
����������
�������

Citation: Fróis, A.; Mendes, A.R.;

Pereira, S.A.; Louro, C.S. Metal

Release and Surface Degradation of

Fixed Orthodontic Appliances during

the Dental Levelling and Aligning

Phase: A 12-Week Study. Coatings

2022, 12, 554. https://doi.org/

10.3390/coatings12050554

Academic Editor: Zhi Ren

Received: 17 February 2022

Accepted: 12 April 2022

Published: 20 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Metal Release and Surface Degradation of Fixed Orthodontic
Appliances during the Dental Levelling and Aligning Phase:
A 12-Week Study
António Fróis 1,2 , Alexandra Ricardo Mendes 1, Sónia Alves Pereira 3 and Cristina Santos Louro 1,*

1 CEMMPRE, Department of Mechanical Engineering, Faculty of Sciences and Technology,
University of Coimbra, Rua Luis Reis Santos, 3030-177 Coimbra, Portugal; antonio.frois@student.uc.pt (A.F.);
alexandra.mendes@student.fisica.uc.pt (A.R.M.)

2 Faculty of Medicine, Biophysics Institute, University of Coimbra, Coimbra Institute for Clinical and
Biomedical Research/Centre for Innovative Biomedicine and Biotechnology (iCBR/CIBB),
3000-548 Coimbra, Portugal

3 Faculty of Medicine, Institute of Orthodontics, University of Coimbra, Av. Bissaya Barreto, Bloco de Celas,
3000-075 Coimbra, Portugal; sapereira@fmed.uc.pt

* Correspondence: cristina.louro@dem.uc.pt

Abstract: The purpose of the present study is twofold: (i) to assess the salivary nickel, chromium,
and iron concentrations and (ii) to characterize the surface microstructure of the typical commer-
cially available Ni-containing metallic appliances during the first 12-week orthodontic treatment
period. A total of 85 unstimulated saliva samples were collected from patients before treatment,
after 2 days, and after 1, 4, and 12 weeks. Salivary ion concentrations were determined by induc-
tively coupled plasma optical emission spectroscopy, and data were analyzed with the Statistical
Package for Social Sciences (IBM SPSS) software. The recorded mean metal concentrations were in
the ranges of 132–175 µg/L for Ni, 171–192 µg/L for Cr, and 826–1023 µg/L for Fe. No statistically
significant variations were observed between the different study times, and the null hypothesis (the
concentrations of metallic ions in patients’ saliva did not significantly change after the placement of
the orthodontic appliances) was accepted (p > 0.05). Mean salivary metallic ions were below toxic
levels, and no adverse clinical reactions were registered. The intraoral surface degradation of the
fixed components was corroborated by optical microscopy, scanning electron microscopy, and energy
dispersive spectrometry. Microstructural analysis after complete orthodontic procedure confirmed
different corrosion types, from pitting to biocorrosion.

Keywords: fixed orthodontic appliances; corrosion; metal release; nickel; biofilm

1. Introduction

Biocompatibility is the key property for materials employed in medical applications to
assure that devices are safe for human usage. In orthodontics, fixed appliances are usually
made of metallic alloys, such as Nitinol (47–52% Ni) and stainless-steel (SS, 8–12% Ni and
17–22% Cr) [1–4], due to their balanced set of properties, i.e., suitable mechanical properties
(e.g., mechanical strength and/or elastic properties) and spontaneous passivation in corrosive
environments [1,2]. Nevertheless, the oral cavity is an extreme environment for any metallic
biomaterial [5]. The “mouth is the portal entry of the human body” [6]—an “open ecosystem” [7]
in which variations of intraoral parameters are frequent and complex, leading to a unique
corrosion-promoting human medium. A large number of factors—such as chemical compo-
sition; temperature and pH, influenced by diet, oral flora and its by-products; oral hygiene;
and health and psychosomatic conditions of each individual [1–3,8–14]—may contribute to
this phenomenon.
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Over the years, several and important in vitro and in vivo research studies have
confirmed that metallic orthodontic appliances undergo several types of intraoral corro-
sion [1–3,12,15–18]. For instance, pitting corrosion is easily induced by the presence of
fluorine and chlorine ions [13,19,20]; under low pH values [21–23], and fretting and crevice
corrosion types can be found in the bracket/archwire contact surfaces, which are commonly
tightened with ligatures (i.e., under load) [3,8,17,24–26]. The activity of biofilms—which
quickly colonize bioalloy surfaces [27]—increase the corrosion susceptibility due to the
generation of microgalvanic cells [8]. Moreover, a common orthodontic treatment consists
of three sequential phases, the first of which—dental levelling and aligning—involves
the simultaneous use of NiTi archwires and SS brackets and increases the risk of galvanic
corrosion [1,18]. The end result of corrosion is metallic ion release into the oral cavity [1],
such as Ni, Cr, Ti, Co, Mo, and Fe, which can be enhanced by the detrimental effects of the
alloy usage (e.g., mechanical stress and fatigue) [3,28]. Several important consequences of
this intraoral corrosion may arise and include enamel discoloration and demineralization,
hypersensitivity, inflammatory reactions and local pain, and toxicity effects [1,3,25,29–31].

Among the metallic ions released into the oral cavity, nickel raises special health concerns
and has been systematically studied [29,32–35], including in orthodontics [9,15,36–48]. Nickel
is a trace element in humans [33], and its participation in important cellular functions has been
reported [9]. Its estimated average dietary intake ranges between 100 and 300 µg/day, possibly
reaching 900 µg/day due to Ni-enriched foodstuff [2,33]. Nevertheless, no deficiency effects in
humans have been reported [33]. The International Agency for Research on Cancer (IARC)
considers inhaled nickel compounds as carcinogenic to humans (Group 1) and its metallic
form a possible carcinogenic agent [29]. This transition metal is also a strong immunologic
sensitizer, capable of triggering cytotoxic and mutagenic effects, and long-term exposure to a
small amount can affect several cellular functions [15]. Moreover, emphasis has been given to
Ni-induced genetic effects, including DNA damage and the inhibition of enzymes involved
in DNA reparation [15,40]. Chromium is another well-known toxic element, linked to its
hexavalent form, Cr (VI), which also exhibits mutagenic, cytotoxic, and carcinogenic effects
in humans [15].

Nickel release from orthodontic components can accumulate in the oral mucosa
cells [40,49] and decrease cellular viability [40], while systemic toxicity should not be
ignored [49]. Ni also induces allergic reactions, as several intra- and extra-oral, subtle to
severe symptoms have been reported: severe gingivitis without dental plaque, dermatitis,
asthma, gingival hyperplasia, multiform erythema, and labial desquamation, among other
symptoms [15,16,30,31,50]. Besides discomfort and pain, orthodontists may need to replace
Ni-enriched components, interrupt the treatment, and refer the patient to an allergist or
other specialist [50–54].

Despite all concerns, there is no scientific consensus on whether the short- or long-term
nickel concentration increases are significant after placing the orthodontic
appliances [9–11,36,42–48,55–58] and the real impact in human health [2,15,32,59]. Al-
lergies in orthodontics are (fortunately) rare [31,60], but may be ineffectively diagnosed:
subtle signs can be misinterpreted as mechanical injuries or bacterial-related [2,54,61,62].
Furthermore, while some researchers reported that salivary nickel leaching significantly
increased after starting the orthodontic treatment [9,10,40,41,44–47,49,58], others found no
significant oral concentration changes [11,36,48,55,56]. Consequently, further efforts must
persist considering the quantification of released metallic ions into the saliva of orthodon-
tic patients.

This work intends to contribute to this discussion. A 12-week treatment time was
selected since this period usually matches the first of the three sequential orthodontic
treatment phases: dental levelling and aligning. In this stage, orthodontists usually use
NiTi archwires (%Ni > 50), which generate continuous loads remaining in the elastic regime
during therapy, in addition to SS brackets and tubes (%Ni > 12), glued to the teeth and
coupled to wires for control of tooth movement. In consequence, this is the phase in which
a higher nickel content can be found inside the oral cavity. Therefore, the motivation of the
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study is to assess nickel, chromium, and iron salivary concentrations and to stablish the
interrelationships with surface microstructural changes.

2. Materials and Methods
2.1. Sample Management

The study protocol was approved by the Institutional Review Board (IRB, Ethics
Committee) of the Faculty of Medicine of the University of Coimbra (protocol code 129-
CE-2017 and date of approval 18 December 2017). Seventeen unrelated Caucasian patients
were randomly selected from the archives of the Institute of Orthodontics of the Dentistry
Department of the Faculty of Medicine of the University of Coimbra, Portugal (Table 1):
11 females and six males, with an average weight of 65 ± 15 kg in the large age range of 12 to
46 years (mean 20 ± 8 years). All patients signed a written informed consent. The selection
process was based on the following criteria: (i) no history of previous comprehensive
orthodontic treatment (straight-wire technique); (ii) no systemic illness, meaningful health
conditions or allergic reactions records; (iii) no metallic tooth restorations, such as amalgam
filling or fixed prostheses; and (iv) followed by the same orthodontist. Patients were asked
to avoid the consumption of Ni-rich food and drinks 2 h prior to sampling and were
instructed to maintain their regular eating habits and oral hygiene in the meantime.

Table 1. Main characteristics of the patients included in this study.

Patient Sex Weight (kg) Age

P1 M 65 22
P2 F 63 23
P3 M 60 17
P4 F 50 14
P5 M 66 18
P6 M 66 18
P7 F 52 14
P8 F 57 19
P9 F 63 18
P10 F 70 17
P11 F 112 46
P12 F 52 18
P13 M 60 16
P14 M 90 15
P15 F 63 22
P16 F 60 31
P17 F 50 12

M-male; F-female.

The fixed orthodontic appliances used in this study refer to an average of 10 brackets,
two tubes or bands, and one archwire per patient, with a variable number of metallic
ligatures. The main characteristics of these commercially available orthodontic components
are summarized in Table 2, according to the manufacturers’ information.

Table 2. Nominal chemical composition of the commercially available fixed orthodontic appliances
used, according to the manufacturers.

Components Alloy Structure
Composition (wt. %)

Ni Cr Mn Mo C Si Balanced

Brackets † 316L AISI Austenitic 10–13 16.5–18.5 ≤2 2.0–2.5 ≤0.30 ≤1 Fe
Bands †,‡ 305 AISI Austenitic 11–13 17.0–19.0 ≤2 - ≤0.12 1 Fe
Tubes † 316L AISI Austenitic 10–13 16.5–18.5 ≤2 2.0–2.5 ≤0.30 ≤1 Fe

Archwires †,¶ NiTi Austenitic/
Martensitic 50–60 - - - ≤0.10 - Ti

Suppliers: †-Dentaurum; ‡-Ormco; ¶-RMO.
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2.2. Saliva Sampling

For saliva sampling, each patient was asked to swallow and rinse their mouths with
distilled water for 20 s. Then, saliva was collected by direct spit (approximately 2–5 mL)
into new and sterile polypropylene tubes without stimulation, that is, without additional
tongue or cheek movements, or by chewing gum. Five samples were collected from each
patient at the following times: prior to treatment (t0), and after two days (t1), one week (t2)
four weeks (t3), and 12 weeks (t4) after placing the orthodontic appliances. Notice that the
NiTi archwires were removed from four patients (P9, P11, P16, and P17) between t3 and t4
periods, Table 3. As a result, no 12-week (t4) sampling was performed. A total of 85 saliva
samples were obtained and stored at −20 ◦C in a cold chamber before analysis.

Table 3. Inductively coupled plasma optical emission spectroscopy (ICP-OES) ion concentrations
of the 17 patients at the five time intervals: prior to treatment (t0) and after 2 days (t1), 1 week (t2),
4 weeks (t3), and 12 weeks (t4).

Patient
Ni (µg/L) Cr (µg/L) Fe (µg/L)

t0 t1 t2 t3 t4 t0 t1 t2 t3 t4 t0 t1 t2 t3 t4

P1 125 67 † 63 67 148 97 † 91 96 600 442 † 381 513
P2 98 53 55 63 58 93 92 96 94 87 619 500 746 515 1047
P3 313 122 108 98 85 202 195 205 178 98 1138 856 949 781 376
P4 119 162 86 † 110 187 192 97 † 189 780 951 375 † 665
P5 107 103 99 167 191 179 177 173 194 216 1050 721 657 852 1227
P6 127 104 124 159 132 216 189 218 199 163 1249 1174 1305 924 1125
P7 140 106 † 120 128 169 158 † 168 170 820 866 † 772 875
P8 120 144 147 336 142 164 186 187 399 199 882 890 1200 1791 2708
P9 129 154 214 203 ‡ 174 252 211 322 ‡ 748 1170 971 1274 ‡
P10 108 † † 149 115 163 † † 220 172 731 † † 1110 816
P11 143 121 283 172 ‡ 225 173 315 172 ‡ 917 792 1448 767 ‡
P12 115 104 70 81 145 174 95 104 100 199 784 864 607 853 1143
P13 112 114 117 112 129 165 181 185 174 193 833 824 834 1063 851
P14 115 206 215 277 140 173 176 171 192 269 713 719 719 1116 1080
P15 415 300 216 409 268 201 196 197 212 202 1084 782 778 813 851
P16 169 143 127 187 ‡ 158 206 190 182 ‡ 660 944 3024 726 ‡
P17 157 161 170 158 ‡ 167 176 176 181 ‡ 707 719 709 667 ‡

† and ‡: no sample due to missed appointment and NiTi archwire removal, respectively.

2.3. Samples Characterization and Statistical Analysis

The salivary concentrations of nickel, chromium, and iron were evaluated by in-
ductively coupled plasma optical emission spectroscopy (ICP-OES,) using a PerkinElmer,
Optima 8000 Series equipment (PerkinElemer, Inc., Waltham, MA, USA). The detection limits
were 5 µg/L for Ni and 10 µg/L for both Cr and Fe. Before ICP analysis, the patients’ saliva
samples were subjected to a digestion process to eliminate chemical organic components,
i.e., treated with 1 mL of H2SO4 per 0.5 mL of saliva. The resulting solutions were diluted
at least 20 times with 0.5% HNO3. Three consecutive ICP measurements were conducted.

The statistical analysis was performed using the Statistical Package for Social Sciences
(IBM SPSS, version 24), at a significance level of p < 0.05. The mean and standard deviation
of the metal ion concentrations as well as the descriptive statistic were determined using a
linear mixed model. The null hypothesis tested in this investigation was that the concen-
trations of metallic ions in patients’ saliva do not significantly change after the placement of the
orthodontic appliance.

The surface morphologies of the representative fixed orthodontic components were
examined by optical microscopy (OM) and high-resolution scanning electron microscopy
(SEM–ZEISS Merlin Compact/VP Compact, Oberkochen, Germany). Both chemical com-
position and elemental distribution maps were obtained through energy dispersive spec-
troscopy (EDS–coupled Oxford X-Max Instruments in the SEM system, Oxford Instruments,
Oxford, UK). All retrieved components presented intense biofilm deposits and were ultra-
sonically cleaned (alcohol bath for 20 min) prior to analysis. The intraoral exposure was
up to 22 weeks for the removable NiTi archwires and two years (treatment end) for both
brackets and tubes. Additionally, the orthodontist was particularly vigilant to eventual
manifestations of allergy symptoms.
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3. Results and Discussion
3.1. Quantification of Ion Release

The intraoral evolutions of nickel, chromium, and iron concentrations, measured by
ICP-OES-just prior to the clinical treatment with fixed orthodontic appliances (t0) and
during the subsequent use up to 12 weeks, are presented in Table 3. The statistical analysis
of the salivary metallic ion contents is summarized in Table 4, and the corresponding
evolution, according to the 95% confidence interval, can be seen in Figure 1.

Table 4. Descriptive statistics for the salivary metallic ion content (µg/L) at the time intervals. SD:
Standard Deviation; CI: Confidence Interval.

Ions
t0: Before Treatment (µg/L) 95% CI (µg/L)

Mean SD Min Max Lower Upper

Ni 153.7 83.2 98.0 415.0 110.9 196.4
Cr 174.0 29.5 93.0 225.0 158.8 189.2
Fe 842.1 188.3 600.0 1249.0 745.2 938.9

t1: 2 days (µg/L) 95% CI (µg/L)
Mean SD Min Max Lower Upper

Ni 135.3 57.8 53.0 300.0 104.5 166.1
Cr 171.4 43.1 92.0 252.0 148.4 194.4
Fe 825.9 194.6 442.0 1174.0 722.2 929.6

t2: 1 week 95% CI (µg/L)
Mean SD Min Max Lower Upper

Ni 145.1 66.0 55.0 283.0 107.0 183.2
Cr 180.4 56.6 96.0 315.0 147.7 213.0
Fe 1023.0 644.2 375.0 3024.0 651.1 1394.5

t3: 4 weeks 95% CI (µg/L)
Mean SD Min Max Lower Upper

Ni 175.1 96.6 63.0 409.0 120.6 223.6
Cr 192.4 77.9 91.0 399.0 150.9 233.9
Fe 894.6 331.3 381.0 1791.0 718.1 1071.1

t4: 12 weeks 95% CI (µg/L)
Mean SD Min Max Lower Upper

Ni 131.5 54.0 58.0 268.0 98.9 164.2
Cr 173.3 52.4 87.0 269.0 141.6 205.0
Fe 1021.2 565.7 376.0 2708.0 679.3 1363.0

Figure 1. Mean salivary Ni, Cr, and Fe concentrations during the fixed orthodontic treatment up to
12 weeks.
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The mean baseline nickel content in saliva, before placing the appliances (t0), was
153.7 µg/L, and varied between 131.5 and 175.1 µg/L according to the treatment time
(Table 4). The intraoral levels of chromium were similar to those of nickel, with an initial
median concentration of 174.0 µg/L, and were between 171.4 and 192.4 µg/L during the
treatment duration (Table 4). The highest metal concentration values were undoubtedly
registered for iron: not only at the beginning of the fixed treatment (t0: 842.1 µg/L) but also
throughout the entire treatment time, ranging between 825.9 and 1021.2 µg/L (Table 4).

The average and median nickel and chromium concentrations reported by other
authors for similar time intervals showed large variations in comparison to the present
study. Values between 0.4 and 670 µg/L for Ni have been assessed [9,36,37,41–48], whereas
chromium concentrations ranged from 0.3 to 2 mg/L [9,36,41,42,44–46,48]. Iron ions, to
the authors’ knowledge, are rarely quantified. Only one study with an equivalent time
interval (up to 60 days) was found in the literature, revealing an iron concentration range
from 28.31 to 103.58 µg/L [45]. Those wide concentration ranges may be explained by
dissimilar research methodologies, including unstimulated vs. stimulated saliva sampling,
as well as distinct dietary habits of patients or even different grades of dental alloys and
manufacturers [16,36,42,43].

As can be seen from the evolution of the mean salivary ion concentrations in Figure 1,
the release process was more severe for iron and reached its maximum two days (t1) after
placing the orthodontic appliances. After this period, the iron concentrations did not return
to the initial level. For nickel and chromium release trends (Figure 1), a slight increase was
detected, reaching a maximum four weeks after placing the orthodontic appliances (t3).
Similar behaviour was reported by Agaoglu et al. [46], who observed a release peak one
month after the orthodontic treatment started. Although differences between nickel and
chromium concentrations diminished over the study period, the mean nickel concentrations
were always the lowest. Similar behaviour was reported in other studies [9,42,44], and
this occurrence may be attributed to nickel binding to salivary proteins, lowering its ionic
form. Consequently, lower values have been measured by ICP-OES [42]. Changes in
the individual salivary protein composition should therefore affect the nickel salivary
concentration and its absorption/distribution in the human body.

The mean concentration trends assessed in this work (Figure 1) suggest that metallic
release progression might be time dependent. One explanation is related to the formation of
the outer oxide layer, Cr oxide–hydroxides for austenitic SS alloys (brackets and tubes), and
Ti-based oxides for NiTi alloys (archwires). The effectiveness of corrosion resistance will be
experienced after the formation of highly adherent passivation oxide films, reversing the
upward metallic leaching trend. In the case of austenitic stainless-steel, both chromium
and nickel impart corrosion resistance; chromium contributes to the spontaneous oxide
layer formation, while nickel (8%–14%) makes more chromium accessible for passivation
by competing to form salts [2]. NiTi alloys, due to the large titanium nominal composition
(47%–52%) form several oxides, and their superior corrosion resistance when compared
with SS alloys is attributed to the more stable titanium dioxide phase.

Unfortunately, passivation is an unstable phenomenon. The intraoral environment
of the aqueous saliva medium with frequent variations in the chemical composition, tem-
perature, and pH, affected by diet, oral microorganisms, hygiene, health [1–3,8–14], and
even the psychosomatic conditions of each individual [11,45], contributes negatively to
passivation. Therefore, corrosion reactions will continue to occur throughout the entire
treatment, and the balance between the passive layer damage and its reconstitution will
dictate the final corrosion resistance behaviour. In addition to the bioalloy aging process,
the mechanical friction forces between the SS bracket/tube and the NiTi archwires may
also increase the metallic ion concentrations in saliva.

Nevertheless, no statistically significant variations were observed in this study for
metallic concentration values between the different periods, Table 4 and Figure 1, according
to the linear mixed model. As a result, the null hypothesis tested in the present study—the
concentrations of metal ions in patients’ saliva do not change significantly after the placement
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of the orthodontic appliance—was accepted (p > 0.05). A direct comparison between the
values obtained in this study and those reported in other works is difficult, yet similar
conclusions were obtained by other authors for equivalent [36,48] or long-term [11,55,56]
study periods. Other studies, however, reported significant nickel salivary concentration
increases: immediately after placing the fixed appliance [45,58] and after one day [45], one
week [9,41,44,45], approximately one month [9,41,45,46], two months [45,47] or longer [9,10]
treatment periods compared with before. Contradictory results can also be found in the
literature for chromium concentrations over time [9,44–46].

Finally, dietary studies conducted in different countries estimate a daily nickel intake
of 100–300 µg/day from food and drinking water. In addition, consumption of Ni-enriched
foodstuffs (e.g., processed food) may increase this value up to 900 µg/day [2,33]. Concern-
ing chromium, an average daily intake of 50–280 µg/day has been estimated [2]. Iron is an
essential element and is consumed daily in large quantities in the human diet; iron does not
represent a risk to human health [32,45]. Thus, the actual ion release quantification during
the dental levelling and aligning stage (the first 12 weeks of an orthodontic treatment)
can be considered negligible from a toxicological perspective, despite the low number of
patients included in the sample. No patients showed allergy symptoms.

3.2. Surface Appliance Characterization

As expected, the microstructural analysis, by SEM, EDS, and OM, of the fixed appli-
ances corroborated the oral metallic leaching, Figures 2–7.

Figures 2 and 3 show the NiTi archwires used in the dental levelling and aligning stage
of patients P12, P8, and P3 for 13, 17, and 22 weeks, respectively. All wires revealed clear
signs of intraoral usage, including pitting corrosion (Figure 3), wear tracks (Figure 2), and
high accumulation of highly adherent dental plaque despite the previous cleaning process
with ultrasound. The EDS elemental distribution maps of the wire from patient P8, Figure 3,
corroborated the notorious presence of organic material (carbon and oxygen contents of
51 and 26 wt.%, respectively) on its surface: oral biofilms. Notice that the detected Ni/Ti
ratio of approximately 1.2, by EDS, matches the alloy chemical composition (Table 2–with
expected ratio of approximately 1–1.5).

The oral cavity is ideal for the inevitable proliferation of microorganisms. In biofilms,
bacteria and other microorganisms (fungi and viruses) are embedded in an extracellular
polymeric substance (EPS) [63]. This EPS matrix provides not only structural stability but
also antimicrobial tolerance and resistance against the host immune system. In fact, a
grown (mature) biofilm is advantageous to its inhabitants by providing nutrients to and
protecting both aerobic and anaerobic colonizers—even against drugs, antimicrobial factors
from saliva, and phagocytic cells [7,64,65]. However, the extremely complex EPS chemical
composition [63] can negatively impact the performance of metallic alloys, increasing the
treatment time or even causing its failure.

Mystkowska et al. [8] suggested three main mechanisms for biologically induced
pitting corrosion based on the formation of microgalvanic cells with different oxygenation
degrees due to the presence of biofilms. Briefly, one of the reported mechanism states that
the functional groups of the EPS produced by microbes bind metallic ions with different
affinities along the surface. Consequently, a heterogenic distribution of metallic ions
appears along the surface, and the metallic substrate below regions with high affinity will
function as the anode. Moreover, the microbiological activity of dental plaques releases
several by-products into the saliva, altering the chemical composition and oxygenation
reaction and the pH values of the oral cavity. As a result, localized corrosion will occur, i.e.,
pitting, as observed in Figure 3.
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Figure 2. Scanning electron microscopy (SEM) micrographs of the NiTi archwires: (a) patient P12–13
weeks; (b) patient P3–22 weeks of intraoral use.



Coatings 2022, 12, 554 9 of 15

Figure 3. SEM micrographs and energy dispersive spectroscopy (EDS) elemental distribution maps
of the NiTi archwire from patient P8–17 weeks of intraoral use.

Figure 4. SS bracket after two years of intraoral use: optical microscopy (OM) micrographs show-
ing (a,b) fretting corrosion; (c) deformation tracks by archwires manipulation; (d) biofilm-covered
pitting corrosion.
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Figure 5. SS bracket after two years of intraoral use: SEM and OM micrographs coupled to EDS chem-
ical compositions of the two distinct zones–stainless steel and biofilm-adherent surfaces. (a) pitting
morphology underneath a biofilm layer, (b) biofilm accumulation.

Figure 6. SS tube after two years of intraoral use: SEM and OM micrographs coupled with EDS
chemical composition: (a) cavity filled with organic material; (b) wear track coupled with debris.
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Figure 7. SS tube after two years of intraoral use: surface SEM micrograph and the corresponding
EDS elemental distribution maps.

Intimately related to the microbiologically induced corrosion phenomenon is wear
corrosion, which also promotes metallic ion release into the oral cavity [3,8]. Wear corrosion
occurs due to the relative movement of two surfaces under load (fretting) and contributes
to the degradation of the material [1–3]. During orthodontic treatment, the surfaces of
both archwires and bracket slots experience loads due to the use of metallic or polymeric
ligatures. The small displacements caused the wear tracks observed in (Figure 2), as a result
of fretting corrosion, which disrupt the passive films and consequently decrease corrosion
resistance [1–3]. If food and/or biofilm are present between the sliding surfaces, the wear
rate is likely to increase due to roughness increases and microgalvanic cell generation [8].

In this work, the in vivo release of titanium was not quantified. However, the presence
of detachments/cracks/inclusions in the passive titanium oxide layer (Figure 3)—which
can be masked by the presence of biofilm—would suggest a much higher nickel release
than that of the bracket/tube appliances (SS alloy), in accordance with the NiTi alloy
composition. Indeed, NiTi materials are a nearly equiatomic alloy of Ni and Ti, whereas
a maximum of 13 wt.% Ni is present in the austenitic composition SS alloys (Table 2).
Moreover, the presence of dissimilar alloys (SS and NiTi) enhances the corrosion extension,
by galvanic corrosion, and therefore increases the metallic oral content, which was not
registered in this study.

According to the microbiologically induced corrosion process described above, it
is also credible to assume an uptake of metallic ions by oral microorganisms. In fact,
Fors and colleagues [37] reported biofilm formation with a very high nickel content on
metallic surfaces in comparison to dental plaque on teeth surfaces during an orthodontic
treatment. These phenomena may lower the nickel/chromium salivary concentrations
and thus validate the ICP results obtained in the present work. Moreover, although oral
corrosion may continue, this metal uptake by microorganisms prevent the increase–decrease
concentration curve profile.

This hypothesis was also suggested by other authors, which is closely related to
the plaque thickness increase due to the greater difficulty in maintaining proper oral
hygiene during orthodontic treatment [3,8,11,16,37,45,56]. Indeed, other studies state that
the surface of SS brackets is quickly colonized by biofilms as early as 24 h after placing the
orthodontic appliances [27].

As expected, these results are in line with those obtained for the SS bracket and tube
components after two years of orthodontic treatment, Figures 4–7, presenting clear signs of
in vivo usage.

Firstly, wear tracks related to fretting corrosion were observed in the bracket slot,
Figure 4a, which contacts the archwire under load—the counterpart region of the surfaces
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observed in Figure 2. Wear tracks were also found on the brackets’ “hooks”, Figure 4b, in
which metallic ligatures were anchored during the orthodontic treatment. Furthermore,
orthodontists manipulate the appliances with metallic tools (placement, tightening, re-
moval), which also damage the surface, e.g., the plastic deformation “tracks” displayed in
Figure 4c. A more severe and deeper plastic deformation morphology was found on the
tube surface, as can be seen in Figure 6b, due to handling. Even the masticatory process
itself may cause surface “scratches” and “notching” [3], and, in consequence, passive film or
biofilm disruption [8].

Indeed, pronounced, highly adherent biofilm layers observed by OM (Figure 4d) were
confirmed by SEM–EDS analysis. As can be seen in Figures 5 and 6, the EDS results con-
firmed the presence of organic material, mainly composed of carbon (more than 50 wt.%),
oxygen, and nitrogen. Notice the accumulation of biofilm inside the component’s cavity,
Figures 5b and 6a. Further observation revealed evident pitting corrosion morphologies
underneath the removed biofilm layers, as shown in Figure 5a for the bracket clinically used
for two years. As described previously for NiTi archwires, the microorganisms can promote
the corrosion of metallic surfaces underneath the biofilm layers (microbiologically induced
corrosion) through the generation of microgalvanic cells [8]. Certain anaerobic bacteria
found in the mouth can also reduce sulfates (sulfate-reducing bacteria) and release by-
products (such as H2, H2S, and FeS) that induce strong local cathodes and gradually destroy
the metallic surface [8,66]. The evident pitting corrosion morphologies, well documented
in Figure 5a, are likely a consequence of microbiologically induced corrosion.

Notwithstanding the clear evidence of corrosion of orthodontic appliances, the metallic
ion concentrations obtained in this work are nontoxic, largely inferior to the doses obtained
from the human diet. The absence of notorious changes during the treatment—especially
for nickel—shows the complexity of the intraoral environment, possibly with metal binding
to proteins and uptake by biofilms. Nevertheless, the effect of local concentrations of
metallic ions is still not well understood in orthodontics [15], and the authors of a recent
study [49] encouraged further research on the bioaccumulation and bioconcentration of
nickel ions in the oral cavity, suggesting that their presence may present a real threat to the
tissues even at sub-toxic concentrations. Since the oral metal release from fixed appliances,
due to corrosion processes, should be treated as a chronic exposure to toxic agents, it would
be of great interest and a scientific challenge to investigate the accumulation at specific sites
in the human body as well, particularly in mouth tissues.

Analogous to this study, most in vivo investigations face an unavoidable limitation,
that is, the lack of continuous monitoring of metal ion concentrations in saliva [37,44]—the
major obstacle in determining the levels of ions released in vivo [58]. The use of a biomarker
that does not allow us to monitor chronic exposure to trace elements (e.g., metal ions) may
cause a cumulative data failure. Further investigation should persist since local or systemic,
subtle to severe symptoms of allergic reactions to metals in this medical field may in fact
occur, typically in hypersensitive individuals [3,30,31,57], especially for nickel [50–53,67].

4. Conclusions

The present in vivo study for multiple-phase orthodontic alloys during the dental
levelling and aligning phase allowed us to conclude the following:

1. Nickel, chromium, and iron concentrations in patients’ saliva did not significantly
change during the first 12 weeks of the orthodontic treatment;

2. Pitting and fretting types of corrosion were identified, in addition to that promoted
by the highly adherent biofilm layers, i.e., biocorrosion.

Although these results might support the safety of orthodontic treatments in the
long-term, further investigation must persist.
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