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Abstract: The aim was to assess the composition of released metal ions from fixed orthodontic
appliances both in an in vitro and in vivo setting and to compare their quantities to evaluate any
possible health risks associated with them. For the in vitro setting, a set of 24 as-received sterile
SS brackets, 2 SS sterile archwires, and 2 NiTi sterile archwires were aged for 90 days in artificial
saliva, and released metal ion concentrations were determined by inductively coupled plasma mass
spectrometry (ICP-MS), using matrix-matched standards for calibration. For the in vivo setting,
15 brackets, 15 SS, and 15 NiTi archwires were retrieved after 90 days of intraoral exposure in
15 subjects. Debris composition on each part of the orthodontic appliance was assessed using
scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS). The present study
evidenced a difference in the composition of released metal ions from fixed orthodontic appliances
detected in an in vitro and in vivo setting. Generally, the relative content of metal ions was higher in
the retrieved debris than that released in artificial saliva. The concentration of released metal ions
from all tested alloys was below the upper recommended limit of daily intake; however, possible
local effects in terms of hypersensitivity due to their accumulation in the debris cannot be excluded
even with such concentrations.

Keywords: orthodontic appliances; fixed appliances; biocompatible materials

1. Introduction

Fixed orthodontic appliances are subjected for several months to the oral environ-
ment with ever-changing pH and temperature, as well as biological and enzymatical
composition [1]. More in detail, brackets are seldomly changed over the whole treatment
duration, which approximately lasts 24 months, while archwires are generally changed
every 1–3 months of treatment. Moreover, brackets and archwires are subjected not only
to electrochemical corrosion but also to mechanical friction during orthodontic treatment
due to the constant sliding of the wires in the brackets’ slots [2]. This may also influence
surface degradation (tribocorrosion) and, therefore, increase metal ions’ release. Stainless
steel (SS) and nickel–titanium (NiTi) are the most commonly used alloys of which either
brackets or archwires are made. The nickel (Ni) ion has been described as the most aller-
genic compound among orthodontic alloys [3], closely followed by chromium (Cr) [4–6].
Additionally, it has been evidenced that the most common metals in dental alloys (Ni, Cr,
Co, Fe, Ti) may cause either systemic or local toxic or biological effects [7]. In particular,
several pathologic oral tissues reactions have been reported during orthodontic treatment,
including contact stomatitis, multiform erythema, and gingival hypertrophy, which might
be related to the toxic effects of metal ions released from fixed orthodontic appliances [8,9].

Although biocompatibility concerns due to intraoral corrosion and tribocorrosion of
various types of alloys, including SS and NiTi, have arisen through the years, no consistent
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results regarding metal ion release and their toxic effects on oral tissues have been obtained
yet. In fact, due to the constantly changing oral environment and saliva flow, it appears
very difficult to prepare an in vitro setting that would enable studying the actual toxic
load of released metal ions on oral tissues [10]. Because of the numerous factors that must
be considered to reliably mimic intraoral conditions, such as extreme pH or temperature
fluctuations, bracket-to-wire type of ligation and friction, and the presence of intraoral
microbial flora and plaque accumulation, it appears challenging to conduct an in vitro
experiment inclusive of all possible conditions of the oral cavity [11]. Furthermore, tri-
bocorrosion is rarely, if at all, considered when testing the in vitro release of metal ions
from dental alloys [12]. On the other hand, in vitro studies give valuable insight regarding
metal ion release from orthodontic appliances due to their controlled and standardized
conditions. To our best knowledge, there is a scarcity of studies aimed at comparing metal
ion release from orthodontic appliances in an in vitro and in vivo setting.

Therefore, the aim of the present study was to assess the composition of released
metal ions from fixed orthodontic appliances both in an in vitro and in vivo setting and to
compare their quantities to evaluate any possible health risks associated with them. Due to
the complex intraoral environment, a difference in the release and accumulation of metal
ions was expected between the in vitro and in vivo setting.

2. Materials and Methods
2.1. Assessment of the Metal Composition of Brackets and Archwires

To determine the metal composition of samples, approximately 10 mg of each sample
was digested entirely in 5 mL of appropriate acid by heating the solution at 90 ◦C. Stainless
steel samples (according to manufacturer declaration brackets and SS archwires) were
digested in aqua regia, while the NiTi archwires (according to manufacturer declaration)
were digested in a mixture of HNO3, HF, and HCl (4:2:1 volume ratio). The digested
samples’ total metal ion concentrations were determined by inductively coupled plasma
mass spectrometry (ICP-MS) on an Agilent 7700x ICP-MS instrument (Tokyo, Japan), using
matrix-matched standards for calibration. The metal ion content of brackets, SS, and NiTi
archwires was expressed as wt.%.

2.2. In Vitro Setting

In the present study, a set of 24 as-received sterile SS brackets, 2 SS sterile archwires,
and 2 NiTi sterile archwires were aged for 90 days in artificial saliva, which was prepared
using an aqueous solution of NaCl, KCl, CaCl2·2H2O, NaH2PO4·2H2O, Na2S·9H2O, and
urea in concentrations 400 mg/mL, 400 mg/mL, 960 mg/L, 690 mg/L, 5 mg/L, and
1000 mg/L, respectively. All reagents were of high purity and purchased from Merck
(Darmstadt, Germany). Ultrapure water (Milli-Q, 18.2 MΩ·cm) obtained from a Direct-
Q 5 ultrapure water system (Millipore, Watertown, MA, USA) was used for the solution
preparation. The medium was then adjusted to a pH of 6.7–6.8, resembling neutral pH in the
oral cavity. A WTW (Weilheim, Germany) 330 pH meter was employed to determine the pH.
Teflon beakers were used to minimize blanks and prevent the absorption of metals on the
walls of the containers during the experiment. An amount of 250 mL of artificial saliva was
added to each beaker, along with the sample of parts of fixed orthodontic appliances (either
the set of 24 brackets or two archwires (SS or NiTi). To control the blanks arising from the
chemicals and the potential leaching of metal ions from the beakers used, 250 mL of artificial
saliva was added into the Teflon beaker and analyzed along with the samples throughout
the experiment. Blank values were subtracted from the determined concentrations of
elements released from the submerged parts of fixed orthodontic appliances into artificial
saliva. Samples were incubated in a dust-free incubator (Kambič, Semič, Slovenia) at 37 ◦C
for 90 days. Before the sampling procedure, each Teflon beaker was gently turned upside
down two times to ensure the even distribution of elements in the sample volume. An
amount of 3 mL of sample was taken from each beaker, acidified with 6 µL of supra
pure nitric acid, and stored at −20 ◦C until the analysis. Total metal ion concentrations
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released in artificial saliva were determined by ICP-MS, using matrix-matched standards
for calibration.

2.3. Assessment of the Accuracy of the Determination of Metal Ions

The accuracy of the verification of metal ions in the analyzed samples was assessed by
the spike recovery test, as suggested in a previous study [13]. Briefly, bracket samples were
spiked with known amounts of elements before the digestion process, and the analysis
was performed. To evaluate the accuracy of the determination of the concentrations of
metal ions released into artificial saliva, the samples collected after the 90 days incubation
period were spiked with known amounts of metals, and concentrations were determined
by ICP-MS. Good agreement was evidenced with differences between the theoretically
calculated and measured concentrations of less than 5%. Along with the investigated
samples, blank samples of artificial saliva were analyzed as controls.

2.4. In Vivo Setting

For the in vivo part of the study, ethical approval (Ref. No 126/04/13) and written
informed consent of the subjects included in the study were obtained. Fifteen healthy
subjects (9 females, 6 males) aged 14.0 ± 0.8 years in whom treatment with fixed appliances
was planned due to mild teeth crowding, were included. The subjects were instructed
regarding oral hygiene protocol and were given a starting kit along with written instructions
for correct teeth cleaning. Before the bonding of fixed appliances, none of the subjects had
any periodontal disease, and oral hygiene was judged to be excellent (no plaque apposition).
After 90 days of treatment, debris accumulation was present, mainly at retention places,
while gingivitis was diagnosed sporadically.

From each of the 15 subjects included in the study—who were wearing a fixed ap-
pliance composed of 20 brackets, 4 tubes, and two archwires—one bracket, one NiTi, and
one SS archwire were retrieved after 90 days of intraoral exposure. A semi-quantitative
analysis of the debris deposited on the surface of each of the 15 brackets and 30 archwires
(15 SS and 15 NiTi) was performed, using scanning electron microscopy (SEM; JOEL5500
LV, Tokyo, Japan) with energy-dispersive X-ray spectroscopy (EDS; Oxford Instruments,
Abingdon, UK). The average content of metal ions and other elements in the debris on the
surface of all analyzed brackets and archwires was assessed and expressed as mean values
of weight percentages (wt.%) for brackets, SS, and NiTi archwires, separately.

2.5. Comparison of the In Vitro and In Vivo Metal Ion Release

To assess the differences between the in vitro and in vivo metal ion release, the average
content of metal ions released in artificial saliva was also expressed as weight percentages.
Since, as expected, the composition of in vivo collected debris was complex due to intraoral
exposure, in the controlled in vitro setting, there was a limited number of metal ions
detected in artificial saliva; the amount of Ni, which was present in all samples, was used
as a reference for comparison. Briefly, the weight percentages of other metal ions were
expressed in relation to the weight percentage of Ni (as a multiplier) within each setting.
Of note, the comparison was performed for metal ions detected in the in vitro setting (Fe,
Cr, Ti, Mb).

3. Results

The metal compositions of each sample derived by ICP-MS evidenced that brackets
and archwires that were, according to the manufacturer declaration, made of stainless steel
had roughly the same composition. The Fe content was 55.4 wt.% and 58.3 wt.%, while the
Cr content was 24.9 wt.% and 27.1 wt.%, respectively, for SS brackets and SS archwires. Ni
content was 17.8 wt.% in brackets and 14.6 wt.% in SS archwires, whereas Ti and Co were
found in less than 0.1 wt.% for both brackets and SS archwires. As for Mo, its content was
1.95 wt.% in brackets and less than 0.1 wt.% in SS archwires. The NiTi archwire was mainly
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composed of Ni (73.2 wt.%) and Ti (26.8 wt.%), with other elements (Fe, Cr, Co, and Mo) in
quantities lower than 0.1 wt.%.

Fe release was dominant over the other metals for both SS brackets and archwires
among the released metal ions from orthodontic appliances into artificial saliva after
90 days of exposure. However, higher concentrations were detected in the brackets’ sample
(Fe ≈ 3209 ng/cm2) than the SS archwires’ sample (Fe ≈ 607 ng/cm2). Similarly, the
concentrations of Ni and Cr after 90 days of exposure were higher for the brackets’ sample
(593 ng/cm2 and 111 ng/cm2, for Ni and Cr, respectively) compared with the SS archwire
sample (96 ng/cm2 and 26 ng/cm2, for Ni and Cr, respectively). Of note, in the case
of the brackets’ sample, Mo was also detected (Mo ≈ 29 ng/cm2). Regarding the NiTi
archwires, both Ni and Ti were released, reaching after 90 days of exposure a concentration
of ≈781 ng/cm2 and ≈577 ng/cm2 for Ni and Ti, respectively. The metal ions content
(wt.%) in either artificial saliva or debris on the surface of brackets and archwires after
90 days of exposure is presented in Figure 1a–c for the in vitro and Figure 1d–f for the
in vivo setting.
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Figure 1. Weight percentages of elements released from: (a,d) SS brackets, (b,e) SS archwires, and (c,f)
NiTi archwires either for the (a–c) in vitro or (d–f) in vivo setting. Note that for the in vivo setting,
average percentages among the 15 patients included are reported.

After 90-days of in vitro exposure (Figure 1a–c), only metal ions could be detected in
artificial saliva; in vivo exposure of brackets and archwires (Figure 1d–f) evidenced a high
content of C and O, regardless of the type of surface material (SS or NiTi). Moreover, Ca, P,
Na, K, and Cl deposits were also detected. Regarding metal ions, Fe, Cr, Ni, and Ti were
the most prevalent on both brackets and archwires. The highest content of Fe was detected
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on the SS archwire’s surface (Figure 1e; 15.2 wt.%). Similar wt.% of Cr was seen on all three
types of surfaces, while the content of Ni was higher on NiTi archwires (Figure 2f; 7.1 wt.%)
compared with brackets and SS archwires (2.2 wt.% and 2.8 wt.%, respectively). Similarly,
for Ti, a higher content was seen on NiTi archwires (6.6 wt.%) than brackets (3.9 wt.%)
and SS archwires (Figure 1e; 3.1 wt.%). Of note, traces of Mo were detected on brackets
(1.0 wt.%). Interestingly, for the in vivo exposed NiTi archwire, Fe and Cr were also seen on
their surface, while in artificial saliva, no traces of these two metal ions could be detected.

Figure 2. Content of different metal ions relative to Ni for the in vitro (black) and in vivo (gray)
exposure of: (a) SS brackets, (b) SS archwires, and (c) NiTi archwires. The values on the y-axes
represent the multipliers of the Ni wt.% within each setting.

To compare the in vitro and in vivo results within each setting, the content of metal
ions relative to the content of Ni (the only ion detected in all samples) was calculated
and shown in Figure 2. For brackets (Figure 2a), the wt.% of Fe was more than 3 times
that of Ni for the in vitro and more than 5 times for the in vivo setting. The wt.% of Cr
released in artificial saliva was approximately 0.2 that of Ni, while for the in vivo setting,
it was 1.4 times that of Ni. For SS archwires (Figure 2b), the wt.% of Fe was more than
5 times that of Ni for both the in vitro (6.3 times that of Ni) and in vivo (5.4 times that of
Ni) settings. The relative Cr wt.% were higher for the in vivo (1.5 times that of Ni) than
for the in vitro (0.3 times that of Ni) setting. On both SS brackets and SS archwires, Ti was
detected after in vivo exposure, but it was not present in artificial saliva. Mo was detected
in artificial saliva and debris of exposed SS brackets, with wt.% 9 times higher on in vivo
exposed brackets than artificial saliva; however, it was still below 0.5 wt.%. Regarding the
NiTi archwires, for the in vivo setting, Fe was detected in almost equal wt.% as Ni, while
Cr wt.% was 0.6 that of Ni. Moreover, Ti wt.% were slightly higher than those detected in
artificial saliva.

4. Discussion

The present study evidenced a difference in the composition of released metal ions
from fixed orthodontic appliances detected in an in vitro and in vivo setting. Although
it has been claimed that constant saliva flow in the in vivo setting possibly dilutes the
released metal ions [5,14], the present study evidenced that metal ions locally accumulate in
the debris on the surfaces of in vivo exposed brackets and archwires. Generally, the relative
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content of metal ions was higher in the retrieved debris than in that released in artificial
saliva. The only exception was detected for Fe, of which the relative content in the debris
of SS brackets and archwires was slightly lower than that released into artificial saliva.

For the in vitro setting, metal ion release from brackets and archwires were measured
separately and, in the case of archwires, also according to their material. This could be
regarded as a study limitation since it excluded the possible corrosive effect and related
ions released due to different materials interactions. The additional mechanical aspect
of bracket and archwire friction was neglected in such a setting since mechanical wear
can additionally contribute to the metal ions release [15]. To overcome this limitation, the
metal content of the debris collected on the surface of orthodontics material exposed in
the oral cavity for 90 days was also analyzed. Metal ions that were not present in artificial
saliva of specific in vitro samples were present in the debris retrieved from the surface of
in vivo-exposed orthodontic material. More in detail, Fe and Cr that were not released
from NiTi archwires into artificial saliva were detected in the debris accumulated during
intraoral exposure.

Moreover, in vivo results of the metal content analysis of debris deposited on brackets
and archwires demonstrated that despite the constant saliva flow and wash-out, a higher
content of Cr was detected on brackets, SS, and NiTi archwires. However, their extrapolated
concentrations were lower than the upper daily intake limit. Interestingly, Fe and Cr were
also detected on NiTi archwires, and Ti was detected on SS brackets and archwires in vivo,
although these metal ions were detected only in negligible amounts in the in vitro setting.
These metal ions in the debris could derive from food, toothpaste, or contact contamination
of metal ions released from other materials present in the oral cavity and affected by
corrosion and/or tribocorrosion processes.

Although the measured cumulative concentrations of specific metal ions released in
artificial saliva over 90 days of exposure did not exceed the recommended dietary intake
levels, the analysis of the metal ion content in the debris retrieved from the surface of
orthodontic appliances showed that most of the metal ions analyzed had a relatively higher
content. This could be explained by the ever-changing environmental conditions to which
different orthodontic materials are subjected in the oral cavity. In particular, the fluctuating
pH [16] and temperatures, as well as mechanical forces, might increase both electrochemical
and tribocorrosion [15].

Fe ions were released in the artificial saliva in the highest concentrations from both SS
brackets and archwires, compared with other potentially allergenic and cytotoxic ions (Ni
and Cr) found in them, which were released in at least 5 times lower concentrations than
Fe. Interestingly, after comparing released ion concentrations for each orthodontic material
with the alloys metal composition, it appears that there was no correlation. Stainless steel
brackets, for example, contain 56 wt.% of Fe, but the relative percentage of the released
Fe metal ions was much higher than that at 80 wt.%. A similarity with our findings was
previously reported by Hwang et al. [17]. Moreover, Hussain et al. [18] concluded that the
ion release is not dependent on the alloy ion amount but rather on the nature of the alloy
and its manufacturing process. In vitro-detected Fe was almost twice that detected in vivo
on brackets, while roughly similar amounts of Fe were seen on SS archwires after either
in vitro or in vivo exposure.

On the contrary, Cr wt.% were 7 and 5 times higher in the debris of in vivo-exposed
SS brackets and SS archwires, respectively, than those detected in artificial saliva. Since
corrosion is the main reason for ion release, the scale of it depends on the formation
of passive oxide layers (Cr oxide or Ti oxide) on the surfaces of orthodontic materials,
which have a preventive role [19]. According to Pulikkottil et al. [20], stainless steel alloys
containing at least 11 wt.% Cr can form a passive oxide layer to protect against corrosion,
thus limiting ion release. However, protective oxide layers, in addition to the surface metal
composition, are also highly influenced by the changes in the oral environment, such as pH
and temperature levels, as well as mechanical forces (i.e., friction upon sliding) causing
tribocorrosion. Therefore, their disruption possibly increases Cr release in the oral cavity
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and its accumulation in the debris. In the present study, for the in vitro setting, a constant
pH and temperature were kept, which avoided a potential increase in ion release [21] and
could explain the higher content of Cr on in vivo-exposed brackets and archwires than
those in the in vitro setting.

Interestingly, Cr was also detected on in vivo-exposed NiTi archwires, probably origi-
nating from adjacent materials or food. An upper intake limit has not yet been established
for Cr, but its recommended daily intake is 200 µg/day [22]. Considering the cumulative
Cr concentrations of the in vitro results, they did not exceed the prescribed daily intake
concentrations. Moreover, a previous study on salivary Cr secretion in patients with
fixed orthodontic appliances reported similar salivary Cr levels in treated and untreated
subjects [23]. However, this sense of safety may be false due to non-toxic systemic concen-
trations of metals inducing biological effects to the adjacent oral tissues [10] due to their
local accumulation in the debris.

Ni was released in 6 times higher concentrations from NiTi archwires than SS arch-
wires, an effect also observed by Senkutvan et al. [24] and Hussain et al. [18], where the Ni
release of NiTi archwire was 4.85 ppb compared with SS archwire’s 0.41 ppb ion release.
Hwang et al. [17] reported similar results as ours regarding the concentrations of Ni ions
released from NiTi archwires, while Mikulewicz et al. [25] reported that an orthodon-
tic appliance made of stainless steel after 30 days immersion in artificial saliva leached
573 ng/mL of Ni. The higher values evidenced by Mikulewicz et al. [25] could be due
to their specific study design that included constant shaking of the samples at 120 rpm
over 30 days (simulating somehow additional mechanical forces). In contrast, samples
were slightly shaken in our study, though the in vitro results measured metal ions released
mainly due to electrochemical corrosion. Although it was impossible to assess whether the
Ni content was higher in the accumulated debris, it is plausible to assume that mechanical
wear in the oral cavity increased Ni release from in vivo-exposed orthodontic material. It
has been previously demonstrated that Ni salivary secretion among subjects undergoing
treatment with fixed orthodontic appliances was significantly higher than that of control
subjects [23]. According to the reported upper intake limits, the highest dietary intake level
for Ni that imposes no threat is 1 mg/day [22]. Based on the results of the present and
previous studies, it is hard to believe that this level could be reached by (tribo)corrosion
of orthodontic materials. However, due to the possible Ni ion accumulation in higher
concentrations in the debris, hypersensitivity reactions of local tissues cannot be excluded
as an adverse effect even at lower leached concentrations [26].

Although Ti content in the analyzed material (SS brackets and SS archwires) was
below 0.1 wt.%, Ti was detected on both in vivo-exposed SS brackets and SS archwires. The
observed Ti in the debris on SS brackets and archwires could be a deposit either from food
(e.g., titanium dioxide used as a food additive (E171) to enhance and brighten the color of
white foods) or toothpaste or from NiTi archwires in the case of brackets due to archwire
sliding along the bracket. In fact, Ti constitutes the protective oxide layer (TiO2) present on
the surface of NiTi archwires [27] that is subjected to disruption due to mechanical forces
during sliding. The upper intake limit for Ti is 1.1 mg/day [22], and it was not reached
based on the measurements of the in vitro setting. Even though the Ti content in the debris
was higher than that detected in artificial saliva, its local adverse effects are negligible due
to its well-known biocompatibility.

In the case of brackets, very low concentrations of Mo were released in artificial saliva.
Mo was also detected in the debris of in vivo-exposed brackets, with wt.% 9 times greater
than those in artificial saliva, but still clinically negligible amounts. Interestingly, Mo
was not released from SS archwires, either in vitro or in vivo. Therefore, even though we
might be dealing with the same type of alloy (SS), its composition can be different among
manufacturers. In fact, ICP-MS analysis confirmed that the wt.% of Mo in brackets was
almost 2%, while in SS archwires the wt.% was less than 0.1%.

It appears that the in vitro setting of the present study slightly underestimated the
metal ions released from orthodontic material, probably since combinations of different
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alloys, which might lead to higher total ions release and, therefore, to potential synergistic
harmful effects, were not considered. Additionally, tribocorrosion and other frequent
oral cavity changes could hardly be simulated in an in vitro setting. Moreover, for the
in vitro setting, we aimed to assess the concentrations of the five most common metal ions
present in alloys of orthodontic appliances. Therefore, it cannot be excluded that other
metal ions were also released from the samples during exposure, as seen in the in vivo
analysis. However, other elements detected in the debris could also derive from food and
beverage intake. In fact, several other elements in traces were seen for the in vivo setting in
addition to the organic part. On the other hand, by performing multi-element analysis with
the ICP-MS, we were able to determine precisely which part of the orthodontic appliance
accounted for the greatest ions release compared with the others and its release profile
characteristic during the 90-day study. Moreover, the use of Teflon beakers as vessels for
orthodontic material submersion prevented any possible metal ion adsorption to the beaker
surface and allowed for a constant pH level throughout the study.

The risk assessment process, from which an upper recommended daily limit is ob-
tained for an individual metal, is not an appropriate tool for the “cocktail scenario” as-
sessment exposure, as it does not consider different combinations of metals and their
synergistic effects. Additionally, if the metal ion daily dose derived from all parts of an
orthodontic appliance and from daily diets are added up, a higher dose could be reached.
However, the present in vivo setting results show that although higher, these levels are still
below the upper daily intake limit. Nevertheless, local cytotoxic effects and oxidative tissue
damage could not be excluded. Previous reports confirm that metal ions released from fixed
orthodontic appliances could damage oxidative stress observed at the cellular level [28].
Therefore, from a clinical standpoint, the long term increasing accumulation of metal ions
in the debris might cause, if not removed, possible local adverse effects, stressing even
more the importance of excellent oral hygiene throughout treatment. On the other hand,
the balance between individual tissue susceptibility and endogenous defense mechanisms
may also play a role in causing or preventing deleterious effects to (oral) health.

5. Conclusions

Knowing the metal composition of orthodontic appliances and orthodontic alloys
and corrosiveness and metal ion release into the oral environment provides necessary
information with which an orthodontist may consider the possible harmful local or systemic
effects of an appliance. When comparing metal ion release from different orthodontic alloys
during 90 days of exposure in artificial saliva, the concentrations of released metal ions
from all tested alloys were below the upper recommended limit of daily intake. However,
the amount of metal ions accumulated in the debris collected from the surface of different
parts of orthodontic appliances after intraoral aging was higher than that in artificial saliva.
Therefore, when testing new orthodontic material for intraoral use, an in vivo setting
should also be taken into account due to the underestimation of metal ion release evidenced
by the present study when using only the in vitro setting.
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