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Abstract: A potential new bactericide treatment for NiTi orthodontic archwires based in the
electrodeposition of silver nanoparticles on the surface was studied. Twenty-five archwires were
treated by electrodeposition, obtaining nanoparticles of silver embedded on the archwire surface.
These were evaluated in order to investigate the possible changes on the superelastic characteristics
(critical temperatures and stresses), the nickel ion release, and the bacteria culture behavior.
The chemical composition was analyzed by Energy Dispersive X-Ray Spectroscopy-microanalysis;
the singular temperatures of the martensitic transformation were obtained by a flow calorimeter.
Induced martensitic transformation stresses were obtained by mechanical testing apparatus. Nickel
ion release was analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) equipment
using artificial saliva solution at 37 ◦ C. Bacterial tests were studied with the most used oral bacterial
strains: Streptococcus sanguinis and Lactobacillus salivarius. NiTi samples were immersed in bacterial
suspensions for 2 h at 37 ◦ C. Adhered bacteria were separated and seeded on agar plates: Tood-Hewitt
(TH) and Man-Rogosa-Sharpe (MRS) for S. sanguinis and for L.salivarius, respectively. These were
then incubated at 37 ◦ C for 1 day and the colonies were analyzed. The results showed that the
transformation temperatures and the critical stresses have not statistically significant differences.
Likewise, nickel ion release at different immersion times in saliva at 37 ◦ C does not present changes
between the original and treated with silver nanoparticles archwires. Bacteria culture results showed
that the reduction of the bacteria due to the presence to the nanoparticles of silver is higher than
90%. Consequently, the new treatment with nanoparticles of silver could be a good candidate as
bactericidic orthodontic archwire.
Keywords: nickel-titanium; bactericide; orthodontic archwires; superelasticity; silver nanoparticles

1. Introduction
NiTi arch wires, and specially thermoelastic alloys, are used routinely in the first phase of
orthodontic treatments because of their flexibility and resistance that can align and level efficiently
misaligned teeth.
NiTi superelastic archwires can present two phases: austenite which is the stable phase at high
temperature and martensite which is stable at low temperatures. Thermoelastic transformation can be
produced by cooling from the austenite or when the austenite is subjected under load transforming
to stress induced martensite (SIM). Both transformations are elastic and the material by heat or by
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Figure 1. Geometry of the orthodontic archwires studied. The measuremts are in millimeters.
Figure 1. Geometry of the orthodontic archwires studied. The measuremts are in millimeters.
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to austenitic phase when unloading cycle is realized) were obtained, which were tested in saliva at
37 ◦ C (Table 1). The cross-head rate was of 10 mm/min [18–21].
Table 1. Compounds of the artificial saliva.
Chemical Product

Composition (g/dm3 )

K2 HPO4
KCI
KSCN
Na2 HPO4
NaCl
NaHCO3
Urea
Lactic acid

0.22
1.19
0.29
0.26
0.69
1.49
1.49
up to pH = 6.8

2.5. Nickel Ion Release
Nickel ion release analysis was realized by immersing the NiTi archwires (originals and with
silver nanoparticles) in 10 mL of saliva (Table 1) at pH 6.8 and 37 ◦ C [18–20]. The released Ni was
measured by means of ICP-MS PerkinElmer Óptima 320 RL (Waltham, MA, USA) at 1 and 5, 24, 48,
120, 360, 700, 1000, 1100, and 1900 h. Five measurements different were analyzed for each archwires.
2.6. Bacteria Cultures
Bacterial tests were realized with two oral bacterial strains. These are commonly used in the
experimental tests [22–26]: Streptococcus sanguinis (CECT 480; Spanish Culture Collection, Valencia,
Spain) and Lactobacillus salivarius (CCUG 17826; Culture Collection University of Göteborg, Göteborg,
Sweden). S. sanguinis was growth and maintained on Todd-Hewitt (TH) broth (Scharlab SL, Sentmenat,
Spain) and L. salivarius on MRS broth (Scharlab SL).
Before the tests, the cultures were incubated for 10 h at 37 ◦ C. The bacterial suspension was
adjusted to 0.2 ± 0.01 units at 600 nm, giving around 1 × 108 colony forming units (CFU)/mL for
each strain.
Samples were introduced in 1 mL of bacterial suspensions (1 × 108 CFU/mL) for 2 h at 37 ◦ C.
Once, the medium was separated by aspiration, the samples were washed with Phosphate Buffer
Solution (PBS). Adherent bacteria were detached by vortexing the disks for 5 min in 1 mL of PBS.
Then, these bacteria were seeded using dilutions on Tood-Hewitt (TH) agar plates for S. sanguinis and
Man-Rogosa-Sharpe (MRS) ones for L. salivarius. These plates were incubated at 37 ◦ C for 1 day and
the colonies were quantified. Results were normalized with the surface.
2.7. Statistical Analysis
The results were studied in order to determine any statistically significant differences between
the original and bactericide archwires using one-way ANOVA tables, Student’s t-tests and Tukey’s
multiple comparison tests. These analyses were carried out using MinitabTM software (Minitab 13.0,
Minitab Inc., State College, PA, USA). The statistical differences were significant when p < 0.005.
3. Experimental Results and Discussion
Silver nanoparticles on the titanium alloy surface can observe in Figure 3a and at more magnification
in Figure 3b. These particles on titanium surface are very good adhered as embedded into the surface
and show a plastic deformation. In some cases, nanoparticles clusters can be observed on the surface.
These clusters present an average diameter 100–500 nm. On the metallic surface, the nanoparticles are
agglomerated producing clusters. However, when nanoparticles are on the bacteria membrane are
isolated and can determine that the silver nanoparticles are lower than 50 nm (Figure 3c). Nano size
avoids the oxidation of the silver and consequently there are not tattoos in the soft tissue. This fact is
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Different studies pay attention to nickel ion release in physiological medium [30–33] as an element
able to induce allergenic reactions. The analysis in Europe showed the prevalence is from 10% to 15%
for females and from 1% to 3% for males. For these people, around 40% to 70% of Ni contact dermatitis
develops hand eczema, which can be acute or chronic [30–33]. From the results of Figure 4 the nickel
ion release is very low, 200 ppb after 15 days for original and treated with silver nanoparticles-NiTi
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archwires and consequently these are values are safe in order to use as orthodontic archwires [34–37].
The nickel ion release between two types of archwires do not have statistically significant differences at
Metals 2020, 10, x FOR PEER REVIEW
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Figure 5. In vitro test (NiTi: nickel-titanium. NiTi + Ag: Nickel-Titanium with silver nanoparticles).
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Figure
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NiTi +(a)
Ag:
Nickel-Titanium
with
nanoparticles).
Quantification of CFU/mm2 for both NiTi archwires. (a) Streptococcus sanguinis. (b) Lactobacillus

The usual situation in patients is that biofilms effectively protect bacteria from antimicrobial agents.
salivarius.
Treatment with antimicrobial substances is often unsuccessful unless the deposits are mechanically
removed
[11]. situation
In the case
the values
obtained
of effectively
the presentprotect
research,
bactericide
mechanism of
The usual
in of
patients
is that
biofilms
bacteria
from antimicrobial
the silver
nanoparticles
the contact with
the bacteria.
When
the bacteria
contact
silver,are
this
agents.
Treatment
with is
antimicrobial
substances
is often
unsuccessful
unless
thewith
deposits
element
react
with
sulphur
of
the
amino-acids
and
produce
AgS
[38].
This
chemical
reaction
produces
mechanically removed [11]. In the case of the values obtained of the present research, bactericide
the fractureofofthe
thesilver
DNAnanoparticles
of the bacteria
producing
the death
of the microorganism.
This
mechanism
mechanism
is the
contact with
the bacteria.
When the bacteria
contact
with
was
studied
by
Khalandi
et
al.
[38].
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mechanism
is
only
for
the
bacteria;
the
membrane
of
humans
silver, this element react with sulphur of the amino-acids and produce AgS [38]. This chemical
cells avoids
this reaction.
The of
inhibition
nanoparticles
onof
the
human
cells can be
reaction
produces
the fracture
the DNAofofthe
thesilver
bacteria
producingreaction
the death
the
microorganism.
demonstrated
when
were
a metal
with nanoparticles.
Figure
6a shows
This
mechanism
was human-osteoblasts
studied by Khalandi
etseeded
al. [38].inThis
mechanism
is only forIn
the
bacteria;
the
the
osteoblasts
after
24
h
in
contact
with
nanoparticles
and
Figure
6b
after
three
days,
where
it
can
be
membrane of humans cells avoids this reaction. The inhibition of the silver nanoparticles reaction on
observed
thecan
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have
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present a good morphology.
the
humanthat
cells
demonstrated
human-osteoblasts
were seeded in a metal with
nanoparticles. In Figure 6a shows the osteoblasts after 24 h in contact with nanoparticles and Figure
6b after three days, where it can be observed that the cells have prolifereated and these present a
good morphology.
This phenomenon provokes that the bacteria cannot produce the biofilm. It is the attack in the
first stage of the bacteria colonization.
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bactericide effect
effect of
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nanoparticles on NiTi in comparison with other metals used as biomaterials is very similar such as
titanium and Ti-6Al-4V alloys [25,26]. Nevertheless, Chen and Schluesener [46] demonstrated that
silver nanoparticles are non-toxic and non-mutageneic to human primary organ systems and are
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nanoparticles on NiTi in comparison with other metals used as biomaterials is very similar such as
titanium and Ti-6Al-4V alloys [25,26]. Nevertheless, Chen and Schluesener [46] demonstrated that
silver nanoparticles are non-toxic and non-mutageneic to human primary organ systems and are
considered as a safe and promising antibactericidal agent against highly infectious drug-resistant
bacteria such as E. coli, P. aeruginosa, and S. aureus [47,48]. The bactericide effect of silver nanoparticles
can be improved with is mixed with antibiotics such as amoxicillin, clindamycin, erythromycin,
penicillin, and vancomycin. However, similar to antibiotics, prolonged exposure of bacteria to silver
nanoparticles may result in the development of resistant bacterial cells. For instance, E. coli K12
MG1655 strain has developed resistance toward silver nanoparticles; however, the bacterium does not
possess any Ag-resistance element [49]. It is therefore necessary in future to carefully examining the
development of Ag-resistance in bacteria.
Panpaliya et al. [50] studied strains of Streptococcus mutans (MTCC 497), Streptococcus oralis
(MTCC 2696), Lactobacillus acidophilus (MTCC 10307), Lactobacillus fermentum (MTCC 903), and
Candida albicans (MTCC 183). We used commercially available silver nanoparticles (experimental
group) and chlorhexidine gluconate (positive control). Silver nanoparticles inhibited bacterial
growth moderately. The mean minimum inhibitory concentration of silver nanoparticles against
S. mutans was 60 ± 22.36 µg/mL, S. oralis—45 ± 11.18 µg/mL, L. acidophilus—15 ± 5.59 µg/mL,
L. fermentum—90 ± 22.36 µg/mL, and Candida albicans—2.82 ± 0.68 µg/mL respectively. For chlorhexidine
gluconate, mean minimum inhibitoy concentration for S. mutans was 300 ± 111.80 µg/mL,
S. oralis—150 ± 55.90 µg/mL, L. acidophilus—450 ± 111.80 µg/mL, L. fermentum–450 ± 111.80 µg/mL
and Candida albicans—150 ± 55.90 µg/mL. As can observe the values of silver nanoparticles were
significantly lower than chlorhexidine gluconate. Silver nanoparticles exhibited better bacteriostatic
and bactericidal effect with concentration less than five-fold as compared to chlorhexidine. Silver
nanoparticles when used in appropriate concentration as safe alternative to present chemically derived
other antimicrobial agents.
Several studies have consistently demonstrated the great antimicrobial activity and antiadherence
properties of silver nanoparticles against a wide variety of microorganisms, including oral bacteria.
However, there are not enough works that have determined the bactericidal and the substantivity
activities of silver nanoparticles against oral biofilms taken clinically from young and young-adult
patients with active caries and periodontal disease. Studies have reported that silver nanoparticles
covered human dentin and different alloy medical implants can significantly inhibit the biofilm
formation on the surface of the dentin and the implants as well as control the bacterial growth around
them [51,52]. Also, the authors determined the antimicrobial and antibiofilm properties of silver
nanoparticles (~17 nm) included in orthodontic appliances and standardized microbiocidal assays
against S. mutans, Lactobacillus casei (L. casei), Staphylococcus aureus (S. aureus), and Escherichia coli (E. coli)
as well as in vitro biofilms using cariogenic bacteria (S. mutans), suggesting the potential use to prevent
the dental biofilm, decreasing the incidence of demineralization activities associated with caries during
conventional dental treatments [53,54]. A recent in vitro study reported the antimicrobial activity of
silver nanoparticles (30–50 nm) and chlorhexidine (main antimicrobial agent in dentistry) against
different oral pathogenic bacteria (S. mutans, S. oralis, Lactobacillus acidophilus, Lactobacillus fermentum,
and Candida albicans), determining good bactericidal and bacteriostatic properties of AgNPs for all
microbial strains with concentrations less than five holds as compared to chlorhexidine supporting its
potential and safe use in the dentistry field [50,55].
4. Conclusion
The electrodeposition of silver nanoparticles onto thermoelastic NiTi orthodontic archwires has
a bactericidic effect on cultures of oral bacteria. This effect is without changing their calorimetric
and mechanical properties, and nickel release levels of the NiTi wires. This in vitro research should
be replicated in a clinical setting. Surface modification of NiTi orthodontic archwires with silver
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nanoparticles can be used to prevent the accumulation of dental plaque and the development of dental
caries during orthodontic treatment.
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