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the corrosion-induced release of nickel 
ions, and a weakness in the mechanical 
strength,[6] thereby leading to the decay 
of teeth, a nickel allergy in supersensitive 
individuals,[7] and a reduction in service 
efficiency.

To solve these problems, many antibacte-
rial strategies have been developed including 
anti-adhesive coatings (such as PEG,[8]  
zwitterionic polymers,[9] enzymes,[10] and 
other proteins[11]), bactericidal coatings 
(such as quaternary ammonium,[12] Ag ion,[13]  
chitosan,[14] polypeptides,[15] and surface 
topographies[16]), and their combinations 
(such as smart-responsive surfaces[17]). In  
addition, several strategies have been 
employed to initially solve the nickel-release 
problem, for instance, oxidation,[18] surface 
coating,[19] and laser treatment,[20] as well 

as ion implantation.[21] However, the corresponding mechanical 
properties are probably reduced after the treatments mentioned 
above.[22] Therefore, designing multifunctional Ni–Ti arch-
wires by integrating these advantages together remains a great 
challenge.

Superhydrophobicity is a well-known phenomenon that can 
be widely observed in nature, such as on a lotus leaf, mosquito 
eye, and cicada wing.[23] Because of its abilities, superhydro-
phobicity is now harnessed in many applications, including 
anti-icing,[24] antifogging,[25] water–oil separation,[26] and what 
we are most concerned about—anti-biofouling.[27] Actually, the 
self-cleaning property of the lotus leaf owes to the air layer at 
the interface of the liquid and substrate materials, blocking 
any interaction between them. Thus, we speculate that the 
bioinspired superhydrophobic surface may exhibit multifunc-
tional properties, such as antibacteria adhesion and antinickel 
leakage by reducing the contact area between AWs and bacterial 
suspensions.

Herein, inspired by the self-cleaning phenomenon of the 
lotus leaf, we demonstrated a superhydrophobic multifunc-
tional Ni–Ti alloy archwire which combines antibacteria and 
antinickel release properties (Figure 1). Compared with com-
mercially purchased AWs, this superhydrophobic surface 
not only significantly reduces bacterial adhesion but also 
suppresses Ni ion release because trapped air on the superhy-
drophobic surface greatly reduces the contact area between the 
AWs and bacterial suspension from the surface contact to point 
contact. In addition, the inherent mechanical properties of the 
AWs are maintained. Therefore, this strategy provides ideas for 
the design of new kinds of orthodontic appliances and devices 
with multifunctional properties.

Although orthodontic archwires are made from biomedical materials with 
vast potential for applications worldwide, great challenges, including the 
adhesion of cariogenic bacteria, the release of nickel ions, and the weakness 
of mechanical strength, remain and affect their biocompatibility and service 
life. Herein, a bioinspired superhydrophobic nickel–titanium alloy archwire 
is reported that displays multifunctional properties of antibacteria adhesion, 
antinickel release, and corrosion resistance. Compared with commercially 
purchased archwires, these performances on superhydrophobic archwires 
can be significantly elevated by varying the contact mode between archwires 
and the bacterial suspension from surface contact to point contact. Thus, this 
bioinspired superhydrophobic design has the potential to be applied in other 
dental devices and provides new ideas for developing novel multifunctional 
biomaterials.
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Superhydrophobic Archwires

1. Introduction

Biomaterials have been extensively applied in the fields of 
diagnostics,[1] tissue engineering,[2] and transplantation,[3] as 
well as wound healing.[4] Nickel–titanium (Ni–Ti) alloy, as one 
of the most promising biomaterials, has attracted wide atten-
tion due to its distinctive properties, such as superelasticity and 
biocompatibility.[5] Especially in orthodontic treatment, Ni–Ti 
alloy has been well received by orthodontists as orthodontic 
archwires (AWs). However, during clinical treatment with these 
AWs, the complex microenvironment of the oral cavity, which 
contains electrolytes, proteins, and bacteria, commonly raises 
some severe problems, such as the risk of bacterial adhesion, 
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2. Results and Discussion

2.1. Fabrication of the Superhydrophobic Archwires

The fabrication process of hydrophobic AWs is schematically 
shown in Figure 1a. First, the AWs were electrochemically 
etched at 3.0 V in 1 mol L−1 HNO3 aqueous solution for 
different times (i.e., 0, 10, and 120 s) to obtain different rough-
ness. In this process, the Ni was gradually dissolved, whereas 
the Ti was oxidized to form a TiO2 nanolayer on the surface of 
the Ni–Ti alloy.[27b] Scanning electron microscope (SEM) images 
in Figure 2a and laser scanning confocal microscopy (LSCM) 
images of Figure S1 in the Supporting Information both show 
that the roughness of the AWs gradually increases with the pro-
longed etching time, that is, 0 s for commercially purchased AW 
with low roughness (LAW), 10 s for AW with moderate rough-
ness (MAW), and 120 s for AW with high roughness (HAW). 
Furthermore, unaltered LAWs (Bare-LAWs) served as controls. 
Afterward, 1H, 1H, 2H, 2H-perfluorodecyltrimethoxysilane 
(FAS) was deposited on the prepared AWs in a decompres-
sion environment at 80 °C overnight, as described in previous 
reports.[11b] Compared to Bare AWs, the newly appeared peak of 
fluorine (688 eV) on the X-ray photoelectron spectroscopy (XPS) 
spectrum (Figure 2d) of the FAS-modified AWs (FAS-AWs) 
demonstrates the successful deposition of the FAS molecule. 
Figure 2b displays the wettability of water droplets on the sur-
face of all AWs, showing that the water contact angles (CAs) 
increase after FAS modification. As shown in Figure 2b, water 
CA on the Bare-LAWs is found to be 89.5 ± 5.9°, which increases 
to 122.2 ± 1.6° for FAS-LAW, 137.2 ± 5.1° for FAS-MAW, and 
160.4 ± 6.0° for FAS-HAW after FAS modification. In addi-
tion, the adhesive forces of water for the abovementioned 
AWs were investigated as well. Figure 2c shows the curves of 
adhesive forces and the corresponding images of water drop-
lets on the AW surfaces. When leaving the AW surfaces, the 
water droplets on Bare-LAW, FAS-LAW, and FAS-MAW are all 
stretched to some extent and exhibit relative strong water adhe-
sion, demonstrated by the forces of 145.2 ± 14.9, 80.3 ± 4.3, 
and 49.7 ± 9.6 µN, respectively. In contrast, the water droplet on  
FAS-HAW maintains its nearly spherical shape, and no residual 

water is observed on the AW, which is in accordance with 
the extremely low adhesive force of 19.4 ± 4.5 µN. Thus, the 
variation of the CAs and adhesion forces of the modified AWs 
demonstrate the successful fabrication of the desired surfaces.

2.2. Antibacteria Adhesion Performance

Orthodontic AWs are well known to raise the difficulty of teeth 
cleaning and enlarge adhesion sites for oral bacteria such as 
Streptococcus mutans (S. mutans),[11b] which readily lead to dental 
decay. Thus, improving the antibacteria adhesion property of 
AWs is very important. The bacterial adhesion experiment was 
operated via incubations of all AWs with S. mutans suspensions 
at a concentration of 1 × 108 cells mL−1 in phosphate-buffered 
saline (PBS) for different times (i.e., 0, 5, 10, 15, and 20 h).[11b] 
To mimic the daily behavior of mouth rinsing, the AWs were 
removed and gently rinsed in deionized water every 5 h for the 
duration of the culture time. The number of adhered bacteria 
was quantified using corresponding SEM images. As shown in 
Figure S2a (Supporting Information), few bacteria are observed 
on the FAS-HAWs, which also exhibit an extremely low bacteria 
adhesion regardless of the incubation time (Figure 3a). In con-
trast, many bacteria adhere to the Bare-LAW surface (Figure S2d, 
Supporting Information), exhibiting an apparent increment 
with the increase of incubation time (Figure 3b). Taking incu-
bation time of 20 h as an example, the density of adhered bac-
teria is (0.12 ± 0.10) × 104 cm−2 for FAS-HAW. In contrast, the 
density is significantly increased to (3.46 ± 0.75) × 104 cm−2 on 
the original AW (Bare-LAW), suggesting an excellent antibac-
terial performance of FAS-HAW, at an efficiency of 96.6%. In 
addition, the densities of the adhered bacteria in Figure S3a  
(Supporting Information) are (1.21 ± 0.25) × 104 cm−2 for 
FAS-LAW and (0.45 ± 0.20) × 104 cm−2 for FAS-MAW, displaying 
an antibacteria efficiency of 65.0% and 87.0%, respectively. 
Figure S4 (Supporting Information) shows that the bacterial 
experiment without removal for rinsing exhibits the same trend 
of bacterial adhesion as observed with removal with rinsing 
every 5 h. Therefore, these results confirm that the FAS-treated 
AWs show excellent antibacteria properties.
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Figure 1. Schematic illustration of anti-adhesion and anti-Ni release behavior on the FAS modified rough orthodontic AWs. a) The modification process 
of superhydrophobic AWs. Bacteria adhesion and Ni2+ release properties of commercially purchased AWs with low roughness (Bare-LAW) for b) 
and superhydrophobic AWs with high roughness (FAS-HAW) for c).
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As shown in Figure 3c, only a few bacteria, which are indi-
cated with the red arrow, are found on the surface of the FAS-
HAW after a short incubation time (e.g., 0.5 h). In contrast, 
an apparent bacterial aggregation, indicated by the red dotted 
line, is clearly observed on the original AW, indicating the ini-
tial formation of bacterial biofilm (Figure 3d). In addition, the 
CAs of all AWs were measured every 5 h when incubated in 
the bacterial suspension. The results in Figure 3a,b and Figure 
S3b (Supporting Information) show that no obvious CA vari-
ation exists in the AWs, demonstrating the stability of surface 
wettability and corresponding antibacteria.

2.3. Anti-Ni Ion Release Property and Corrosion Resistance

Since superfluous Ni ion in the oral environment probably 
leads to allergy and cytotoxicity, enhancing the anti-Ni release 
of the Ni–Ti alloy AWs is essential. Therefore, we compared the 
anti-Ni release property of the different AWs including the Bare-
LAW, FAS-LAW, Bare-HAW, and FAS-HAW. In brief, we first 
placed these AWs into a bacterial suspension for 5 h. Then, we 
monitored the Ni2+ concentration of the residual liquid using 

inductively coupled plasma mass spectrometry (ICP-MS) after 
removing the bacteria and AWs. The results in Figure 4b show 
that the release concentration of Ni2+ for FAS-LAW (8.00 ± 0.59 
ng mL−1) is slightly lower than that shown in Figure 4a for Bare-
LAW (8.33 ± 0.71 ng mL−1), which may stem from the wetta-
bility transition from hydrophilicity to hydrophobicity after FAS 
modification. Compared to that of Bare-LAW in Figure 4a, Bare-
HAW in Figure 4c displays an apparent increase of Ni2+ con-
centration to 83.07 ± 6.59 ng mL−1, owing to enlarged contact 
area between bacteria suspension and AWs from the amplifica-
tion of surface roughness (Figure 2a and Figure S1, Supporting 
Information). Furthermore, the Ni2+ concentration for super-
hydrophobic FAS-HAW in Figure 4d dramatically decreases to 
3.64 ± 0.13 ng mL−1 because trapped air triggers the variation 
of suspension-AW contact mode from surface contact to point 
contact. Compared to that of Bare-LAW and Bare-HAW, the Ni2+ 
release of as-prepared FAS-HAW is greatly decreased by 56.3% 
and 95.6%, indicating that FAS-HAW possesses an excellent 
performance of anti-Ni release. Therefore, the potential allergy 
risk can be greatly alleviated by reducing the actual contact area 
between the bacterial suspension and the AWs through surface 
roughening and hydrophobic modification.
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Figure 2. Surface morphology, wettability, adhesion property, and element analysis of Bare-LAW (labeled as Control) and FAS-AWs. a) AW morpholo-
gies with different roughness are shown by SEM topographies. b) Contact angles (CAs) of all AWs: Control shows hydrophilicity with CA of 89.5 ± 5.9°, 
and FAS-LAW and FAS-MAW show hydrophobicity with CAs of 122.2 ± 1.6° and 137.2 ± 5.1°, respectively, whereas FAS-HAW shows superhydrophobicity, 
and the CA is 160.4 ± 6.0°. c) Adhesive forces of all AWs decrease from 145.23 ± 14.93 µN for Control to 19.40 ± 4.50 µN for FAS-HAW. d) Fluorine 
peak (688 eV) in XPS spectrum of AWs. Scale bar 200 µm. The error bar represents the standard error from three repeats.
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Generally, chemical and electrochemical corrosion of the AWs 
is inevitable because the oral cavity is a complex environment with 
electrolytes and metallic dental restorations. To verify their anticor-
rosion capability, the corrosion current density of different AWs 
was compared in Figure S5 (Supporting Information). The results 
show that for Bare-AWs of the black line, the corrosion current 
density increases from (2.88 ± 0.09) × 10−8 A cm−2 (Bare-LAW) 
to (39.44 ± 9.26) × 10−8 A cm−2 (Bare-HAW), with the increase 
in surface roughness. For the red line of FAS-AWs, compared to 
(2.16 ± 0.12) × 10−8 A cm−2 for FAS-LAW, the corrosion current 
density for FAS-MAW slightly rises to (2.22 ± 0.07) × 10−8 A cm−2, 
followed by a sharp decline to (0.90 ± 0.03) × 10−8 A cm−2 for FAS-
HAW. To explain the slight increase of corrosion current density 
from FAS-LAW to FAS-MAW, their wetting states must be deter-
mined. The larger adhesive forces (80.3 ± 4.27 and 49.7 ± 9.6 µN) 
in Figure 2c indicate the hydrophobic Wenzel states of FAS-LAW 
and FAS-MAW. Compared with FAS-LAW, the rougher FAS-MAW 
enlarges the actual contact area between the rough AWs and the 
bacterial suspension, resulting in the slight increase in corrosion 
current density. Compared to that of Bare-LAW and Bare-HAW, 
superhydrophobic FAS-HAW is able to promote the corrosion 
resistance of AWs up to 68.7% and 97.7%. As a result, the super-
hydrophobic AWs also exhibit excellent corrosion resistance.

2.4. Mechanical Properties of As-Prepared AWs

Flexural strength, one of the most important mechanical 
characteristics of orthodontic AWs, was investigated in a 
three-point bending test.[28] All AWs were tested according to 
ISO/CD 15841:2004, MOD standard, and stress–strain curves 
were drawn to visualize the flexural properties. Figure S6 
(Supporting Information) shows that the unloading curves 
generally overlapped, and the unloading force shows no sig-
nificant difference, with the compression deformation varying 
from 3 to 0.5 mm, revealing that the original flexural property 
is retained. That is, FAS-AWs provide harmless force to teeth 
when used in orthodontic treatment.

3. Conclusion

In conclusion, we have developed a bioinspired superhydro-
phobic strategy endowing Ni–Ti alloy AWs with multifunctional 
properties, including antibacteria adhesion, anti-Ni ion release, 
and corrosion resistance. These integrated properties attribute 
to the trapped air on the superhydrophobic surface, significantly 
reducing the actual contact area between the rough AWs and the 
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Figure 3. The bacteria adhesion performance and CA variations of Bare-LAW and FAS-HAW when incubated with a bacterial suspension for different 
time. Bacteria densities (showed by blue lines) and CAs (shown by pink lines) of superhydrophobic FAS-HAW a) and Bare-LAW b). c) Few bacteria can 
be found on the FAS-HAW, indicated by the red arrow, where no biofilm formation is observed. d) An obvious bacteria aggregation occurs on Bare-LAW 
when incubated for 0.5 h, as indicated by the red dotted line.
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bacterial suspension. Therefore, our design strategy has poten-
tial for application in other dental devices and biomaterials.

4. Experimental Section
Material and Methods: Nickel–Titanium orthodontic archwires were 

purchased from Smart Co., China. Brain heart infusion and brain heart 
infusion agar were obtained from Oxoid Co., England. Phosphate-
buffered saline was purchased from Thermo Scientific, USA. Acetone 
(>99.5%, AR) and alcohol (≥99.8%, GR) were obtained from the Beijing 
Chemical Co., China. 1H, 1H, 2H, 2H-Perfluorodecyltrimethoxysilane 
was bought from J&K Chemical, China. Deionized water (>1.82 MΩ cm, 
Milli-Q system) was used. All chemicals were used directly without 
further modification.

Apparatus and Characterization: SEM images were recorded using 
an S-4800 instrument (HITACHI, Japan). Static contact angles were 
measured on a Dataphysics OCA 20 Contact-Angle System (Filderstadt, 
Germany), and the adhesive force was measured using Dataphysics 
DCAT 21 Dynamic Contact Angle Meter (FILDERSTADT, Germany). The 
elemental analysis was conducted by X-ray photoelectron spectroscopy 
(ESCALAB 250XI, Thermo Fisher Scientific, USA). LSCM images with an 
area of 1 µm × 1 µm were tested by employing Olympus LEXT Nano 
Search Microscope (OLS4500, Japan). The nickel ion concentration was 
measured using ICP-MS (X II, Thermo Fisher Scientific, USA).

Bacterial Culture: S. mutans (UA159) was used as the model bacteria 
because it was the dominant bacteria inducing dental decay.[29] For  
S. mutans, a single bead was taken from its freezing solution in −80 °C  
and incubated for 48 h on brain heart infusion agar at 37 °C in an 
atmosphere enriched with 5% CO2. Then, one colony was isolated from 
the agar and incubated with 1 mL of nutrient broth overnight at 37 °C 
in an atmosphere enriched with 5% CO2. After reaching the logarithmic 
phase, S. mutans was harvested by centrifugation at 2000 rpm for 10 min 
at room temperature and washed with PBS three times. Subsequently, 
the bacteria were suspended in PBS at a final concentration of 1 × 108 
colony-forming units (CFU) mL−1.[11b]

Fabrication of AWs Modified by FAS: To remove surface organic 
contamination, AWs were first ultrasonicated in acetone, ethanol, 
and deionized water for 30, 30, and 30 min, respectively. Then, for 

regulated surface roughness, AWs were electrochemically etched in 
diluted nitric acid (1 mol L−1) at a voltage of 3 V for different times 
including 0 s (bare AWs with low roughness, Bare-LAW, labeled as 
Control), 10 s (bare AWs with moderate roughness, Bare-MAW), and 
120 s (bare AWs with high roughness, Bare-HAW). Later, the FAS 
was successfully modified on AWs by the vapor deposition method 
(decompression environment, 80 °C, overnight). Finally, these materials 
were adequately washed with deionized water three times and dried with 
N2 flow, obtaining FAS-modified AWs with different surface roughness 
(e.g., FAS-LAW, FAS-MAW, and FAS-HAW).

Anti-Adhesion Performance of AWs: To test the anti-adhesion 
performance, Bare-LAWs (Control) and FAS-AWs were immersed in 
bacteria suspensions for 5, 10, 15 and 20 h at 37 °C. Furthermore, 
to mimic the daily behavior of mouth rinsing, all AWs were taken out 
and gently rinsed in deionized water and returned to the bacterial 
suspension every 5 h for the duration of the total culture time (5, 10, 15, 
and 20 h). Then, all AWs were fixed with 2.5% glutaraldehyde for 1 h 
at room temperature. After washing the samples with PBS three times, 
the samples were dehydrated through a graded series of alcohol 
concentrations (30%, 50%, 70%, 80%, 90%, and 100%), with each 
concentration being sustained for 15 min. Finally, the adhesion of the 
S. mutans on the AWs was examined by SEM and counted by ImageJ. 
The bacteria were distinguished from the underlying surfaces of AWs 
according to their inherent size and morphology (Figure S7, Supporting 
Information).[30]

Durability of Hydrophobicity of FAS-AWs: To verify the durability of the 
FAS-AWs, the static contact angles of the FAS-AWs were measured after 
incubating them in the bacterial suspension for different times. First, the 
FAS-AWs were immersed into the bacterial suspension for 20 h and then 
removed every 5 h. To exclude the effect of the adhesive bacteria, the 
FAS-AWs were all ultrasonicated in deionized water for approximately 
30 min. Finally, the stable contact angles revealed the durability of the 
hydrophobicity of the FAS-AWs.

Anti-Ni Release Performance of AWs: To evaluate the anti-Ni release 
performance, four representative AWs were immersed in the bacterial 
suspension for 5 h, including Bare-LAW, Bare-HAW, FAS-LAW, and 
FAS-HAW. Then, after all AWs were removed, the remaining bacterial 
suspension was centrifuged at 2000 rpm for 10 min, and the supernatant 
was collected for ICP-MS to detect nickel concentration.

Adv. Mater. Interfaces 2019, 6, 1801569

Figure 4. Schematic illustration of anti-Ni release property and corresponding Ni2+ concentration of different AWs including Bare-LAW a), FAS-LAW 
b), Bare-HAW c), and FAS-HAW d). The amount of Ni ion release is mainly related to the contact area between the AWs and the bacterial suspension. 
With the combination of rough surface and FAS modification, the superhydrophobic FAS-HAW is obtained, significantly decreasing the actual contact 
area due to the trapped air, thereby resulting in the suppression of Ni ion release.
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Electrochemical Corrosion Resistance of FAS-AWs: The anti-
electrochemical corrosion capability of the AWs before and after 
FAS modification was studied by potentiodynamic polarization 
experiments. The as-prepared AWs were dipped into the electrolyte 
(normal saline) of the three-electrode system, and the potential was 
scanned from −1000 to +1000 mV at a scan rate of 5 mV s−1. The 
corrosion potential and the corrosion current density of the as-prepared 
Ni–Ti alloys were measured by the method of Tafel plot extrapolation.

Mechanical Properties Measurement: Flexural strength was investigated 
in a three-point bending test.[28] The Bare-LAWs (Control) and FAS-AWs 
with different roughness were tested using a universal testing machine 
according to ISO/CD 15841:2004, MOD standard (short side of the 
cross-section was selected as the driving face, with fulcrum distance 
10 mm and loading rate 1 mm min−1, under temperature of 36 ± 1 °C) 
and a stress–strain curve was drawn to visualize the flexural properties.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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