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Abstract: Orthodontic treatment carries the risk of major complications such as enamel deminer-
alization, tooth decay, gingivitis, and periodontal damage. A large number of elements of fixed
orthodontic appliance results in the creation of additional plaque retention sites which increase
the risk of biofilm creation. Modification of the surface of orthodontic elements may prevent the
formation of bacterial biofilm. In this paper, surface modification of stainless steel orthodontic wires
with TiO2: Ag was carried out by the sol-gel thin film dip-coating method. To obtain the anatase
crystal structure, substrates were calcined for 2 h at 500 ◦C. The properties of the obtained coatings
were investigated using scanning electron microscopy, X-ray diffraction, and electrochemical tests.
Corrosion studies were performed in a Ringer’s solution, which simulated physiological solution.
SEM and XRD analyses of the coated surface confirmed the presence of Ag nanoparticles which may
have antimicrobial potential.

Keywords: coated materials; orthodontic wires; biocompatible; surface properties; microscopy; nanoparticles

1. Introduction

The main goal of orthodontic treatment is to improve the function of the masticatory
system, but also, to a large extent, to ensure that the smile is aesthetically pleasing. Unfor-
tunately, like most medical procedures, this treatment carries the risk of complications. The
main side effects of orthodontic treatment include enamel demineralization, tooth decay,
gingivitis and recession, periodontal damage, and root resorption (Figure 1). Therefore, it
is justified to take all measures to prevent these negative phenomena [1,2].

Modern orthodontic treatment usually requires the use of a fixed orthodontic ap-
pliance. A fixed appliance consists of, among other things, brackets—elements that are
located in the patient’s mouth throughout the treatment period—and archwires—elements
that are replaced at follow-up visits. Chromium-nickel stainless steel (18-8, SS) is one of
the materials widely used in the manufacture of both brackets and archwires. Due to its
mechanical properties, archwires made of this material are used as the main working arches
during most orthodontic treatment. A large number of elements contribute to the creation
of additional plaque retention sites and thus provide an additional surface on which bacte-
rial biofilm may accumulate [3,4]. Bacterial biofilm is a specialized mono- or multispecies
lifeform of microorganisms that is permanently located on a substrate and surrounded
by a layer of polysaccharides [5]. The polysaccharide component of the matrix provides
many benefits to the cells in the biofilm, such as adhesion and protection [6]. Aside from
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polysaccharides, biofilms consist of proteins, nucleic acids, lipids, and humic substances.
The main role of the biofilm is to protect the microbial community from environmental
stresses [7].

Figure 1. The main side effects of orthodontic treatment and poor oral hygiene during orthodontic
treatment (a) plaque accumulation sites around orthodontic braces, (b,c) white spot lesions, enamel
demineralization, and cavity occurred due to fixed orthodontic treatment.

Among the factors influencing the degree of adhesion of bacterial biofilm are the
topological and chemical properties of the surface of orthodontic elements. Modification of
the surface of orthodontic elements is one of the possibilities to improve their properties,
including the prevention of bacterial biofilm formation. Such modifications can be made
with the use of additional layers containing compounds that may have a bactericidal
or bacteriostatic effect. Coatings used on orthodontic wires may influence their surface
characteristics, and, hence, their properties such as: surface roughness [8], mechanical
and frictional properties [9], thickness [10], corrosiveness [11], coating stability [12], and
bacterial adhesion [13].

Such a coating can be made of titanium dioxide (TiO2). According to some researchers,
it may provide both antibacterial and anti-corrosion effects [14,15]. Strong antibacterial
properties were also confirmed in the case of coatings containing silver particles [16]. How-
ever, such layers have to meet several preconditions to transition from in vitro to in vivo
testing and must then be introduced as a finished product for wide clinical use. Before
using cell line testing and subsequent in vivo testing, the product must meet the following
essential conditions: maximum film integrity and uniformity, durability in mechanical tests
typical for the component material, and corrosion resistance under typical electrochemical
conditions in the oral cavity. Obtaining a coating with appropriate properties to a large
extent depends on selecting an appropriate method of covering the elements [17]. There
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are many different types of coating techniques such as physical vapor deposition, a thermal
evaporation method, radiofrequency magnetron sputtering, and less frequently used sol-
gel thin film dip-coating method [18]. In this study, the sol-gel thin film dip-coating method
was used. Its main advantage is a good structure homogeneity, the possibility to control
the conductivity of the resulting material, and high purity of starting material [19,20].

The aim of the paper is to present the physicochemical sol-gel process of applying a
TiO2:Ag layer with potential bactericidal properties to 18-8 stainless steel archwires and
to present the corrosion behavior of the elements with a modified surface. The main goal
is to achieve a proper coating that shows no fractures and no delamination and can be
further examined on its probable antibacterial properties. Inventing a coating with perfect
adhesion to a stainless steel archwire along with antibacterial properties may eliminate or
reduce some of the side effects of orthodontic treatment.

2. Materials and Methods
2.1. Material

These studies were conducted at the Department of Mechanics, Materials and Biomed-
ical Engineering of Wrocław University of Science and Technology. It involved stainless
steel (SS) orthodontic wires 0.016 × 0.022 inch (Adenta, Rı̄ga, Latvija). Surface modification
of stainless steel orthodontic wires with TiO2 was carried out using the sol-gel thin film
dip-coating method. It can be explained in three parts:

2.1.1. Preparation of TiO2 Sol

The solution of TiO2 consisted of 6 mL of titanium(IV) isopropoxide (97%, Aldrich),
85 mL of 2-propanol (Eurochem BDG, Tarnów, Poland), and 0.5 mL of acetic acid (99%,
Aldrich). To reduce surface roughness, polypropylene glycol (PPG, Mw = 1000, Alfa Aesar)
at 1 wt.% was added to the TiO2 solution. After adding PPG to the solution, it was stirred
up for 3 h at room temperature using a magnetic stirrer. The stirred sol was aged for 24 h
at 4 ◦C. The orthodontic wires were then cleaned in an ultrasonic bath before being coated
with acetone and distilled water for 15 min. The synthesis of TiO2 sol was based on the
modified sol-gel method from Özyildiz F. et al. [21].

2.1.2. Preparation of TiO2:Ag Solution

In this study, the salt used was silver nitrate (AgNO3; Sigma-Aldrich). One gram of
AgNO3 was dissolved in a mixture of 2.4 mL of water, 10 mL of acetic acid, and 12 mL of
isopropanol. The solution was subsequently mixed with the TiO2 precursor sol for 3 h at
room temperature using a magnetic stirrer. Synthesis of TiO2:Ag solution was based on the
modified synthesis from Tomás S. et al. [22].

2.1.3. Preparation of Thin Films

In this study, stainless steel wires were coated with TiO2 and TiO2:Ag layers using
the sol-gel dip-coating method. In order to obtain an even coating, each orthodontic
wire was dipped in the sol for 1 min and removed at a constant speed of 65.8 mm/min.
Substrates were dried for 1 h at 120 ◦C with a heating and cooling rate of 0.5 ◦C/min.
This procedure was repeated twice to increase the thickness of the thin film. The coated
wires were then calcined for 2 h at 500 ◦C with a heating and cooling rate of 1 ◦C/min
(Nabertherm Industrial Furnaces LT 5/11/P330).

2.1.4. Preparation of TiO2 and TiO2:Ag Powders

In this study, TiO2 and TiO2:Ag powders were also carried out to analyze the crystal
structure using X-ray diffraction. The powders were obtained by drying hydrolysates of
TiO2 and TiO2:Ag at room temperature for seven days and dried at 120 ◦C for 1 h with a
heating and cooling rate of 0.5 ◦C/min. The obtained powder samples were heated for 2 h
at 500 ◦C with a heating and cooling rate of 1 ◦C/min.

The final division of the subgroups of the studied material is presented in Table 1.
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Table 1. Groups of samples used for studies.

Group 1 Control group—it consisted of uncoated stainless steel orthodontic wires

Group 2 Experimental group—it consisted of surface-modified stainless steel orthodontic
wires coated with TiO2 thin film

Group 3 Experimental group—it consisted of surface-modified stainless steel orthodontic
wires coated with TiO2:Ag thin film

2.2. Characterization
2.2.1. Scanning Electron Microscopy

Surface morphology and composition of the coated wires with TiO2 and TiO2:Ag were
analyzed by scanning electron microscopy (SEM S-3400N HITACHI) equipped with an
energy dispersive X-ray (EDS) detector.

2.2.2. X-ray Diffraction

X-ray diffraction (XRD) measurements were performed on an X-ray diffractometer
Ultima IV (Rigaku, Japan), with CuKα irradiation (λ = 1.54056 Å) in the range of angles 2θ
from 10◦ to 85◦, a step of 0.05 and exposure time 1 s per point.

2.2.3. Electrochemical Measurements

In order to prepare samples for electrochemical tests, selected parts of archwires were
mounted in the Duracryl Plus epoxy resin according to the scheme below (Figure 2). For
the next step, each working surface was cleaned with acetone in an ultrasonic bath.

Before the linear potentiodynamic polarization tests, each alloy was tested for 1 h
for open-circuit potential measurements. Electrochemical reactions occurred on the metal-
solution interaction when metals were submerged in a simulated oral environment, i.e.,
Ringer’s solution. After that, electrochemical measurements were performed in a conven-
tional three-electrode cell. A saturated calomel electrode (SCE) was used as a reference,
and a platinum plate—as the counter electrode. Measurements were performed using the
Atlas 0531 potentiostat.

After 1 h of immersion in the test solution, the corrosion behavior of bare and coated
archwire samples was evaluated using polarization curves and potentiostatic corrosion
tests. The potential scan rate was 1 mV/s. Data were analyzed using the Tafel extrapolation
method. All measurements were performed at room temperature.

Figure 2. The sample of archwire prepared for the electrochemical test.

3. Results
3.1. SEM Analysis

Morphologies of the samples were observed using SEM (Figure 3), the material
composition of each uncoated and coated orthodontic wire was determined. Figure 3a–c
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shows the morphology of uncoated samples and samples coated with TiO2 and TiO2:Ag.
The analysis was performed using the SEM technique, via which the anchorage on the
surface of the wires was checked. It can be seen that the surface of TiO2 and TiO2:Ag coated
wires is smooth and cracking as well as delamination of the coatings are not observed. The
presence of silver was confirmed by the EDX analysis and elemental mapping.

Figure 3. Representative micrographs from the SEM of uncoated (a), coated with TiO2 (b) and coated
with TiO2:Ag (c,d) stainless steel orthodontic wires.

TiO2:Ag samples (Figure 3c,d) showed a greater number of aggregated TiO2 particles
at the end of the wire section, and thus present a larger specific surface area than control
TiO2 films (Figure 3b); accordingly, an enhanced photocatalytic activity is expected, since
a greater number of reactive sites is available to participate in photoreactions. Based on
the results of the energy-dispersive X-ray spectroscopy (EDS) results, it was found that the
grains observed in the SEM images are mainly constituted by TiO2 with doping levels of
Ag. It was also found that Ag aggregated into particles, but these particles were larger and
much more spread in the film than the TiO2 particles.

3.2. XRD Analysis

X-ray diffraction analysis of the powders presented in Figure 4 shows patterns of the
above-mentioned TiO2 and TiO2 modified with Ag, both calcined for 2 h at 500 ◦C. A, B,
R, Ag correspond to anatase, brookite, rutile, and silver phases, respectively. For the base
TiO2 powder, we observe peaks referring to the anatase phase with the main diffraction
peak at 2Θ = 25.25. The temperature of 500 ◦C, which was used for calcination suffices
to start the rutile phase crystallization, as evidenced by the diffraction peak at 2Θ = 27.35.
The XRD pattern of the modified powder shows no signs of rutile crystallization; on the
other hand, we observed a hump located at 2Θ = 31◦ which refers to the brookite peak.
Main brookite peaks are located near 2Θ = 25◦ and are covered by anatase peaks. Another
difference between the powders is the intensity of the peak near 2Θ = 38◦, which, apart
from the anatase phase, may refer to the main peak of metallic silver. There are also new
peaks at 2Θ = 43.5, 64.3, and 77.25, which directly confirmed the presence of metallic silver
in the powder.
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Figure 4. The XRD patterns of powders: TiO2 at the bottom and TiO2 modified with Ag at the top,
both for 2 h at 500 ◦C.

3.3. Corrosion Behavior

Polarization curves of untreated, TiO2 coated and Ag-doped TiO2 coated samples
of stainless steel archwires were investigated by means of electrochemical polarization
measurements in a Ringer’s solution. Corrosion parameters such as open-circuit potential
(EOCP), corrosion potential (Ecorr), corrosion current density (icorr), and anodic/cathodic
Tafel slope (Ba and Bc), obtained from polarization curves with the use of Tafel extrapolation,
are presented in Table 2. In addition, polarization resistance (Rp) was determined using the
typical Stern–Geary equation [23].

Table 2. Obtained results of corrosion parameters.

Sample EOCP (mV) Ecorr (mV) icorr (µA·cm−2) Ba (mV/dec) Bc (mV/dec) Rp (MΩ·cm2)

Group 1 31 −162 0.007 129 210 3.31
Group 2 −270 −300 39.9 177 716 0.01
Group 3 −332 −285 30.0 165 109 0.03

Open-circuit potential measurements (OCP) performed after 1 h are shown in Figure 5.
The curves show the potentials versus time of the selected untreated stainless steel arch-
wires and stainless steel archwires with a modified surface. The obtained results for bare SS
samples show that the potential EOCP increased suddenly. This indicates the passivation of
this material, which can also be seen at the next stage of electrochemical tests. Furthermore,
the continued shift of potential to positive values indicates that there were changes in the
passive layer [24,25]. The potential equals about −300 mV vs. SCE compared to specimens
of archwires with coatings, which can be evaluated as the initiation of localized corrosion
or tendency to corrode. However, subsequent investigations revealed that these potential
decreases might be related to cathodic inhibition [26]. Moreover, a shift of EOCP towards
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positive values also for a SS archwire sample with a TiO2 layer was observed. It indicates
that this specimen could also form a passive oxide layer.

Figure 5. Open-circuit potential curves regarding the 1 h immersion of bare, TiO2 coated and
Ag-doped TiO2 coated selected samples.

When the obtained results of corrosion parameters were examined, it was observed
that samples of stainless steel with TiO2 and Ag-doped TiO2 coatings exhibited a remark-
able decrease in corrosion resistance [27]. Values of corrosion current density of the bare
material were four orders of magnitude lower than the corrosion current density for the
coated samples. Another important parameter for determining the corrosion behavior of
the samples is polarization resistance. While the Rp value for untreated SS archwire was
3.31 MΩ·cm2, polarization resistance of TiO2 and Ag-doped TiO2 coatings were measured
as only 0.01 MΩ·cm2 and 0.03 MΩ·cm2. In addition, group 2 and group 3 exhibited more
negative Ecorr than the uncoated sample, which initially might indicate localized corrosion.
Corrosion potentials of the sample with TiO2 and Ag-doped TiO2 coatings are almost
similar and are equal to −270 mV and −332 mV, respectively. At the same time, Ecorr for
untreated archwires is 31 mV.

Potentiodynamic polarization curves, presented in Figure 6, confirmed that the results
obtained for Group 1 are quite different than the other samples. Focusing on the anode
region of the polarization curves, uncoated samples show a clear region of passivation.
However, further observations revealed that the remaining curves also showed a slight
increase in the anode slope. A small area of passivation was especially observed in the
case of samples with un-doped TiO2 coatings. It is closely related to the mechanisms that
occurred on the cathode branch. The TiO2 oxide layer acts on the cathode branch, increasing
the slope of the cathode reaction. This suggests the presence of cathodic inhibition and
a significant increase in the kinetics of the anode reaction. Therefore, the effect of the
passivation process might be imperceptible on the obtained polarization curves, and the
passive oxide film formed on coated samples might be thermodynamically unstable.
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Figure 6. Potentiodynamic polarization curves of bare, TiO2 coated and Ag-doped TiO2 coated selected samples.

4. Discussion

The oral cavity is inhabited by more than 700 species of Gram-positive and Gram-
negative bacteria, occurring in planktonic form or in the form of an organized structure. In-
dividual components of dental braces, due to their irregular surface, provide an ideal place
for plaque formation [28]. Dental plaque is a typical biofilm associated with the surface of
teeth, which may cause damage to the enamel structure and periodontal damage, and even
contribute to the development of ischemic heart disease. Dental plaque is formed by both
supragingival and subgingival bacteria, usually Streptococcus, Actinomyces, Lactobacillus,
Porphyromonas, Tannerella, Fusobacterium, Prevotella, Bacteroides, Spirochaetes [3,4]. In ad-
dition to the mechanical removal of dental plaque and the use of preparations contain-
ing agents with antimicrobial properties, the use of nanoparticles that exhibit bacterio-
static/bactericidal properties is a promising strategy for reducing bacterial adhesion
to biomaterials [29–31]. Mhaske et al. investigated the impact of coating of stainless
steel and nickel-titanium archwires with a layer containing silver on the survival of
Lactobacillus acidophilus. Compared to the uncoated archwires, here there was a statisti-
cally significant decrease in the survival of bacteria found on coated archwires [13]. Silver
is well known for its antimicrobial activity against Gram-positive and negative bacteria
and it is widely used for medical devices. Using silver coating on the orthodontic wires pre-
vented the adhesion of L. acidophilus, hence proving its anti-adherent properties. On the other
hand, Ryu et al. observed that silver-containing and titanium-containing coating exhibited
antibacterial activity against Streptococcus mutans and Aggregatibacter actinomycetemcomitans [32].
Jasso-Ruiz et al. also verified the impact of silver nanoparticles on Streptococcus mutans
(and Streptococcus sobrinus) and obtained similar results—reduction in bacterial load found
on coated brackets [33]. The cited studies discuss an effective methodology for coating
archwires with sol-gel coatings containing silver ions. Based on them, it can be concluded
that such a coating may have a great potential to prevent the formation of bacterial biofilm
and prevent common complications of orthodontic treatment.

The ability of bacterial colonies to adhere to specific surfaces is one of the conditions
for their growth. Hence, the arch surface topography [31,34] is of key importance for the
growth of bacterial colonies on it. Very rough surfaces will be more susceptible to bacterial
growth, which means that the time necessary for the growth of a bacterial colony will
be shorter on this surface than on one that is only slightly rough. An even distribution
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of coating on orthodontic materials with the use of antimicrobial sol-gel coatings affects
their antimicrobial efficacy [35]. Moreover, the surface structure of orthodontic materials
affects not only the degree of bacterial aggregation but also biocompatibility, color stability,
aesthetics, and hygiene. Most studies indicate that reducing the degree of surface roughness
should have a positive impact on friction as well; however, studies do not conclusively
support this hypothesis [36]. It can be concluded that the smoother and more uniform the
archwire surface, the better the clinical properties of the archwire.

In this study, different combinations of sol-gel coatings were analyzed; variable pa-
rameters included time and rate of emergence of the material from sol-gel, as well as the
annealing time and temperature of the sample. The number of the applied layers was
an additional variable that was analyzed. The SEM test confirmed that the presented
method made it possible to obtain a tight and uniform layer of TiO2 and TiO2:Ag, which
symmetrically covered the entire surface of the tested samples. The EDS analysis also
revealed the presence of Ag aggregates in the structure of the covering layer. The XRD
analysis also showed the presence of Ag atoms in the tested sample. Therefore, it can
be assumed that the presented method made it possible to effectively obtain a tight and
uniform coating with potential antimicrobial activity.

The oral cavity offers ideal conditions for the phenomena of corrosion in the structure
of archwires. These phenomena may secondarily have detrimental effects on both the
health of the patient and the mechanical properties of archwires themselves [36,37]. The
enhancement of nickel ion release under the influence of electrochemical phenomena is
an additional aspect. Furthermore, corrosion and wear processes depend on biomaterial
surface biofilm formation which is a natural lubrication layer decreasing further material
wear processes. Due to that, applied materials for orthodontic treatments, working in a very
aggressive oral environment, should have tribological, antibacterial properties and high
corrosion resistance. Consequently, many researchers conducted studies on the formation of
corrosion phenomena for different types of archwires, and some of these studies involved
archwires with applied functional coatings [37–39]. Neuman et al. [40] demonstrated
increased corrosion resistance of orthodontic wires covered with a Teflon coating. In turn,
Kim and Johnson [41] demonstrated that surface modification with nitrogen ions did not
increase the corrosion resistance of steel wires. It is obvious that stainless steel archwire
already shows very good corrosion resistance due to the natural oxide film that covers
its surfaces [42]. It is also clearly seen in Figure 6, where potentiodynamic curves were
presented. The wide area of passivation and high values of polarization resistance only
confirmed it.

It is also known that TiO2 coatings have good physicochemical properties and—with
regard to corrosion—should shift the corrosion potential towards more positive values [43].
In this paper, we observed that cathodic inhibition might cause the formation of passive
oxygen film under the TiO2 and TiO2:Ag coatings. It is possible that with an increase in
the immersion time, from 1 h to even 24 h or 36 h, the values of Ecorr could be shifted
in a positive direction and the polarization resistance would increase [26]. This would
suggest that the material became nobler as a result of the passive layer formed on its
surface. The presence of brookite in the XRD analysis just confirmed that this oxygen film is
thermodynamically unstable. What is more, there is a high probability of the occurrence of
oxygen vacancies. Therefore, it would be reasonable to carry out a long-term incubation to
produce thermodynamical, stable TiO2. It could make it possible for polarization resistance
to be increased, and the Ecorr value to be shifted towards a more positive direction. The
low Ecorr and Rp rates may also indicate heterogeneity of the coatings or the presence
of precipitations. Thermodynamic stability may not be achieved due to these defects.
Further research is needed to investigate the passivation ability for the barrier properties of
sol-gel layers.
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5. Conclusions

The authors of the present study verified the selected properties of stainless steel
orthodontic archwires coated with TiO2:Ag. Based on the SEM and XRD analysis, open-
circuit potential measurement, and potentiodynamic polarization, it was observed that the
SEM analysis did not reveal cracking or delamination of the obtained TiO2:Ag coating, and
the XRD analysis revealed the presence of Ag nanoparticles, which indicates that the layer
applied to stainless steel orthodontic archwires have antibacterial potential. The authors of
the study investigated the electrochemical behavior of stainless steel orthodontic archwires
with TiO2 and TiO2:Ag, compared to bare orthodontic 316L archwires in simulated body
fluids. It was observed that TiO2:Ag coatings can change the microstructure and electro-
chemical behavior of stainless steel. During electrochemical tests, the authors observed a
thermodynamically unstable layer of TiO2, and cathodic inhibition caused by a short time
of incubation in Ringer’s solution. It would be reasonable to conduct incubation over a
longer period of time (24–36 h) to check the passivation ability for the barrier properties of
sol-gel layers. In summary, further studies, especially mechanical and tribological, on the
created layers should be conducted. Antimicrobial potential of the TiO2:Ag layer should be
checked using strains of bacteria inhabiting the oral cavity. Studies on the cytotoxic effect of
the developed layer on human cells are also necessary. Biocompatibility and antibacterial
studies are currently underway at the Medical University of Wroclaw. If its significant
antimicrobial or bacteriostatic effect on microorganisms inhabiting the oral cavity is con-
firmed and its detrimental impact on human cells is ruled out, it will be possible to initiate
the stage of clinical trials and assess the effectiveness of the layer in vivo.

Author Contributions: Conceptualization, M.S.; methodology, J.B., A.Z., Z.K.-G.; validation, Z.K.-G.,
M.G.-M., J.B., A.Z.; formal analysis, J.B., A.Z., B.B., W.S.; investigation, J.B., A.Z., B.B., W.S.; resources,
Z.K.-G., M.G.-M., writing—original draft preparation, Z.K.-G., M.G.-M., J.B., A.Z.; writing—review
and editing, M.S., B.K., J.D., B.B.; visualization, Z.K.-G., J.B., A.Z.; supervision M.S., B.K., J.D., B.B.;
project administration, M.S., J.D.; funding acquisition J.D., B.K. All authors have read and agreed to
the published version of the manuscript.

Funding: The cost of the publication was funded by Academic Dental Polyclinic of Dental Center of
Technology Transfer Ltd., Krakowska Str. 26, 50-425 Wroclaw, Poland.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
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