motion sensor-based chewing side detection. Smart Health
2021, 21, 100205.

[219]

 Ishimaru,  T.;  Yamaguchi,  T.;  Saito,  T.;  Nakagawa,  Y.;  Hattori,  Y.;
Ono,  T.;  Arai,  Y.;  Hasegawa,  Y.;  Shiga,  H.;  Tamaki,  K.  et  al.
Verification  of  the  relationship  between  awareness  of  clenching  or
the  teeth  contacting  habit  and  the  integral  value  of  masseteric
electromyogram  during  diurnal  wakefulness.  Clin.  Oral  Investig.
2025, 29, 502.

[220]

 Achmad, H.; Areni, I. S.; Sumintarti, S.; Ramadhany, S.; Ardiansya,
R.;  Edy,  S.;  Kuandinata,  W. Detection of  lip,  tongue,  masseter,  and
temporalis  muscle  contractions  with  electromyography  tools  as  an
early  diagnostic  medium  for  dentoalveolar  malocclusion.  Eur.  J.
Dent. 2025, 19, 998–1007.

[221]

 Schott,  T.  C.;  Göz,  G.  Wearing  times  of  orthodontic  devices  as
measured by the TheraMon® microsensor. J. Orofac. Orthop. 2011,
72, 103–110.

[222]

 Hyun, P.; Preston, C. B.; Al-Jewair, T. S.; Park-Hyun, E.; Tabbaa, S.
Patient  compliance  with  Hawley  retainers  fitted  with  the  SMART®

sensor:  A  prospective  clinical  pilot  study. Angle  Orthod. 2014, 85,
263–269.

[223]

 Vanderveken, O. M.; Dieltjens, M.; Wouters, K.; De Backer, W. A.;
Van  De  Heyning,  P.  H.;  Braem,  M.  J.  Objective  measurement  of
compliance  during  oral  appliance  therapy  for  sleep-disordered
breathing. Thorax 2013, 68, 91–96.

[224]

 Xia, X. Y.; Zhu, Y. M.; Ciren, D.; Hui, S. M.; Liu, Y. S.; Wang, Y.;
Hong,  L.  H.  Sensing  strategies  for  disease  biomarkers  in  saliva:
Current  status  and  future  trends.  Coord.  Chem.  Rev.  2026,  549,
217351.

[225]

 Xiong, H. M.; Zhang, X. J.; Sun, J. Y.; Xue, Y. Y.; Yu, W. J.; Mou,[226]

S. M.; Hsia, K. J.; Wan, H.; Wang, P. Recent advances in biosensors
detecting biomarkers  from exhaled breath  and saliva  for  respiratory
disease diagnosis. Biosens. Bioelectron. 2025, 267, 116820.
 Mahato,  K.;  Saha,  T.;  Ding,  S.  C.;  Sandhu,  S.  S.;  Chang,  A.  Y.;
Wang,  J.  Hybrid  multimodal  wearable  sensors  for  comprehensive
health monitoring. Nat. Electron. 2024, 7, 735–750.

[227]

 Taymour, N.; Hassan, M. G.; AlGhamdi, M. A.; Omara, W. S. From
detection  to  treatment:  Nanomaterial-based  biosensors  transforming
prosthetic  dentistry  and  oral  health  care:  A  scoping  review.
Prosthesis 2025, 7, 51.

[228]

 Harikrishnan,  P. Current  update on potential  clinical  applications of
oral sensors. Sens. Lett. 2020, 18, 335–350.

[229]

 Timpel,  J.;  Klinghammer,  S.;  Riemenschneider,  L.;  Ibarlucea,  B.;
Cuniberti,  G.;  Hannig,  C.;  Sterzenbach,  T.  Sensors  for  in  situ
monitoring of oral and dental health parameters in saliva. Clin. Oral
Invest. 2023, 27, 5719–5736.

[230]

 Liu,  Y.;  Wang,  S.  Y.;  Qu,  X.  Y.;  Li,  Y.  F.;  Zhou,  C.  P.;  Xie,  D.;
Dong, J. P.; Ji,  L.; Xu, J. C.; Zhou, J. H. Highly-sensitive ultra-thin
dental  patches  assisted  with  artificial-intelligence  recognition  for
mapping hidden periodontitis  lesions. Sens.  Actuat.  B:  Chem. 2025,
435, 137648.

[231]

 Tseng, P.; Napier, B.; Garbarini, L.; Kaplan, D. L.; Omenetto, F. G.
Functional,  RF-trilayer  sensors  for  tooth-mounted,  wireless
monitoring  of  the  oral  cavity  and  food  consumption.  Adv.  Mater.
2018, 30, 1703257.

[232]

 Matzeu, G.; Naveh, G. R. S.; Agarwal, S.; Roshko, J. A.; Ostrovsky-
Snider, N. A.; Napier, B. S.; Omenetto, F. G. Functionalized mouth-
conformable interfaces for pH evaluation of the oral cavity. Adv. Sci.
2021, 8, 2003416.

[233]

 Ling,  W.;  Wang,  Y.  H.;  Lu,  B.  Y.;  Shang,  X.;  Wu, Z.  Y.;  Chen,  Z.
R.; Li, X. T.; Zou, C. C.; Yan, J. J.; Zhou, Y. J. et al. Continuously
quantifying  oral  chemicals  based  on  flexible  hybrid  electronics  for
clinical  diagnosis  and  pathogenetic  study.  Research  2022,  2022,
9810129.

[234]

 Farella,  M.;  Loke,  C.;  Sander,  S.;  Songini,  A.;  Allen,  M.;  Mei,  L.;
Cannon,  R.  D.  Simultaneous  wireless  assessment  of  intra-oral  pH
and temperature. J. Dent. 2016, 51, 49–55.

[235]

 Hollmann,  B.;  Perkins,  M.;  Chauhan,  V.  M.;  Aylott,  J.  W.;  Hardie,
K.  R. Fluorescent  nanosensors  reveal  dynamic  pH  gradients  during
biofilm formation. npj Biofilms Microbiomes 2021, 7, 50.

[236]

 Adib,  M.  R.;  Barrett,  C.;  O'Sullivan,  S.;  Flynn,  A.;  McFadden,  M.;
Kennedy,  E.;  O'Riordan,  A.  In  situ  pH-Controlled  electrochemical
sensors  for  glucose  and  pH  detection  in  calf  saliva.  Biosens.
Bioelectron. 2025, 275, 117234.

[237]

 Mondal, S.; Karuppuswami, S.; Steinhorst, R.; Chahal, P. A wearable
passive  pH  sensor  for  health  monitoring.  In  2019  IEEE  69th
Electronic  Components  and  Technology  Conference  (ECTC),  Las
Vegas, USA, 2019, pp 1240–1245.

[238]

 Totu, E. E.; Isildak, I.; Nechifor, A. C.; Cristache, C. M.; Enachescu,
M. New sensor based on membranes with magnetic nano-inclusions
for  early  diagnosis  in  periodontal  disease.  Biosens.  Bioelectron.
2018, 102, 336–344.

[239]

 Kwan,  R.  C.  H.;  Leung,  H.  F.;  Hon,  P.  Y.  T.;  Cheung,  H.  C.  F.;
Hirota,  K.;  Renneberg,  R. Amperometric  biosensor  for  determining
human salivary phosphate. Anal. Biochem. 2005, 343, 263–267.

[240]

 Kharroubi, A. T.; Darwish, H. M. Diabetes mellitus: The epidemic of
the century. World J. Diabetes 2015, 6, 850–867.

[241]

 Najeeb,  S.;  Siddiqui,  F.;  Qasim,  S.  B.;  Khurshid,  Z.;  Zohaib,  S.;
Zafar,  M.  S.  Influence  of  uncontrolled  diabetes  mellitus  on
periodontal tissues during orthodontic tooth movement: A systematic
review of animal studies. Prog. Orthod. 2017, 18, 5.

[242]

 Graves,  D.  T.;  Ding,  Z.  J.;  Yang,  Y.  M. The  impact  of  diabetes  on
periodontal diseases. Periodontology 2000 2020, 82, 214–224.

[243]

 Lu, D. X.; Li, H. T.; Xiao, N.; Jiang, M. Y.; Zuna, Y.; Feng, S. Q.;
Li,  Z.  H.;  Long,  J.  J.;  Marty,  J.  L.;  Zhu,  Z.  G.  Salivary  glucose
detection  based  on  platinum  metal  hydrogel  prepared  mouthguard
electrochemical sensor. Talanta 2025, 283, 127197.

[244]

Nano Research | Vol. 19, No. 4 Zhang et al.

94908339 (27 of 28) Nano Research, 2026, 19, 94908339

https://doi.org/10.1002/adfm.202416437
https://doi.org/10.1002/adfm.202416437
https://doi.org/10.1109/JSEN.2011.2166065
https://doi.org/10.1126/sciadv.adu6086
https://doi.org/10.1126/sciadv.adu6086
https://doi.org/10.1021/acs.langmuir.3c01600
https://doi.org/10.1016/j.jbiomech.2011.04.032
https://doi.org/10.1016/j.nanoen.2024.110466
https://doi.org/10.1016/j.nanoen.2022.107787
https://doi.org/10.1002/advs.202411187
https://doi.org/10.12659/msm.921337
https://doi.org/10.1053/j.sodo.2023.12.014
https://doi.org/10.1053/j.sodo.2023.12.014
https://doi.org/10.1016/j.smhl.2021.100205
https://doi.org/10.1007/s00784-025-06566-0
https://doi.org/10.1055/s-0044-1795124
https://doi.org/10.1055/s-0044-1795124
https://doi.org/10.1007/s00056-011-0014-7
https://doi.org/10.2319/030814-163.1
https://doi.org/10.1136/thoraxjnl-2012-201900
https://doi.org/10.1016/j.ccr.2025.217351
https://doi.org/10.1016/j.bios.2024.116820
https://doi.org/10.1038/s41928-024-01247-4
https://doi.org/10.3390/prosthesis7030051
https://doi.org/10.1166/sl.2020.4235
https://doi.org/10.1007/s00784-023-05206-9
https://doi.org/10.1007/s00784-023-05206-9
https://doi.org/10.1016/j.snb.2025.137648
https://doi.org/10.1002/adma.201703257
https://doi.org/10.1002/advs.202003416
https://doi.org/10.34133/2022/9810129
https://doi.org/10.1016/j.jdent.2016.05.012
https://doi.org/10.1038/s41522-021-00221-8
https://doi.org/10.1016/j.bios.2025.117234
https://doi.org/10.1016/j.bios.2025.117234
https://doi.org/10.1016/j.bios.2025.117234
https://doi.org/10.1016/j.bios.2017.11.003
https://doi.org/10.1016/j.ab.2005.05.021
https://doi.org/10.4239/wjd.v6.i6.850
https://doi.org/10.1186/s40510-017-0159-z
https://doi.org/10.1111/prd.12318
https://doi.org/10.1016/j.talanta.2024.127197
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339


 Tiongco,  R.  E.;  Bituin,  A.;  Arceo,  E.;  Rivera,  N.;  Singian,  E.
Salivary  glucose  as  a  non-invasive  biomarker  of  type  2  diabetes
mellitus. J. Clin. Exp. Dent. 2018, 10, e902–e907.

[245]

 Chen,  T.  J.;  Pang,  J.;  Liu,  X.  C.;  Chen,  N.;  Wu,  C.  C.;  Duan,  Y.;
You, X. F.; Dou, Q.; Yuan, C.; Wang, Y. X. et al. Anti-biofilm super-
hydrophilic  gel  sensor  for  saliva  glucose  monitoring. Nano  Today
2024, 55, 102141.

[246]

 Adeva-Andany,  M.;  López-Ojén,  M.;  Funcasta-Calderón,  R.;
Ameneiros-Rodríguez,  E.;  Donapetry-García,  C.;  Vila-Altesor,  M.;
Rodríguez-Seijas, J. Comprehensive review on lactate metabolism in
human health. Mitochondrion 2014, 17, 76–100.

[247]

 Liu,  M.  Y.;  Yang,  M.  Q.;  Wang,  M.  X.;  Wang,  H.;  Cheng,  J.  A
flexible  dual-analyte  electrochemical  biosensor  for  salivary  glucose
and lactate detection. Biosensors 2022, 12, 210.

[248]

 Eom, K. S.; Lee, Y. J.; Seo, H. W.; Kang, J. Y.; Shim, J. S.; Lee, S.
H. Sensitive and non-invasive cholesterol determination in saliva via
optimization  of  enzyme  loading  and  platinum  nano-cluster
composition. Analyst 2020, 145, 908–916.

[249]

 Kim, J.; Imani, S.; De Araujo, W. R.; Warchall, J.; Valdés-Ramírez,
G.;  Paixão,  T.  R.  L.  C.;  Mercier,  P.  P.;  Wang,  J. Wearable  salivary
uric acid mouthguard biosensor with integrated wireless electronics.
Biosens. Bioelectron. 2015, 74, 1061–1068.

[250]

 Liu, Z. Q.; Chen, Y. Y.; Zhang, M.; Sun, T. C.; Li, K. E.; Han, S. J.;
Chen,  H.  J.  Novel  portable  sensing  system  with  integrated
multifunctionality  for  accurate  detection  of  salivary  uric  acid.
Biosensors 2021, 11, 242.

[251]

 Soliman, S. S.; Mahmoud, A. M.; Mouhamed, A. A.; Hussein, O. G.
Electrochemical  sensor  modified  with  heterostructure  of  graphitic
carbon nitride/gold nanoparticles for non-invasive uric acid detection
in saliva. Sens. Bio-Sens. Res. 2025, 50, 100881.

[252]

 Kawase,  G.;  Oishi,  T.;  Iitani,  K.;  Toma,  K.;  Arakawa,  T.;
Mitsubayashi,  K.  Mouthguard  type  biosensor  for  wireless
measurement of salivary uric acid. J. Adv. Sci. 2022, 34, 34301.

[253]

 Jenkins,  G.  N.;  Wright,  D.  E.;  Miller,  T.  K.  Ammonia  and  dental
caries. Nature 1950, 165, 606–607.

[254]

 Jin,  X.  J.;  Li,  L.  L.;  Zhao,  S.  F.;  Li,  X.  H.;  Jiang,  K.;  Wang,  L.  L.;
Shen, G. Z. Assessment of occlusal force and local gas release using
degradable  bacterial  cellulose/Ti3C2Tx  MXene  bioaerogel  for  oral
healthcare. ACS Nano 2021, 15, 18385–18393.

[255]

 Chen, H. J.; Lv, L.; Xue, K. F.; Zhang, P. H.; Du, L. L.; Cui, G. L.
Oral  exhalation  H2S  sensor  based  on  Cu2O/ZnO  heterostructures.
ACS Sens. 2025, 10, 2579–2588.

[256]

 Pan, J. Y.; Li, X.; Sun, R. J.; Xu, Y.; Shi, Z. H.; Dai, C. B.; Wen, H.;
Han,  R.  P.  S.;  Ye,  Q.;  Zhang,  F.  N.  et  al.  Hydrogel-based  radio
frequency  H2S  sensor  for  in  situ  periodontitis  monitoring  and
antibacterial treatment. Biosens. Bioelectron. 2024, 259, 116404.

[257]

 Joe,  C.;  Lee,  B.  H.;  Kim,  S.  H.;  Ko,  Y.;  Gu,  M.  B. Aptamer  duo-
based  portable  electrochemical  biosensors  for  early  diagnosis  of
periodontal disease. Biosens. Bioelectron. 2022, 199, 113884.

[258]

 Park,  S.;  Park,  K.;  Na,  H.  S.;  Chung,  J.;  Yang,  H.  Washing-  and
separation-free  electrochemical  detection  of  Porphyromonas
gingivalis in saliva for initial diagnosis of periodontitis. Anal. Chem.
2021, 93, 5644–5650.

[259]

 Li, X. M.; Luo, C. D.; Fu, Q. Y.; Zhou, C. P.; Ruelas, M.; Wang, Y.
S.  T.;  He,  J.  X.;  Wang,  Y.  Y.;  Zhang,  Y.  S.;  Zhou,  J.  H.  A
transparent,  wearable  fluorescent  mouthguard  for  high-sensitive
visualization  and  accurate  localization  of  hidden  dental  lesion  sites.
Adv. Mater. 2020, 32, 2000060.

[260]

 Ma, D. X.; Chen, B. Q.; Li, Y. F.; Pang, X. Y.; Fu, Q. Y.; Xiao, Z.
H.;  Shi,  Z.  H.;  Li,  X.  L.;  Luo,  C.  D.;  Zhou,  Z.  K.  et  al.  Au@Ag
nanorods-PDMS  wearable  mouthguard  as  a  visualized  detection
platform  for  screening  dental  caries  and  periodontal  diseases. Adv.
Healthcare Mater. 2022, 11, 2102682.

[261]

 Mannoor,  M.  S.;  Tao,  H.;  Clayton,  J.  D.;  Sengupta,  A.;  Kaplan,  D.
L.;  Naik,  R.  R.;  Verma,  N.;  Omenetto,  F.  G.;  McAlpine,  M.  C.
Graphene-based  wireless  bacteria  detection  on  tooth  enamel.  Nat.
Commun. 2012, 3, 763.

[262]

 Li, Y. N.; Zhao, H.; Han, G. H.; Li, Z.; Mugo, S. M.; Wang, H. D.;
Zhang, Q. Portable saliva sensor based on dual recognition elements
for  detection  of  caries  pathogenic  bacteria. Anal.  Chem.  2024,  96,
9780–9789.

[263]

 Wang, Q.; Zhang, J.; Yao, G.; Lou, W. H.; Zhang, T. Y.; Zhang, Z.
H.;  Xie,  M.  W.;  Gan,  X.  Y.;  Pan,  T.  S.;  Gao,  M.  et  al.  Effective
orthodontic  tooth  movement  via  an  occlusion-activated
electromechanical  synergistic  dental  aligner.  ACS  Nano  2023,  17,
16757–16769.

[264]

 Park, S.; Jeong, H. J.;  Moon, J.  H.; Jang, E. Y.; Jung, S.; Choi, M.;
Choi,  W.;  Park,  K.;  Ahn,  H.  W.;  Hong,  J.  Polysilsesquioxane  with
potent  resistance  to  intraoral  stress:  Functional  coating  material  for
the advanced dental materials. Appl. Surf. Sci 2022, 578, 152085.

[265]

 Shi, Z. H.; Lu, Y. L.; Shen, S. Y.; Xu, Y.; Shu, C.; Wu, Y.; Lv, J. J.;
Li,  X.; Yan, Z. P.;  An, Z. J.  et  al. Wearable battery-free theranostic
dental  patch  for  wireless  intraoral  sensing  and  drug  delivery.  npj
Flex. Electron. 2022, 6, 49.

[266]

 Mohanty,  B.;  Kumari,  S.;  Yadav,  P.;  Kanoo,  P.;  Chakraborty,  A.
Metal-organic  frameworks  (MOFs)  and  MOF  composites  based
biosensors. Coordin. Chem. Rev. 2024, 519, 216102.

[267]

 Sousa,  R.;  Simon,  C.  M. Evaluating  the  fitness  of  combinations  of
adsorbents  for  quantitative  gas  sensor  arrays.  ACS  Sens.  2020,  5,
4035–4047.

[268]

 Xing, X. X.; Du, L. L.; Wang, C.; Feng, D. L.; Liu, G. H.; Yang, D.
C.  ZIF-8  micro-polyhedron  MOF-transformed  ZnO/ZnFe2O4
nanosheets for highly selective detection of ppb-level isoprene. Sens.
Actuat. B: Chem. 2022, 372, 132669.

[269]

 Liu, B. S.; Huang, Y.; Kam, K. W.; Cheung, W. F.; Zhao, N.; Zheng,
B. Functionalized graphene-based chemiresistive electronic nose for
discrimination  of  disease-related  volatile  organic  compounds.
Biosens. Bioelectron.: X 2019, 1, 100016.

[270]

 Tran,  A.  T.  T.;  Hassan,  K.;  Tung,  T.  T.;  Tripathy,  A.;  Mondal,  A.;
Losic,  D. Graphene and metal-organic  framework hybrids  for  high-
performance  sensors  for  lung  cancer  biomarker  detection  supported
by machine learning augmentation. Nanoscale 2024, 16, 9084–9095.

[271]

 Bahos,  F.  A.;  Sainz-Vidal,  A.;  Sánchez-Pérez,  C.;  Saniger,  J.  M.;
Gràcia,  I.;  Saniger-Alba,  M.  M.;  Matatagui,  D.  ZIF  nanocrystal-
based  surface  acoustic  wave  (SAW)  electronic  nose  to  detect
diabetes in human breath. Biosensors 2018, 9, 4.

[272]

 

This  is  an  open  access  article  under  the  terms  of  the  Creative  Commons  Attribution  4.0  International  License  (CC  BY  4.0,  https://creativecommons.org/
licenses/by/4.0/).

© The Author(s) 2026. Published by Tsinghua University Press. 

Zhang et al. Nano Research | Vol. 19, No. 4

Nano Research, 2026, 19, 94908339 94908339 (28 of 28)

https://doi.org/10.4317/jced.55009
https://doi.org/10.1016/j.nantod.2023.102141
https://doi.org/10.1016/j.mito.2014.05.007
https://doi.org/10.3390/bios12040210
https://doi.org/10.1039/C9AN01679A
https://doi.org/10.1016/j.bios.2015.07.039
https://doi.org/10.3390/bios11070242
https://doi.org/10.1016/j.sbsr.2025.100881
https://doi.org/10.1016/j.sbsr.2025.100881
https://doi.org/10.1016/j.sbsr.2025.100881
https://doi.org/10.2978/jsas.34301
https://doi.org/10.1038/165606a0
https://doi.org/10.1021/acsnano.1c07891
https://doi.org/10.1021/acssensors.4c02989
https://doi.org/10.1016/j.bios.2024.116404
https://doi.org/10.1016/j.bios.2021.113884
https://doi.org/10.1021/acs.analchem.1c00572
https://doi.org/10.1002/adma.202000060
https://doi.org/10.1002/adhm.202102682
https://doi.org/10.1002/adhm.202102682
https://doi.org/10.1038/ncomms1767
https://doi.org/10.1038/ncomms1767
https://doi.org/10.1021/acs.analchem.3c05112
https://doi.org/10.1021/acsnano.3c03385
https://doi.org/10.1016/j.apsusc.2021.152085
https://doi.org/10.1038/s41528-022-00185-5
https://doi.org/10.1038/s41528-022-00185-5
https://doi.org/10.1016/j.ccr.2024.216102
https://doi.org/10.1021/acssensors.0c02014
https://doi.org/10.1016/j.snb.2022.132669
https://doi.org/10.1016/j.snb.2022.132669
https://doi.org/10.1016/j.biosx.2019.100016
https://doi.org/10.1039/D4NR00174E
https://doi.org/10.3390/bios9010004
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339
https://www.sciopen.com/article/10.26599/NR.2026.94908339

