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Abstract

When measured in vitro, the release of metal ions from orthodontic alloys is typically carried out in artificial saliva (AS), a
medium with many advantages but lacking the biological complexity of natural human saliva. In this study, we measured ion
release profiles from the complete orthodontic fixed appliance, comprising stainless steel and NiTi parts, in a proteinaceous
media (yeast extract peptone dextrose, YPD) and compared it to AS. Two immersion models were used, differing in medium
replenishment dynamics. To elucidate the metal release results, surface chemistry and topography were analysed using
atomic force microscopy (AFM) followed by roughness analysis, and elemental analysis of the top micrometric and
nanometric layer (SEM/EDX and XPS analyses).The results showed that proteinaceous media promoted the leaching of Fe,
Cu, and Al while suppressing Ni and Cr. Ni*" and Cr*" ions were detected in the top layer on NiTi in AS, but not in YPD. A
rough “wavy” surface layer was formed in AS, as opposed to smaller sharper entities formed in YPD. Cu(I) compounds on
orthodontic bands were detected in both media. The replenishment of the media during immersion influenced the
development of surface chemistry and ion leaching for both types of media, AS and YPD. The results obtained in this study
are expected to provide a significant advancement over previous studies using artificial saliva (only).
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1 Introduction

Two main issues in current research on the suitability of
orthodontic materials are passivation stability under the harsh
conditions of the oral cavity and the release of harmful ions
such as Cr’" and Ni** [1-4]. Numerous studies have been
conducted on these issues for typical orthodontic materials,
and the vast majority of them used artificial saliva (AS) as the
standard medium to mimic the oral environment [2, 5-8]. AS
has many advantages as it is a standardised, controlled and
easily accessible medium; however, it lacks the biological
complexity of natural human saliva. In addition to a range of
electrolytes — such as Na*, K*, Ca?*, Mg?*, CI", HCO; ™ and
PO,*~, which are present in a typical AS formula — natural
saliva also contains a plethora of organic substances such as
proteins (mucins, enzymes) and nitrogenous products [9]. In
addition, AS does not contain microorganisms and does not
take into account fluctuations caused by other factors such as
diet [5]. On the other hand, yeast extract-peptone dextrose
(YPD) medium contains peptides and other compounds
similar to those found in natural saliva and mimic daily
nutrition. Concretely, it contains a mixture of nucleotides,
proteins, carbohydrates and trace elements (Y - yeast extract
fraction), small peptides, lipids, vitamins and inorganic salts
(P - peptone fraction) and glucose (D - dextrose). It has
recently been shown that the yeast extract could reduce the
corrosion rate of steel [10]. Also, Spark et al. found that
peptide nutrients have an inhibitory effect on the corrosion of
carbon steel [11]. However, the effect of YPD on the corro-
sion of metal parts of a fixed orthodontic appliance has not yet
been investigated. In this study, we analysed how the YPD
medium, affected the surface chemistry and topology of the
actual orthodontic appliance parts and compared it to pro-
cesses when only AS was used as a medium. Typical
orthodontic alloys, stainless steel (SS) and NiTi were ana-
lysed. Due to the lowest detection limit, the ion release pro-
files over the period of one month were measured by
inductively coupled plasma mass spectrometry. Even though
the fixed appliance is typically worn for 1 — 2 years, the
strongest changes in ion release are expected during this initial
phase; moreover, the NiTi archwires (the main source of Ni2t
ions) are usually replaced every 1 — 2 months during the
therapy [3]. Eliades et al. [12] pointed out that immersion
studies aiming to mimic conditions in the oral cavity should
include replenishment of the immersion medium rather than
continuous immersion without replenishment, which is
nonetheless still the predominant model. To the best of our
knowledge, a direct comparison of the results obtained with
these two types of immersion models has not been done.
Therefore, in addition to analysing the differences in the ion
release profiles of orthodontic parts in proteinaceous versus
typical AS media, we also investigated two immersion
models, which we termed “replenishment” (Model 1) and
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“continuous” (Model 2). To explain the differences in the
release profiles, the surfaces of the orthodontic parts were
analysed using atomic force microscopy (AFM), followed by
a comprehensive surface roughness analysis, and SEM/EDX
(energy dispersive X-ray) and X-ray photoelectron spectro-
scopy (XPS) for elemental analysis of the micrometric and
nanometric surface layers, respectively. The results of this
study are expected to provide a significant advancement over
previous studies using artificial saliva (only).

2 Materials and methods
2.1 Orthodontic appliances

In each experiment, all parts constituting an entire ortho-
dontic appliance were used: two archwires, twenty brackets,
twenty ligatures, and four bands. The archwires (Remati-
tan® LITE ideal arches, ¢ 0.43 x 0.64mm / 17 x 25,
Dentaurum) were made of NiTi, an alloy of nickel and
titanium (50 — 60% Ni + 40 — 50% Ti), while the bands
(Dentaform, tooth 36, size 23 / Roth 22, Dentaurum),
brackets (Equilibrium® 2, ¢ 0.56 x0.76 mm / 22 x30, Roth
22, Dentaurum) and ligatures (Remanium®, short, soft, ¢
0.25 mm / 10, Dentaurum) were made of SS. The detailed
composition of all alloys, as well as all important material
specifications, were listed in previously published results
[13]. In short, although all parts of SS were made of aus-
tenitic steel, they differed in quality due to the specific
requirements for each device. In the bands, Fe (65 — 69%)
predominates, then Cr (17 — 19%), Ni (11 — 13%) and <2%
Mn. The composition of the other two types of SS parts
(brackets and ligatures) was similar — compared to the
bands, they additionally contain only Mo (2.0 — 2.5%).

2.2 Experimental media

Two types of immersion media were used: 1) AS prepared by
the Tani-Zucchi method (receipt in [13]), and 2) yeast complete
growth media, YPD, i.e. a mixture of yeast extract (10 g/L),
peptone (20 g/L), and dextrose (glucose, 20 g/L), both adjusted
to pH 5.5. This pH value was chosen because YPD is used for
the experiments with Saccharomyces cerevisiae W303, an
auxotrophic mutant for Ura that is very sensitive to pH in the
presence of metal ions in media and is able to grow only at
certain pH values [14]. Also, this pH reflects the pH value
found in patients with pure oral hygiene [15].

2.3 Preparation of orthodontic appliance eluates
We prepared all the samples (eluates in AS and YPD media)

according to the current ISO standard (ISO 10993-5:2009),
that describes test methods for evaluating the in vitro
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cytotoxicity of medical devices. All parts were immersed in
28.0mL of either AS or YPD media and autoclaved at
121 °C for 15 min (CertoClav, Austria) and then incubated
under sterile conditions on a rotary shaker (37 °C, 100/min,
Unimax 1010, Heidolph, Germany). The volume of the
medium was calculated as 1 mL per cm of archwire (2
archwires, 14 cm each). Four samples were prepared for
each type of medium. In Model 1 immersion, i.e. media
replenishment, the total amount of medium was replenished
after 3, 7, and 14 days. The same experiment was repeated,
but without media replenishment, i.e. using continuous
immersion, Model 2. The concentrations of metal ions were
recorded on the 3™, 7%, 14"™ and 28" day using an induc-
tively coupled plasma mass spectrometer (ICP-MS).

2.4 Inductively coupled plasma mass spectrometry
(ICP-MS)

1.0mL of each eluate was mixed with 1.0 mL of con-
centrated HNO; (Suprapure, Merck KGaA, Darmstadt,
Germany) and heated to 80 °C (15 min). The eluate was
then diluted to 10.0 mL with distilled water. ICP-MS system
2030 (Shimadzu, Kyoto, Japan) was used to analyze the
prepared samples for 16 elements (Al, As, Be, Cd, Co, Cr,
Cu, Fe, Mg, Mn, Mo, Ni, Pb, Sb, V, Zn). Polyatomic
interferences were minimized by collision mode. Helium
(6 mL/min) and argon (8 L/min) (Air Products, Torun,
Poland) served as a collision cell and plasma gas, respec-
tively. The radiofrequency power was set to 1.2 kW and the
collision cell voltage to —21V. The limit of detection
(LOD) and limit of quantification (LOQ) (expressed as 3 X
and 10 x the standard deviation) and other validation
parameters of the analytical method were evaluated. Cali-
bration curves were prepared by diluting the inorganic
quality control standard (IQC-019, Ultra Scientific, North
Kingstown, RI, USA) in 1% HNO; (Suprapure, Merck
KGaA, Darmstadt, Germany). In addition, the 10-ppb pla-
tinum solution was continuously fed into the peristaltic
pump as an internal standard via an additional tube. Both
the dilution solutions and the internal standard were used to
correct for matrix effects and signal drift. Correlation
coefficients for all calibration curves were above 0.998 and
LOQs were very low, but background equivalent con-
centrations (BEC) for cadmium, copper, lead, and zinc
insisted that the working range was higher than a few pg/L
because of the laboratory environment.

2.5 Cell culture

The hTERT-immortalized human gingival fibroblast (HGF)
cell line (T0026) was purchased from ABM, Canada. Cells
were grown in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum

(FBS), and penicillin/streptomycin (all from Sigma-Aldrich,
Steinheim, Germany) at 37 °C in 5% CO, in a humidified
atmosphere. For the analysis, cells were seeded in 24-well
plates (TPP, Trasadingen, Switzerland) until reaching 80%
confluence and treated with previously prepared eluates
(concentrated and reconstituted with growth media) for
24 h. Treatment with AS as an elution medium was used as
a control. The cells were examined with the inverted
microscope OCM 161 (KERN & SOHN GmbH), at a total
magnification of 400x.

2.6 Atomic force microscopy (AFM)

Before imaging, samples were thoroughly cleaned (by
successive rinsing with ethanol and deionized water,
3min under ultrasound) to remove all surface con-
taminants, and then dried with a stream of N,. The cleaned
samples were securely mounted to ensure that the samples
were flat and fully adhered to the surface to avoid
movement during scanning. A Nanosurf Easy Scan AFM
configured for non-contact mode was used to minimise
tip-sample interaction and potential damage. The non-
contact mode with a silicon nitride tip was chosen to
acquire topographic data. Before the measurements, the
AFM system was calibrated using a standard calibration
grid. The scan area was set to 10 x 10 um, with scan rates
adjusted to optimise resolution and minimize tip wear.
The images were captured with sufficient resolution to
recognise the necessary surface features. After acquisi-
tion, the images were processed with AFM software to
reduce noise and improve contrast. Measurements of
surface roughness, skewness, excess kurtosis, and other
relevant morphological features were performed using the
AFM software’s analysis tools and Gwyddion (Czech
Metrology Institute, Brno, Czech Republic), following the
adapted procedure described by Skliar and Chernyshev
[16]. All relevant parameters, including scan settings, tip
specifications and environmental conditions, were care-
fully recorded to ensure reproducibility.

2.7 Scanning electron microscopy/energy dispersive
X-ray (SEM/EDX) analysis

The surface morphology was studied with SEM (Jeol JSM-
7800F, Japan). Three surface points for at least three
identical appliance parts were tested, along with the mini-
mum of six additional EDX examinations. In SEM analysis,
the secondary electrons with an electron beam accelerating
voltage of 10kV and a working distance of 10 mm were
collected. Representative samples were also tested with the
EDX spectrometer (X-Max 80, Oxford Instruments, UK) in
SEM with a beam acceleration voltage of 12 kV to study the
elemental composition.

@ Springer
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2.8 X-ray photoelectron spectroscopy (XPS) analysis

XPS was used to study the elemental composition of the top
10 nm of surfaces of the representative samples of archwires
and bands. The photoemission spectra were recorded using
a SPECS instrument under ultra-high vacuum conditions
(the typical pressure in the analysis chamber was in the
range of 1077 Pa) with an excitation energy of 1486.74 eV
(Al Ka X-rays). The pass energy of the Phoibos100 electron
energy analyzer was set to 50 eV. The position of the C 1s
peak, adjusted to the binding energy of 284.5 eV, was used
for the energy calibration.

2.9 Statistical analysis

For comparison of the eluted concentration of major metal
ions from parts of the orthodontic appliance in immersion
media, the analysis of variance (ANOVA) was used toge-
ther with the Post hoc Tukey HSD test, p <0.05 (using
Statistica data analysis software system, version 13.4.04;
Tibco Software Inc, Palo Alto, CA).

3 Results
3.1 ICP-MS results

3.1.1 Metal release profiles and relative amounts of
released ions

Figure 1 shows the release profiles of the most abundant
ions detected after 3, 7, 14, and 28 days of immersion in AS
and YPD, with and without the replenishment of immersion
medium after each measurement (Model 1 and Model 2,
respectively). Ions detected in pure immersion liquids are
also given. The comparison of the ion concentrations of
Model 1 in AS and YPD (Fig. 1a and b) showed that the ion
concentrations increased throughout the entire testing per-
iod both in AS and YPD, but with different profiles.
Namely, the Fe concentration increased almost fourfold
from day 3 to 28 (~800 ug/L to ~3000 pg/L) in AS, whereas
in YPD it reached ~3000 pg/L already after day 3 and then
increased less steeply, reaching the final value of ~3900 pg/
L. More leveled release profiles after higher initial values
were also found for other ions in YPD, all except Co.
Additional observations can also be drawn from Fig. 1:
a) Fe concentrations were higher in YPD compared to
AS, regardless of the immersion model used; b) Ni and Cr
concentrations were lower in YPD compared to AS,
regardless of the immersion model used; c) the majority of
other ions leached less in YPD, except Cu and Al (besides
already mentioned Fe); d) Fe was the most abundant ion in
all cases, except when surpassed by Ni during continuous
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immersion in AS; e) more than double the amount of iron
was detected after continuous immersion in YPD compared
to all other cases (note that Fig. 1d carries different scaling).

Regarding the influence of the immersion model change,
the results indicated that this change 1) severly affected the
outcome of the analysis and 2) had a distinctly different
effect depending on the medium. Namely, continuous
immersion in YPD caused a significant increase of Fe
leaching and less severly of Ni leaching (Fig. 1b vs 1d),
while a surge of Ni ions was recorded in AS (Fig. la vs 1c).
Another prominent disparity was a change in release pro-
files characteristic only for this case (Fig. 1c), as the max-
imum of the release profiles of almost all ions was reached
on day 14. Only the concentration of chromium began to
decrease earlier, after day 7.

The results clearly indicate that both the choice of the
medium and the choice of immersion protocol severly
affected the mechanism of ion release, changing both the
release profiles and the relative amounts of ions, as will be
further discussed in the following.

3.1.2 Validation by changes in cell morphology

Before expanding the investigation, we sought to validate
characteristic results given in Fig. 1c, due to its distinction from
other cases. The variations in toxicity of orthodontic eluates
taken after 3, 7, 14, and 28 days of immersion (Model 2) are
illustrated in Fig. 2. Human gingival fibroblasts (HGF), the
predominant cells of gingival connective tissue that play a key
role in its maintenance, appeared spindle- or stellate-shaped and
formed a confluent layer during normal growth (Fig. 2a) [17].
Treatment of HGF with AS did not lead to any change in cell
growth and morphology changes (Fig. 2b). In the eluate-treated
cells (Fig. 2c—f), the cells changed shape, shrank, and curled
up, with a tendency to form filopodia (asterisks in the figures)
that make contact with neighbouring cells. The formation of
thin membranous bridges, so-called tunnelling nanotubes
(TNTs), was observed [18], connecting cells over long dis-
tances (arrows). A certain number of cells changed their mor-
phology and decreased their original number under the
treatments. In addition, plaques appeared in the treated cells.
Judging by the appearance of the cells, the loss of number, and
the size of the plaques, the treatment with the eluate of 7 and
14 days seemed to have had the strongest toxic effect. Fur-
thermore, the cells in the sample treated with the 28-day eluate
appeared similar to the control cells, they were spindle-shaped
and had fewer number of filopodia. This effect therefore con-
firmed the ion release results shown in Fig. 1c.

3.2 AFM surface morphology analysis

To elucidate the ion release profiles shown in Fig. 1, the
surface of the orthodontic bands was analyzed by AFM. Out
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Fig. 1 The release profiles of the most abundant ions detected after 3,
7, 14 and 28 days of immersion in (a) artificial saliva (AS) using
Model 1; b AS using model 2; ¢ yeast dextrose medium (YPD) using
model 1 and d YPD using Model 2. Model 1 and Model 2 denote
immersion with and without replenishment of the immersion medium

of four types of orthodontic parts, the bands were chosen
based on the previously obtained results [13] and an order
of magnitude higher value of ion leaching, while continuous
immersion was chosen due to the ion release profile results
(Fig. 1c and d). Since the insufficient area of investigation
(AO]) is an intrinsic disadvantage of AFM [19], care was
taken to choose the most representative AFM micrographs.
The surface of the bands was very heterogeneous [13],
hence two micrographs are shown for each sample, best
representing variations in topography within the same
sample.

m Cont =3D 7D 14D 28D

after each measurement, respectively. The data are represented as
mean + SD. The lines/connections indicate the metal ion concentra-
tions that differ significantly (Anova, post hoc Tukey HSD test,
p <0.05)

Due to surface heterogeneity, two images are shown for
each sample.

The micrographs shown in Fig. 3 revealed different
surface topographies depending on the medium, with
noticeable preferred orientation of the peaks in some cases.
To quantitatively describe the evolution of surface mor-
phology during immersion in each medium and the differ-
ences between the two media, 3D amplitude parameters as
well as spatial and hybrid roughness parameters were
determined using the Gwyddion software. Figure 4a shows
the root-mean-square surface roughness (S,), which

@ Springer
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Fig. 2 Microscopic images of human gingival fibroblasts (a) untreated,;
b treated with artificial saliva; c—f treated with metal ion eluates, taken
after 3, 7, 14 and 28 days of continuous immersion in AS

illustrates the general differences in roughness and the
development of roughness during the immersion. For the
sample immersed in AS, an increase in Sy values from
~20 nm to >140 nm was measured, while it remained below
40 nm throughout the whole immersion time in YPD. The
maximum peak height, S,, (Fig. 4b) was almost 1 um in AS,
while it remained below 500 nm in YPD. The decrease in S,
was also measured after day 3 in YPD, followed by an
increase with further immersion. The parameter Sy (Fig. 4¢)
describes the developed interface. For the sample in AS, an
increase in Sy, values was measured during immersion,
reaching 0.6 on day 14, while the values in YPD remained
twice as low throughout the immersion period. The skew-
ness, Sy, (Fig. 4d) provides information on the distribution
of the heights of peaks and valleys, where Sy =0 means a
symmetrical distribution (equal number of peaks and val-
leys), S¢ <0 implies more valleys than peaks, and vice
versa for Sg > 0. Before immersion, the surface was char-
acterised by the predominance of valleys over peaks. For
the sample in YPD, a continuous increase in Sq, values was
measured, indicating the continuous appearance of new
discrete peaks. In AS, the trend was less clear: the initial rise
in the first days of immersion was followed by a decrease
below zero. Kurtosis is another parameter related to the
height distribution function. It has a value of 3 when the
distribution is Gaussian (the peak heights are completely
random). The excess kurtosis, Sy,, is used for easier com-
parison, as it describes how much the distribution deviates
from the Gaussian distribution (i.e. from 3): higher values
stand for a sharp distribution, i.e. a higher proportion of
peaks with similar heights, and Sy, = 0 stands for complete
randomness of the height distribution. For the sample in
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(magnification 400x). The asterisks indicate the filopodia formed,
while the arrows indicate the tunnelling nanotubes

YPD, the Sy, values increased during the immersion time,
indicating that the peak heights became less random and
more uniform. This is in contrast to the sample immersed in
AS, where the values decreased to around 0O in later
immersion phases, implying random peak heights. This
agrees well with the changes in the skewness parameter and
the visual evaluation of the AFM photomicrographs. Dis-
tinct smaller peaks in YPD had a preferred orientation in the
early stages of immersion, as quantified by small S, para-
meter values (Fig. 4f). S, is a texture aspect ratio, with
values below 0.5 (bold line in Fig. 4f) representing aniso-
tropy of the surface patterns, while higher values reflect
strong isotropy.

To gain insight into the chemical composition of the
layer and the surface entities, SEM/EDX and XPS ele-
mental analysis were performed and presented in the fol-
lowing. Note that the AFM results did not explain the
excessive Ni concentrations in AS nor excessive Fe con-
centrations in YPD.

3.3 SEM/EDX and XPS analysis
3.3.1 NiTi archwires

Representative results of SEM analysis of NiTi wires after
28 days of continuous immersion in AS and YPD (Model 2)
compared to as-received wire, are shown in Fig. 5a, while
Fig. 5b shows the results of NiTi wires after 28 days and
media replenishment (Model 1). The results of the elemental
analysis were further processed so that only the key atoms
were considered, and their relative ratios were calculated
and shown in the figures.
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Fig. 3 Representative atomic force microscopy (AFM) photomicrographs of orthodontic band surface after immersion in (a) artificial saliva (AS)

and b yeast complete medium (YPD) for 3, 7, 14, and 28 days

The samples in pristine state contained striations and
crevices created by manufacturing [20], as described in
detail in Petkovi¢ Didovié¢ et al. [13]. Bundles of debris
were observed within striations, but the surrounding surface
was smooth and uniformly coloured and showed no signs of
oxidation or corrosion (Fig. 5a). After 28 days in AS, the
Ni:Ti ratio was close to the nominal ratio of the parent alloy.
In terms of oxygen, two features were evident: system-
atically higher amounts of oxygen on smooth areas in AS
compared to YPD (blue arrows), with negligible amounts in
YPD; and markedly higher amounts of oxygen in crevices
compared to smooth surfaces in both cases (red arrows).

Note that in addition to oxygen, the amount of Ti in the
crevices also increased compared to Ni. Crystalline pre-
cipitates were dominated by Ca and K salts in both media —
in clusters up to a few tens of micrometres in size — con-
taining mainly Si and P as well as traces of Fe and Al.

XPS results (Fig. 6) revealed a Ni 2p peak with a
binding energy of 854 eV, which can be ascribed to nickel
ions in NiO or Ni(OH), [21], only in the uppermost sur-
face layer formed in AS, but not in YPD (blue/pink
shadings, respectively). Also, almost double the amount
of oxygen was found on YPD, confirming SEM/EDX
results.
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Fig. 4 Surface roughness parameters of the orthodontic bands during immersion in AS and YPD. a Root-mean-square surface roughness, Sg;
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3.3.2 SS bands

SEM/EDX results on bands during continuous immersion
(Fig. 7a) showed, in general, higher amounts of oxygen and
bundles of surface deposits in AS compared to YPD, thus
confirming AFM results. The deposits were identified as
mixed Fe and Cr oxides or locally as pure Fe,0;. Areas
reflecting the nominal elemental ratio (parent alloy) were
also found, typically on smooth parts, and were more fre-
quent in YPD.

Replenishing the fluids during immersion rendered the
band’s surface richer in chromium oxide and other mixed
deposits, and this was more pronounced in AS (Fig. 7b).
Areas with nominal composition of the parent alloy were
again present. By far the most dominant feature in YPD was
a thick layer comprising Cu and S, found also on the band
surface in AS.

XPS spectra were recorded to elucidate the chemical
composition of observed deposits (Fig. 8). Cu 2p peak with
a binding energy of =940 eV was expectedly present in the
XPS spectra of bands in both AS and YPD. Zooming in on
this peak revealed it consisted of Cu 2ps, at 934 eV and
2p1p at 953 eV. As for the other observed deposits, XPS
results showed that Fe is present in the form of FeO
(708.5 eV) and Fe,O5 (711.5eV). Cr in the form of Cr,O5
(577.5eV) and Ni as NiO or Ni(OH), (854 e¢V) were found
in both cases [21]. Besides those oxides, oxygen could be a
part of Na/K/Ca H,PO,~, PO, and CO52~ [22-24]. Also,
double amounts of C and N were found for YPD media,
which indicates the presence of organic compounds: a N
peak at 399 eV fits the N in the CN group, in the N-C bond

@ Springer

in amines, and in the N-C = O group [25]. P was present in
both samples, likely in the form of PO,* (134.5eV) [22].

4 Discussion
4.1 ICP-MS results

4.1.1 Metal release profiles and relative amounts of
released ions

The release profiles measured in the AS (Fig. 1a) showed
that the concentrations of all ions in Model 1 increased
continuously over the entire testing period. This was not the
case for Model 2 (Fig. 1c), where most of the ions reached
the maximum elution on day 14, which was followed by a
prominent decrease. The exception was Cr, whose con-
centration began to decrease earlier, after day 7. The sudden
drop in eluted concentrations after day 14 for most ions
indicates the formation of a protective layer [26] that pre-
vents further ion release. It is known that Cr ions are the
main components of the protective layer on chromium-
containing SS, which provides an explanation why the Cr
concentration decreased earlier compared to the other ions
as they were consumed in the formation of the passive layer.
Surprisingly, the change from Model 1 to Model 2 in YPD
(Fig. 1b and d) did not have the same effect on the release
profiles as in AS (Fig. la and c): Concentrations of most
ions in YPD increased throughout. This important result
indicates that the nutrients in YPD influenced the formation
of the protective layer. However, the change in immersion
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Electron Image 44

Model 1 Media replenishment  Model 2 Continuous immersion™

Sum

Fig. 5 SEM/EDX analyses of the orthodontic NiTi archwires after
28 days of immersion in AS and YPD (a) continuously (Model 2) and
b with media replenishment (Model 1). All subsequently added parts

models affected the release profiles in YPD to a certain
extent and clearly influenced the amounts of released ions.

The ICP-MS results indicated that the ion release profiles
were influenced by both the dynamics of media replenish-
ment and the choice of medium. When the orthodontic
appliance parts were continuously placed in the AS for
28 days, a protective layer appeared to form, which was
sufficient to reduce leaching, while replenishment of the AS
media resulted in continuous ion leaching. On the other
hand, the protective layer either did not form or was not
thick enough to reduce ion leaching in YPD media during
the test period, regardless of the dynamics of media
exchange.

4.2 AFM surface morphology analysis

The changes in surface roughness were more prominent
during the immersion in AS compared to YPD, and dif-
ferent surface topographies developed depending on the
media (Fig. 3). Prior to immersion, the surface in both

Electron Image 39

of the images are framed by green frames. Blue arrows stand for
normal values, while red for markedly higher amounts of oxygen

media was characterised by the predominance of valleys
over peaks. For the sample in YPD, a continuous increase in
S values was measured, indicating the continuous
appearance of new discrete peaks. In AS, the trend was less
clear: the initial rise in the first days of immersion was
followed by a decrease below 0. This indicates that a
thicker, rougher, “wavy” layer characterised by a similar
number of peaks and valley, forms in later phases of
immersion. It is also confirmed by the values of the excess
kurtosis, Sy, (Fig. 4e). For the sample in YPD, the Sy,
values increased during the immersion time, indicating that
the peak heights became less random and more uniform.
This agrees well with the changes in the skewness para-
meter and the visual evaluation of the AFM
photomicrographs.

The AFM results showed different trajectories of the
evolution of the surface topography during immersion in
AS and YPD. The results pointed out the formation of a
rough surface layer in the AS medium, in contrast to
smaller, sharper entities that formed in YPD.
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Fig. 6 XPS spectra of the top 10 nm of NiTi archwire surface after 28 days of immersion in AS (a) and YPD (b) and the elemental analysis. Blue
and pink shadings emphasize the absence of Ni 2p peak in the uppermost layer in YPD

4.3 SEM/EDX and XPS analysis
4.3.1 NiTi archwires

Compared to XPS, the SEM/EDX technique allows ele-
mental analysis of a thicker part of the surface (in the order
of 1 um) and focuses on the material below the top layer
[27, 28]. Despite its limitations — lower accuracy for lighter
elements, accumulation of carbon on the surface [29-31] —
it is advantageous because it gives an insight into the sur-
face morphology of a larger AOI and thus allows easier
detection of crystalline precipitates, defects and corrosion
signs. Comparing obtained elemental compositions in this
study (Fig. 5) with the results of Firstov et al. [20], where a
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uniform oxide layer with composition Nig46Tig 310023 Was
established after oxidation of NiTi wires at 300 °C, it can be
inferred that the oxide layer began to form during immer-
sion in AS, but not in YPD, which is in accordance with the
AFM results on bands (Fig. 3). The oxide layer in AS was
not thick enough to exhibit its specific porous texture
[32, 33]. Oxidation was more pronounced in the crevices,
which is consistent with the well-known concept that sur-
face defects can trap oxygen and thus promote oxidation
[33, 34]. The increase in Ti content along with oxygen
indicates that Ti is preferentially oxidised over Ni [33, 35],
which is consistent with the known fact that TiO, is the
most stable and abundant oxide formed on NiTi wires
[26, 32, 35]. The results also confirmed that the sudden drop
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a

Electron Image 33

Model 1 Media replenishment™ Model 2 Continuous immersion™"

Electron Image 23

Electron Image 42

Fig. 7 SEM/EDX analyses of the orthodontic bands after 28 days of immersion in AS and YPD (a) continuously (Model 2) and (b) with media
replenishment (Model 1). All subsequently added parts of the images are framed by green frames

in eluted Ni concentrations between the 14™ and 28™ day of
immersion in AS was caused by a protective layer that did
not form in YPD, where Ni concentrations continued to rise.
Despite this sudden drop in Ni concentration in AS to
~1.1 mg/L, Ni concentrations in YPD did not exceed this
value even at the end of the immersion period. The results
indicated that Ni leaching in YPD was suppressed by a
different mechanism. This simple situation, in which the
compounds present in YPD appeared to inhibit the forma-
tion of a protective layer on NiTi within the first 28 days of
continuous immersion, was not repeated when the medium
was regularly replenished (Fig. 5b). Although the elemental
composition in AS again indicated the presence of a thin
oxide layer, the YPD immersion revealed a more hetero-
geneous NiTi surface, rich in large crystalline precipitates
(~100 pm) and increased oxygen content. This may have
been the cause of the suppressed leaching of Ni ions in YPD
compared to AS. Note that the focus of this analysis was the
Ni release (and not other ions), as we assumed that Ni was

leached only from the NiTi wires (as the richest Ni source in
the intraoral environment [34]) and not from the SS parts.

The XPS results provided an explanation for higher Ni
concentrations in AS eluates compared to YPD: the evo-
lution of surface chemistry during immersion in AS yielded
Ni (in the form of NiO or Ni(OH),) in the uppermost 10 nm
of the layer, first in contact with immersion fluid, while in
YPD they remained in the deeper parts of the surface.
Interestingly, Ti-oxides were not detected in the uppermost
10nm (Ti 2p peaks from various Ti-oxides would be
located around 460eV). XPS results also showed higher
amounts of crystalline precipitates in YPD, as seen on SEM
micrographs, and confirmed them as K and Ca-P salts. Ca-P
crystalline precipitates were found by Eliades et al. on the
retrieved NiTi wire surface in an in vivo study [36]. Fur-
thermore, XPS results showed that, both in AS and YPD,
the NiTi surface contained Fe in similar amounts, in the
form of FeO (708.5eV) and Fe,O3 (711.5eV). Cr in the
form of Cr,O5 (577.5 eV) was found only in AS (blue/pink
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Fig. 8 XPS spectra of the bands after 28 days of immersion in AS (a) and YPD (b) and the elemental analysis. The addendum shows the “zoomed-
in” part around the Cu 2p peak. The absence of a “shake-up” peak at ~940 eV, characteristic of Cu(Il), indicates the presence of Cu(I) compounds

highlights). Carbon 1 s peak, more pronounced in AS, was
ascribed to adventitious carbon, i.e. surface contamination
[35, 37, 38]. Fe and Cr are not relevant constituents of NiTi
wires, hence those signals came from Fe- and Cr oxide
precipitates.

The results indicated that two types of layers can be
distinguished on the NiTi surface: the adsorption layer from
precipitates formed from a combination of ions released
from SS parts (Fe, Cr) and those contained in immersion
fluids, and the oxygen layer formed from the oxidation of
the parent material itself. Similar results were obtained with
two types of NiTi archwires after 35 days of immersion
(conditioning) in RPMI medium supplemented with amino
acids and antibiotics [20]. The NiTi surface in continuous
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immersion in YPD was the exception, as only in this case
the oxide layer could not be detected.

4.3.2 SS bands

SEM/EDX results on bands indicates that the uniform oxide
layer was not formed on bands during the first 4 weeks of
immersion in either of the fluids, but the overall amount was
larger in AS (Fig. 7). This difference seems to be sufficient
to cause different ion release profiles measured by ICP-MS
(Fig. 1c and d) and contributed to the Fe concentration
surge in YPD. SEM micrographs did not reveal any signs of
pitting corrosion, as a primary contestant for the cause of
increased Fe leaching. Furthermore, deposits containing Al
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Table 1 The summary of the key
differences in ion release profiles
and surface morphology of NiTi
and stainless steel orthodontic
appliances in artificial saliva
(AS) and proteinaceous yeast
extract peptone dextrose

media (YPD)

AS

YPD

ICPMS e dominance of Fe, Ni and Cr ions
* continuous immersion: prominent increase
of the Ni concentration; suppression of the

leaching of all ions after day 14

AFM * thicker, rough “wavy” layer

* S4: 50-140 nm

¢ Sy decreased with immersion time
¢ S, > control and 500 nm

* Sik changed with immersion time

SEM/EDX e the formation of a thin oxide layer,
initiating at crevices

* Ti is oxidized in preference to Ni

* Cr and Fe ions form part of the adsorption

layer on bands
XPS * NiO / Ni(OH), and Cr,0O5 detected in the
uppermost layer on the NiTi archwires
* higher content of Cu-containing deposits on

« suppression of Ni and Cr leaching

* continuous immersion: prominent increase of
the Fe concentration; steady increase of all
ions throughout the testing period

» smaller sharper peaks

* Sy < control

* Sy increased with immersion time
¢ S, < control and 500 nm

* Sik changed with immersion time

« the protective layer had not formed
» more heterogeneous surface, large crystalline
precipitates (mainly Ca-P salts)

* NiO / Ni(OH), and Cr,05 not detected in the
uppermost layer on the NiTi archwires

the band surface

were found in both cases, but more frequently in YPD,
which explains the 10-fold increase in Al concentrations
measured by ICP-MS. Cu and S were found in roughly
equimolar amounts in YPD, suggesting that the crystals are
copper(Il) sulfide. The observed crystal morphology agreed
with CuS crystals synthesized by other authors [39, 40].
However, it is well known that the crystal morphology
varies depending on synthesis conditions, and Cu,S crystals
can be of similar morphology [41-45]. Perry and Taylor
[44] studied XPS spectra of Cu,S (chalcocite) and CuS
(covellite) minerals and found almost identical Cu 2p peaks
for both minerals. The underlying reason for this similarity
is the fact that, although the stoichiometry would imply
differently, in both cases the copper is in oxidation state +1
[45]. While copper(I) compounds are diamagnetic, cop-
per(Il) compounds are paramagnetic, which is in XPS
spectra manifested as a Cu(Il) “shake-up” peak at ~940 eV
and much broader copper(Il) linewidths [44, 46-48]. As
seen in both Fig. 8 addendums, this was not observed in
results of this study. Also, Cu(0) and Cu(l) in copper(I)
oxide have similar Cu 2p XPS patterns [48, 49]. Hence, the
results indicated that a layer of Cu,S was formed on the
surface of the bands in both media, possibly accompanied
by other Cu(I) compounds and elemental Cu. These Cu-
containing deposits were observed on SEM micrographs on
the band surface both in AS and YPD, but XPS results
revealed 6-fold amounts of Cu in AS compared to YPD
(2.3% vs 0.4%, respectively). A relatively large amounts of
Cu are unusual since Cu is not listed in the nominal SS
composition. As discussed in some papers, the likely source
of Cu was the Cu-containing soldering alloy commonly
used in orthodontics [13, 50]. The contact between more
precious element with those found in SS alloy may trigger
galvanic corrosion [51] and cause Cu release. This soldering

alloy is used in manufacturing SS parts, but not the NiTi
parts, which explains the absence of Cu on NiTi surface.

5 Conclusions

The key findings of this study are summarized in Table 1.

The results of this study showed that ion release profiles
and surface morphology of orthodontic alloys were affected
by both the choice of the medium and the choice of immer-
sion protocol. The interaction of organic molecules and metal
ions in YPD enhanced the leaching of some ions (Fe, Cu, Al)
while suppressing others (Ni, Cr). Nickel(Il) ions in the form
of NiO or Ni(OH), and Cr(III) ions in the form of Cr,O3 were
detected in the uppermost nanometric layer formed on the
NiTi archwires in AS, but not in YPD. Ti-oxides were not
detected in the uppermost layer in any case.

After one month of continuous immersion, a rough
“wavy” surface layer was formed in AS, in contrast to
smaller sharper entities of more uniform heights that formed
in YPD. Surface roughness increased more prominently in
AS than in YPD, reaching >140 nm, whereas it remained
below 40 nm in YPD. The surface entities, predominantly
mixed Fe and Cr oxides, adopted the preferred orientation at
the onset of formation in YPD. The surface of the SS bands,
but not the NiTi archwires, also contained Cu,S and other
Cu(I) deposits. The likely source of Cu was Cu-containing
soldering alloy.

Immersion protocol conspicuously affected the outcome
of ion leaching experiments. The evolution of the surface
chemistry changed depending on whether or not immersion
fluid replenishment was included in the protocol. Con-
tinuous immersion increased the differences between the
two media and accelerated the formation of surface layers.
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The average roughness R, and other 2D roughness
parameters were not sufficient descriptors of the topography
of orthodontic alloys in the context of elucidating metal
release profiles. 3D amplitude parameters as well as spatial
and hybrid roughness parameters should be included to gain
sufficient insight into the evolution of surface morphology
during immersion.
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