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Objective: To investigate the effect of ZnO nanocoating on mechanical properties of NiTi orthodontic wires and anti-
bacterial activity.

Methods: 0.016 x 0.022-in NiTi orthodontic wires were coated with ZnO nanoparticles using an electrochemical deposition 
method with three electrodes system in 0.1M Zn(NO3)2. Mechanical properties and frictional resistance of the coated wires 
were investigated using an universal testing machine. Antibacterial effect of ZnO coating was also investigated.

Results: A stable adhered ZnO nanocoating on NiTi wires was obtained. The coated wires have a significant antibacte-
rial activity against S. aureus, S. pyogens and E. coli, and a reduction of frictional forces by 34%.

Conclusion: ZnO nanocoating may improve the antibacterial effects of NiTi wires and reduce the frictional resistance. 
Coating may be implanted in orthodontic practice for faster and safer treatment.
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INTRODUCTION
Nickel-titanium (NiTi) wires have unique 

properties compared with other types of wires. 
NiTi wires can generate light forces in a large 
range of action, so they are considered to be the 
ideal orthodontic archwires for the initial stage of 
comprehensive orthodontic treatment. The abil-
ity of the wire to slide along the bracket is es-
sential for proper alignment and leveling in this 
stage.1 However, the main disadvantage of NiTi 
wires are surface roughness and high friction 
coefficient, which result in high frictional resis-
tance.1,2 Consequently, higher orthodontic forces 
would be needed to overcome resistance to slid-
ing and to achieve the desired tooth movement.2,3 

Such  excessive forces can increase the treatment 
duration, raise the risk of anchorage loss, undesir-
able tooth movement and root resorption.4,5

 The overall resistance to sliding is the sum 
of frictional resistance and binding. Binding oc-
curs when contact points are formed between 
the edges of the bracket and wire, and when the 
angle between them exceeds the critical amount.6 
Resistance to sliding is affected by some factors 
including wire and bracket material and surface 
characteristics. Various techniques are proposed 
to overcome resistance to sliding, including the 
use of different alloys, surface treatment, alter-
ing size and shape of the wire and bracket, and 
coating with different materials such as Teflon, 
inorganic fullerene-like nanoparticles of tungsten 
disulfide and carbon nitride film.6,7,8 The fric-
tion present during sliding mechanics represents 
a clinical challenge to the orthodontists because 
high level of fiction may reduce the effectiveness 
of the mechanics, decrease tooth movement and 
further complicate anchorage control.9 Reduc-
tion of friction between bracket and archwire can 
improve the orthodontic forces up to 50% and 
significantly facilitate tooth movement. It is also 
assumed to decrease treatment duration and the 
risk of apical root resorption.10

On the other hand, contact between orth-
odontic wires and brackets provides additional 
sites for microorganism binding and coloniza-
tion.11 Demineralization of enamel and formation 
of white spot lesions (WSLs) are one of the most 

common side effects in fixed orthodontic treat-
ments, with an estimated prevalence of 38% in 
the first six months and 50% at the end of the 
fixed orthodontic therapy, and may persist 5 years 
after the appliance removal. The major respon-
sible factor for the formation of WSLs and dental 
caries is Streptococcus species.12,13

Many previous studies have investigated the 
antibacterial characteristics of coated orthodontic 
wires with different agents, including a photocata-
lytic titanium oxide (TiO2) with silver and copper 
oxide nanoparticles.13,14

This study aimed at coating NiTi wires with 
ZnO nanoparticles by electrochemical deposition. 
In this process, a thin and tightly adherent coat-
ing of metal oxide was deposited onto the surface 
of a conductor substrate by simple electrolysis in 
a solution containing the desired metal ion or its 
chemical complex. Electrochemical deposition 
has the advantage of providing corrosion resis-
tance to the coated metals, thereby protecting the 
original material. In addition, the low cost and the 
ability to improve mechanical characteristics of 
coated metals are appreciated. It was also claimed 
that nanoparticles (NPs) may provide a new strat-
egy for treating and preventing dental infections.15 
The large surface area and high charge density of 
NPs enable them to interact with the negatively-
charged surface of bacterial cells, resulting in en-
hanced antimicrobial activity.16 Moreover, NPs 
combined with polymers or coated onto biomate-
rial surfaces was found to exhibit superior antimi-
crobial properties in the oral cavity.17

The goal of this study was to deposit ZnO 
nanocoating on NiTi wires and evaluate the an-
tibacterial resistance and the effect of nanocoating 
on frictional resistance of NiTi wires.

MATERIAL AND METHODS
Preparation of NiTi wires

Rectangular 0.016 x 0.022-in orthodontic wires 
commercially available (Ortho-Organizer, FL, USA) 
were ultrasonically cleaned in an absolute ethanol 
solution for 10 minutes at 37oC, followed by im-
mersion of the wires in a 4 M potassium hydroxide 
KOH at 100oC for 30 minutes using magneto-ag-
itator device.
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Coating wires with ZnO nanoparticles
Aqueous electro-deposition was performed us-

ing 0.1 M zinc nitrate Zn (NO3)2 that was prepared 
by adding 2.97 g of zinc nitrate to 100 ml of distilled 
water, then adding aqueous ammonia to the solu-
tion to make it alkaline, under vigorous mixing.

Electro-deposition was performed in three elec-
trodes system in a single compartment cell (Fig 1):

» Platinum disk (3.14 mm2) works as the coun-
ter electrode.

» NiTi wires act as the working electrode.
» Referencing electrode as SCC (saturated calo-

mel electrode).
Potentiostat-galvanostat as power supply with 

applied potential ranging from - 0.91 to -1.1 volt 
for 2-3 minutes.

Characterization of ZnO nanoparticles
The ZnO nanoparticles morphology and chemi-

cal composition of the particles were analyzed using 
scanning electron microscope and EDAX analysis.

Antibacterial activity of the ZnO nanoparticles 
coated wires

Antibacterial activity of the coated wires was as-
sessed against Streptococcus pyogenes (Gram-positive), 
Staphylococcus aureus (Gram-positive) and E. coli (Gram-
negative). Twelve plates each containing 2 cc of nutri-
ent agar were prepared under a septic condition then 
the plates were incubated for 24 hours at 37oC. 

Both coated and non-coated groups were tested 
for antibacterial activity. Twenty four wires were 
transferred to the plates, four plates for each type 
of bacteria. Bacterial growth inhibition was thus 
evaluated around the wires tested.

Friction test
Friction measurements were developed to 

simulate sliding movements within a bracket 
system, and used for measuring frictional resis-
tance using a Universal Testing Machine (UTM) 
(Lloyd LR 5K- England), composed by a frame 
for machine supporting, load cell for measure-
ment of the forces, cross head, test fixtures and 
output devices. The machine was connected to 
a computer for force analysis and printing of the 
results. Twenty pieces of wire were prepared for 

friction test. To simulate the sliding of the tooth 
across the archwires, 0.022-in slot stainless steel 
brackets (Ortho-Organizer, FL, USA) were used. 
The  wires were connected to brackets by elas-
tomeric ligatures. Brackets were bonded to the 
metal bars using cyanoacrylate bonding agent, 
then the metal bars were attached to the base of 
the universal testing machine.

The wires were then pulled out from the brack-
ets at a cross-head speed of 10 mm/minute with 
deflection limit of 3 mm and the load cell was cal-
ibrated between 0 and 10 N. After each test, the 
sample was replaced by another one, and finally all 
recorded data were collected and subsequently sta-
tistically analyzed.

Statistical analysis
Data were analyzed with SPSS version 21. 

The  normality of data was first tested with Sha-
piro-Wilk test. Continuous variables were pre-
sented as mean ± standard deviation (SD) for para-
metric data. The two groups were compared with 
Mann-Whitney test (non-parametric data), while 
ANOVA test was used to compare more than two 
groups (parametric data). Comparison between 
groups was performed by post-hoc LSD test.

Figure 1 - Three electrodes system in a single compartment cell.
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Figure 4 - EDAX test for uncoated NiTi wires.

Figure 2 - A) Photomicrograph of non-coated NiTi wires, B) Photomicrograph of ZnO nanocoating on NiTi wires.

A B

Figure 3 - EDAX analysis of ZnO nanocoated NiTi wires.
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Table 2 - Atomic% and weight% of the elements of non-coated NiTi wires.

Element Weight% Atomic%

 C K 10.47 34.13

Ni K 40.90 33.44

Ti K 48.62 32.43

Total 100 100

Table 3 - Mean diameter of inhibition zones around coated wires in different bacteria.

Type of bacteria Mean SD Minimum Maximum

Staph. aureus 4.25 0.49 3.70 4.80

Strepto. pyogens 6.25 0.64 5.50 7.00

E. coli 3.57 0.43 3.00 4.00

ANOVA Test 27.34

P- value <0.001*

Table 4 - Comparison of Load at Limit (N) among coated and uncoated groups.

Load at Limit (N) Coated group (n=15) Uncoated group (n=10) Mann-Whitney P- value

Mean 1.169 1.568

1.33 0.183

SD 1.257 1.017

Median 0.872 1.517

Minimum -0.78 0.26

Maximum 3.98 3.73

Table 1 - Atomic% and weight% of the elements of ZnO coated wires.

Element Weight% Atomic%

C K 16.26 27.97

O K 45.92 59.29

Ti K 7.15 3.08

NI K 8.81 3.10

Zn K 20.14 6.36

P t L 1.72 0.18

Total 100.00

RESULTS
Characteristics of the ZnO nanoparticles

Scanning electron microscope of the ZnO nanopar-
ticles coated wires demonstrated a homogenous layer 
of nanoparticles on the wire (Fig 2). EDAX analysis 
demonstrated the formation of ZnO nanoparticles 
on the wire surface (Zn = 20% by weight, O = 45% 
by weight, Ti = 7.15% by weight and Ni = 8.81% by 
weight), as shown in Figure 3 and Table 1. EDAX 
analysis of non-coated NiTi wires (Ni = 48.62% by 
weight, Ti = 40.91% by weight and C = 10.47% by 
weight) is show in Figure 4 and Table 2.

Antibacterial activity test
While non-coated wires showed bacterial growth 

around the wires, coated wires showed no bacte-
rial growth. None of ZnO-coated wires presented 
bacterial growth after incubation for 24 hours at 
37oC regarding all types of bacteria used: S. aureus 
(Gram-positive), S. pyogenes (Gram-positive) and 
E. coli (Gram-negative). Inhibition zone was formed 
around all ZnO nanoparticles coated wires with all 
types of bacteria. Moreover, ZnO nanoparticles pro-
moted more antibacterial effect on Gram-positive 
bacteria than Gram-negative bacteria (Table 3). 
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Friction test
Table 4 shows that the presence of ZnO nanopar-

ticles on the wires has decreased the mean frictional 
forces in the coated wires by 34%, compared with 
the non-coated wires (1.169 and 1.568 N, respec-
tively). The coated wires showed a lower medi-
an frictional load (0.872 N) than uncoated wires 
(1.517 N), although no statistical significant differ-
ence could be found (p = 0.183).

DISCUSSION
NiTi archwire are the first choice for initial treat-

ment as they provide light and constant forces for long 
periods without requiring several activations. Howev-
er, they have great disadvantages due to the high fric-
tion coefficient. In addition, bacterial accumulation 
also occurs due to surface roughness. In this context, 
many attempts were done to overcome these problems 
and also to make orthodontics more esthetic. In this 
study, ZnO nanoparticles were used for coating of 
NiTi wires, characterized and investigated for their 
anti-bacterial properties, and friction resistance.

Chemical analysis of the coated wires demonstrat-
ed the formation of ZnO nanoparticles on the wire 
surface (O2 = 59.29 atomic%, Zn = 6.36 atomic%, 
Ti = 3.08 atomic% and Ni = 3.10 atomic%). The pres-
ent findings corroborate the results obtained by Ka-
choei et al.14 The EDS analysis of the coated wires 
confirmed that the wires consisted of nickel, titanium, 
zinc and oxygen. 

Surface topography of the ZnO nanocoating rev-
eled homogenous layer of spherical shaped nanopar-
ticles ranging from 40 to 60 nm in size on the wire 
surface. These results agree with Kachoei et al.14 Scan-
ning electron microscope images showed spherical 
ZnO nanoparticles with particle size ranging from 25 
to 30 nm. Behroozian et al.19 used SEM technique to 
evaluate surface pattern of ZnO nanoparticles depo-
sition and showed the presence of spherically shaped 
ZnO nanoparticles on the wire. Kachoei et al.20 con-
firmed a uniform coating of spherical shaped ZnO 
nanoparticles on stainless steel wires with narrow size 
distribution ranging from 40 to 45 nm.

Antibacterial characteristics
The incidence of WSLs and surface demineraliza-

tion were noticed to happen in the first months of 

treatment and is initiated by Staphylococcus strains.12,13 
Many attempts in previous studies were made to pre-
vent WSLs, by brackets and wires coating with an-
tibacterial agents. However, only few studies have 
explored the antibacterial effect of ZnO nanopar-
ticles in orthodontic applications. The results of the 
present study revealed that ZnO nanoparticles had 
a significant antimicrobial activity against various 
bacterial strains: S. pyogenes (Gram-positive), E.  coli 
(Gram-negative) and S.  aureus (Gram-positive). 
ZnO nanoparticles have more bactericidal effect on 
Gram-positive bacteria than Gram-negative bacte-
ria, according to the inhibition zones pattern noticed 
(Table 3). The antibacterial mechanism of NPs can 
be roughly divided into three types, although the 
specific mechanism of action is not yet clear. First, 
interacting with peptidoglycan cell wall and mem-
brane, causing cell lysis; then, interacting with bac-
terial proteins and disrupting protein synthesis; and 
finally, interacting with bacterial (cytoplasmic) DNA 
and preventing DNA replication.21,22,23 The results 
of this study are in agreement with the results ob-
tained by Ramazanzadeh et al,18 who studied the 
antibacterial effect of brackets coated with ZnO and 
CuO nanoparticles against S. mutans, and observed 
that the antibacterial effect of the coated brackets 
with ZnO-CuO and ZnO nanoparticles on S. mu-
tans was excellent, since after two hours the bacte-
rial count was reduced to zero. The coated brackets 
with ZnO nanoparticles ranked second, although in 
comparison with control group caused significant re-
duction of S. mutans, it could not reduce the popula-
tion of S. mutans to zero even after 24 hours.15 Azam 
et al.24 compared the antibacterial activity of CuO, 
ZnO and Fe2O3 nanoparticles against Gram-posi-
tive (S. aureus and P. aeruginosa) and Gram-negative 
(E. coli and Pseudomonas) bacteria, and reported that 
ZnO nanoparticles have the best antibacterial effect 
and Fe2O3 nanoparticles exhibit the lowest activity. 
Although Cu nanoparticles have unique chemical, 
biological and physical properties and low cost of 
preparation, the rapid oxidation in air limits their ap-
plication in orthodontics.25

It was suggested that the toxicity of antimicrobial 
nanoparticles is affected by many factors as dosage, 
type, particle size, distribution, duration of action, 
concentration and interaction with other compounds. 
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Nanoparticles can enter the body and accumu-
late in the organs due to the small particle size. 
No study could be found; however, proving the 
cytotoxicity of nanoparticles on human beings. 
Although some few studies have been done to ex-
plain the cytotoxicity of antibacterial nanoparti-
cles, there are no uniform indicators to standard-
ize the toxicity of nanoparticles.26

Mechanical properties
This study evaluated the effect of ZnO nanocoat-

ing of NiTi wires on frictional forces. The result 
showed a decreasing effect in friction resistance 
to sliding in the ZnO coated wires, compared to 
non-coated wires. The mean total frictional forc-
es were estimated to be 1.169 N for coated wires 
and 1.568 N for uncoated wires, demonstrating 
a reduction of 34% after nanoparticles coating. 
These  results coincide with the results obtained 
by Kachoei et al,14 who showed that the presence 
of ZnO nanoparticles coating on the wires has 
significantly decreased the frictional forces up to 
21%. The frictional force was recorded as 1.227 N 
in the coated wires and 1.642 N for the non-coated 
wires. Also, Behroozian et al.19 studied the ZnO 
nanoparticles coating effect on the frictional resis-
tance between ceramic brackets and orthodontic 
wires, and reported that the ZnO nanoparticles 
deposition had significantly decreased the friction-
al forces between brackets and stainless steel wires.

Samorodnitzky et al.27 found a significant de-
crease in kinetic and static frictional forces in NiTi 
and stainless steel orthodontic wires coated with 
inorganic fullerene of tungsten disulfide (IF-WS2) 
nanoparticles embedded in Co matrix up to 66%. 
They concluded that low friction nanocoatings could 
be applied for other biomedical purposes, as cardio-
vascular and orthopedic treatments. Wei et al.28 coat-
ed stainless steel orthodontic wires with CNx film 
and observed a significant reduction in the wire-
bracket friction both in artificial saliva and in air.

Rapoport et al.29 and Cizaire et al.30 demonstrat-
ed the mechanism by which the frictional forces de-
crease between the wire and bracket after nanoparti-
cles deposition. At first, nanoparticles act as a spacer, 
when the wire and bracket slots are parallel to each 
other, decreasing the surface sharpness and fric-

tional forces. The frictional forces increased at slot 
edges, between the wire and the bracket slot angle. 
At that phase, some of the deposited particles flakes 
off the wires and their path of motion become more 
lubricious. The deposited nanoparticles are slowly 
flaked and washed out at interfacial areas under 
force application. It could also be stated that the de-
position of ZnO nanoparticles on orthodontic wires 
can decrease frictional forces because nanoparticles 
protect the metallic wires against oxidation.31

Limitations of the study can be related to the fact 
that the exact coating thickness was not detected 
and also the variability of coating thickness with 
electrochemical deposition time, solution concen-
tration and composition were not measured. 

CONCLUSIONS
A unique coating on NiTi substrate was ob-

tained using ZnO nanoparticles, which may have 
superior anti-bacterial effect against Gram-nega-
tive and Gram-positive bacteria and superior fric-
tional performance. Nanoparticles coatings can be 
used in future orthodontic treatments.
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