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ABSTRACT. The amounts of cobalt, iron, manganese, nickel and chromium ions released from new and reused
stainless steel arch bar used for maxillomandibular fixation was determined in Hank’s solutions of different
hydrogen and chloride ions concentrations, whole blood serum and phosphate buffered saline (PBS) in vitro, over
a six-week immersion time at 37 °C, by atomic absorption spectrophotometry. The corrosion levels of the wires
due to effects of media and incubation times in the bio-fluids were compared by Duncan’s two-way ANOVA (P
< 0.05). Pearson’s correlation was used in establishing relationship in the amounts of metal ions released by new
and reused arch bars. The study indicated that the reused wires released more ions than new ones at all time
points. The variation of pH and chloride ions of the bio-fluids had a significant effect on the amount of Ni, Mn
and Cr ions released. Ageing prior use of arch bars significantly increased Ni ions released into the bio-fluids.
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INTRODUCTION

Maxillomandibular fixation, MMF is the most commonly used treatment for mandible fractures.
This process involves anchoring arch bars to the gums of the maxilla and the mandible. The arch
bars are held in place by gauge wires, which are wrapped around the molars, the device is left
for 4 to 6 weeks of the healing process [1]. Arch bars which had been used clinically by a
patient can be retrieved and may be reused for several reasons, including cost [2].

Much of the focus on the long-term biocompatibility of metallic implants has centred on
their tendency to undergo electrochemical corrosion while in contact with physiological fluids.
The electrochemical reaction resulting to the release of metal ions is coupled with a
corresponding reduction reaction of constituents in the aqueous environment to maintain charge
neutrality [3]. The oral cavity is warm and damp, and during the ingestion of food, conditions of
considerable acidity or mild alkalinity and ranges of temperature are experienced. Stainless steel
(SS) contains chromium that oxidises at the surface to resist corrosive attack [4]. This metal-
oxide passive film spontaneously forms (passivation) and reforms (repassivation) in air and
under most tissue fluid conditions; oxygen is necessary to form and maintain the film, whereas
acidity and chloride ions can be particularly detrimental to it [5].

Despite the kinetic barriers to corrosion release of metal ions from SS brackets have been
reported, with the major corrosion products being iron, chromium and nickel [6]. These ions
have potential for producing allergic, toxic or carcinogenic reactions [7]. Tsui et al. [2]
investigated the metal ions released from SS brackets immersed in buffers of pH 4 and 7. The
recycled brackets released more ions than the new ones, reduction of the pH of artificial saliva
resulted in the leaching of more metal ions with immersion time [2].

Wenyi et al. [8] measured the amount of nickel ions released from three types of nickel-
containing arch wires into synthetic saliva in vitro. It was inferred that the maximum amount of
nickel released from all tested arch wires was 700 times lower than the concentrations necessary
to elicit cytotoxic reactions in human peripheral blood mononuclear cells (PBMCs) [8]. Study
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by Angela er al. [9] showed that the ions released from metallic implants resulted in local
immune dysfunction, inflammation and tissue cell death. Nickel(Il) and vanadium(V) reduce
cell viability and proliferation in a dose-dependent manner [9].

Pitting corrosion generally occurs in chloride or bromide solutions. It can be initiated at a
fault in the passive layer or a surface defect. The steel underneath the defect dissolves leading to
a building up of positively charged metal ions, which in turn causes negative charges (e.g.
chloride ions) to migrate towards the defect. Even in a neutral solution, this can cause the pH to
drop locally to 2 or 3, thereby preventing the regeneration of the passive layer [10].

The study aimed to mimic the in vivo conditions of immersion in five bio-fluids, including
the presence of factors such as ageing prior use of arch bars, pH and chloride ions variations of
the bio-fluids and relate these conditions to the amount of metal ions released by arch bars with
immersion time up to 6 weeks. This is to improve understanding of the biocompatibility profile
of arch bars over the 6 weeks healing period in vivo.

EXPERIMENTAL
Materials and methods

A total of 150 Erich arch bars (Unitek, Monrovia, California, USA) cut into standard sized
pieces (6 cm length of average weight 750.5 + 8.0 mg) were used for the experiment. They were
divided into new (as received from the manufacturer) and reused (retrieved and sterilised after 6
weeks of clinical use). Elemental composition of the arch bar (AISI 316 grade) was carried out
by the dissolution of 0.2 g of the metallic sample in 3 mL of hot concentrated HNO; and 10 mL
of concentrated HCI solution. Analysis of metal ions in the diluted solution (with deionised
water) using graphite furnace atomic absorption spectrophotometry (model TAS990, Intec Co.
Ltd., Rome) gave: 60.05 % Fe, 18.35 % Cr, 18.62 % Ni, 2.94 % Mn and 0.03 % Co [11].

Bio-fluids for the study

Whole blood serum, WBS, was obtained by collecting fresh bovine blood of a healthy male cow
into slantly positioned boiling tubes. WBS obtained after about 3 hours had a pH of 7.68.
Hank’s solution (HS) - to simulate extra-cellular body fluids - was prepared according to the
Table 1. The solution was adjusted to pH 4.0 (HSpH4) and pH 7.0 (HSpH7) with 0.5 M
Na,HPO, and 0.5 M NaH,PO, buffer solutions and drops of 1 % HCI solution. The
concentration of HS with high chloride ions (HSCIl) was obtained by making the concentration
of chloride ions in HS to be 1.63 x 10" mol.L™". Phosphate buffered saline, PBS solution
manufactured by Nissui Pharmaceutical Co. Ltd., Tokyo, Japan had a pH of 7.45.

Table 1. Ion concentration of Hank’s solution [14].

Ton Concentration (molL™)
Na* 1.42x 10
K* 5.81x 107
Mg™ 8.11x10™
Ca’* 1.26 x 107
[} 1.45 x10™
HPO,” 7.78 x 10
S04 8.11x 10*
COs* 4.17x10°
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In vitro corrosion study

Each polypropylene bottle containing 20 mL of Hank’s solution- HS at pH 4.0, pH 7.0 or HS
with high chloride ion (HSCI)- and a 6 cm length of new or reused arch bar was closed and then
placed in an incubator at 37 °C. Three independent samples were prepared for each experimental
group. Following incubation at the end of the 1 day, 1, 2, 4 and 6 weeks, 10 mL of each of the
experimental solutions were withdrawn with a syringe after shaking. These were then digested
with 3 mL of concentrated HNO; and 10 mL of concentrated HCI solution on a hot plate at 100
°C. The digest was then made up to 20 mL with doubly distilled water. The digestion was
repeated for each of the experimental solutions. The corrosion experiment was also carried out
for WBS and PBS.

The concentration of Co, Fe, Mn, Ni and Cr ions in the various bio-fluids was measured
using graphite furnace atomic absorption spectrophotometry (model TAS990, Intec Co. Ltd.,
Rome, Italy). The concentrations of these ions in the bio-fluids alone were taken as control. The
quality assurance for the analyses was conducted through the spiking method, and mean %
recovery for the analyses ranged from 83.4 £ 0.15 to 95.5 = 0.30.

RESULTS AND DISCUSSION

The results are expressed as the average of triplicate determinations * the standard deviation, as
presented in Figure 1-5. Data was analysed using SAS (statistical soft ware), and a 2-way
ANOVA applied using the Duncan’s Post-hoc multiple range test (DMRT) at P < 0.05 to assess
differences in the mean values of the metal ions released, due to effects of media and incubation
time of the test materials in the bio-fluids. Pearson’s correlation was used in establishing
whether or not relationships exist in the amount of metal ions released by new and reused arch
bars and the probability levels of significance at P < 0.05.

Release of Co ions

No cobalt ion was detected in the bio-fluids until at incubation time of 6 weeks for the new and
reused wires. The highest level of 0.010 + 0.002 mg/L was recorded for the reused wire
immersed in HSCI (Figure 1). The amount of Co ions released from the wires increased with
decrease in pH of HS. The low level of Co ions released into the test solutions can be traced to
its low elemental composition in the wire sample. Duncan’s multiple range test (DMRT)
showed a significant difference in the amount of Co ions released into PBS compared to the
other media, but no statistically significant difference due to extended incubation time of the
new arch bar in the various bio-fluids. Pearson’s correlation depicted a positive relationship in
the mean amount of Co ions released into the bio-fluids by new and reused arch wires (r =
0.889), with no statistical level of significance.
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Figure 1a. Cobalt ions released by new arc bar into bio-fluids.
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Figure 1b. Cobalt ions released by reused arc bar into bio-fluids.

Release of Fe ions

As illustrated in Figure 2, the lowest concentrations of dissolved Fe ions were measured in PBS,
with no detectable amount after 1 day and a value of 0.020 + 0.002 mg/L after 6 weeks
incubation of the new wires. The highest concentrations were measured in WBS and HSpH4
with values 0.005 + 0.001 mg/L after 1 day and 0.058 + 0.002 mg/L after 6 weeks incubation of
the reused wires in HSCL. DMRT showed a significant difference in the amount of Fe ions
released into HSpH4 compared to the other media, but increased incubation time did not result
to significant release of Fe ions from the new arch bar into the bio-fluids. Pearson’s correlation
depicted a positive relationship in the mean amount of Fe ions released into the bio-fluids by
new and reused arch wires (r = 0.821), with no statistical level of significance. The difference

between the new and reused groups for Fe ions released was statistically significant after 4 and 6
weeks of incubation.
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Figure 2a. Iron ions released by new arc bar into bio-fluids.
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Figure 2b. Iron ions released by reused arc bar into bio-fluids.

Release of Mn ions

As shown in Figure 3, the release of Mn ions was not detectable until after 2 weeks of
incubation of the new samples, with the reused samples releasing more Mn ions than the new
ones. A sharp increase was obtained in the levels of Mn ions released between 2 and 4 weeks of
incubation. The highest level of Mn ions released was recorded for the reused wire after 6 weeks
incubation in WBS (0.074 + 0.001 mg/L). DMRT presented a slight significant difference in the
amount of Mn ions released into the media by an increase in chloride ion concentration, while
increasing the hydrogen ion concentration of the media resulted to a highly significant
difference. Increased incubation time did not result to significant release of Mn ions from the
new arch bar into the bio-fluids. There was no significant difference between the Mn ions
released by the new and reused wires, a positive correlation was obtained with r = 0.911. The
ranking from mild to aggressive corrosion media was as follows: PBS < HSpH7 < HSpH4 <
HSCI < WBS.
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Figure 3a. Manganese ions released by new arc bar into bio-fluids.
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Figure 3b. Manganese ions released by reused arc bar into bio-fluids.

Release of Ni ions

The reused wires released more Ni ions than the new ones at all time points. After 6 weeks of
incubation, the highest level of Ni ions released was in HSCI closely followed by WBS and
HSpH4. The concentration of Ni ions in HSCI after 6 weeks of incubation was 0.029 + 0.004
mg/L for the new and 0.038 + 0.002 mg/L for the reused samples (Figure 4). From DMRT, the
effect of pH and chloride ions variations led to marked statistical significance in the amount of
Ni ions released into the media. Increased incubation time did not result to significant release of
Ni ions from the new arch bar into the bio-fluids. Ageing prior use of arch bars resulted to
significant release of Ni ions into the bio-fluids, with a positive correlation in the amount of Ni
ions released by the new and reused wires (r = 0.902).
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Figure 4a. Nickel ions released by new arc bar into bio-fluids.
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Figure 4b. Nickel ions released by reused arc bar into bio-fluids.
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Figure 5 shows that the amount of Cr ions released into the actual and pseudo-fluids in the study
increased consistently after 1 day incubation. The reused samples released more Cr ions than the
new ones, except after 6 week when HSpH4, HSCI and WBS had more of released Cr ions from
the new wires. Chromium ions constitute about half the total concentration of metal ions
released in the study. The highest amount of Cr ions released was recorded as 0.060 + 0.001
mg/L for the new wire incubated in HSCI after 6 weeks. DMRT presented a slightly significant
difference in the amount of Cr ions released into the media by an increase in chloride ion
concentration, while decrease in pH of the bio-fluids resulted to a highly significant difference.
Increased incubation time did not result to significant release of Cr ions from the new arch bar
into the bio-fluids. There was no significant difference between the amount of Cr ions released
by the new and reused samples.
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Figure 5a. Chromium ions released by new arc bar into bio-fluids.
0.060
o
7 0050 OpH4
£ 0040 - B pH7
B 0.030 BHSCI
3 8 WBS
g ;
S B PBS

1day 1 wk 2 wk 4 wk 6 wk
Incubation time

Figure 5b. Chromium ions released by reused arc bar into bio-fluids.

In the Figures (1 to 5) above, each column and bar represents the mean * standard deviation
of three replicates. The means and standard deviations were calculated by one-way analysis of
variance, with statistical difference at P < 0.05.

CONCLUSIONS

The study reports low level of released metal ions from arch bar into the various bio-fluids, with
the major corrosion products being Ni, Fe and Cr ions. Generally, the reused wires released
more ions than the new ones, the only exception was for Cr at 6 weeks of incubation, with more
amount of released Cr ions from the new wires into HSpH4, HSC1 and WBS. The variation of
pH and chloride ions of the bio-fluids had a significant effect on the amount of Ni, Mn and Cr
ions released from the wires. Increased incubation time did not result to significant leaching of
corrosion products from the new arch bar into the bio-fluids. On the other hand, ageing prior use
of arch bars resulted to significant release of Ni ions into the bio-fluids.

The present corrosion study was investigated in a static condition. The situation in the oral
cavity is dynamic and might result in other types of corrosion, for example fretting, which might
further enhance the release of ions from the appliance [12]. Despite the recorded levels of
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released metal ions investigated in this study, there is no great health concern, since the released
amounts are significantly below the average dietary intake. It is evident that retrieved
orthodontic appliances are coated by intraorally formed proteinaceous biofilm that mask the
surface. Immersion of nitinol wire in Hank’s solution for ten days led to decrease in Ni ions
released as a result of the growth of a calcium phosphate layer on the top of the metal oxide
layer [13]. By extrapolating the information from this study to in vivo conditions, the bio-
available potentially harmful constituents of stainless steel arch bar used in this study is
anticipated to be negligible. Elevated levels of the metal ions may be traced to steam autoclaving
of the new and reused samples, thus, the sterilisation effects may have altered the surface profile
and ionic release. Soldering on SS prosthesis may result to galvanic coupling, leading to
elevated release of metal ions from restorations. Also taking into account the fact that, in body
conditions implant corrosion products are disseminated and eventually eliminated. The result
that SS arch bar used in orthodontic appliances corrode in bio-fluids over an extended time
interval is of great clinical significance in evaluating their bio-compatibility, the levels of metal
ions released into the various bio-fluids is negligible. The reuse of stainless steel arch wires may
pose a slightly increased risk of a reaction to host, especially nickel sensitive patients, this
increased risk must be balanced against the benefit (cost savings, availability) that used arch
wires give and should not be dismissed.
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