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Abstract: Aims: The aims of this study was designed to analyze the released ions from Ag-Pd-Cu-Au alloys
after a new sliding solubility test in different solutions with or without mucin. Materials and methods: Eluate
solutions, similar to Fusayama’s artificial saliva, Hanks buffer solution, and artificial saliva with or without
mucin were prepared. Ag-Pd-Cu-Au casting alloys were selected by particularly examining Cu of 0–20 wt%.
The casting specimen surface was rubbed with zirconia balls in the eluate solutions using a seesaw movement
for five minutes every hour for 7 days at 37°C. The amounts of ions were detected using inductively coupled
plasma mass spectroscope (ICPMS). Data were analyzed using one-way repeated analysis of variance
(ANOVA) and Tukey’s multiple comparisons (=0.05). Results: According to the addition of mucin to the
solutions, amounts of elute Cu ions increased in higher Cu content alloys. Similarly, the elution of Zn ions was
found to be increasing, with minor exceptions, among the alloys. As for the Pd ion elution, it was interesting
that the amount of Pd ions decreased, with the exception for some eluate solutions. The dissolution of In ions
can be expected to progress rapidly. The behavior of the released Ag ions was complex because it differed
according to either the alloy or the elute solution, or both. Conclusions: For higher Cu content alloys, amounts
of elute Cu ions increased in the elute solutions with mucin. In contrast, amounts of other metallic ions
increased and decreased or showed no change depending on the test conditions. The differences of alloy
components and elute solutions might be affected by the amounts of elute ions in this sliding solubility test. Not
until the elute conditions were the same did the values for ion concentrations compare with conventional
reported values.

Keywords: solubility test by sliding, eluate ions, Ag-Pd-Cu-Au alloys, mucin, ICPMS

1. INTRODUCTION
Examinations of biomaterials’ mechanical, chemical, and biological features were conducted to
characterize them. Corrosion tests were done to examine the release of metal ions in a solution, with
emphasis on biological examination. Corrosion of an alloy is of fundamental importance to its
biocompatibility because the release of elements from an alloy is nearly always necessary for adverse
biologic effects to occur, such as toxicity, allergy, and mutagenicity. Therefore, corrosion has been
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studied using many methods. Many reports have described biometal characteristics [1-6].
From examination of release elements and tarnishing of biometals, experimental methods of
immersion in inorganic acid solutions and an electrochemical corrosion tests were established in
Japanese industrial standards (JIS) [7, 8] and the international organization for standardization (ISO)
[9]. According to these standards, analyses have examined metal ions released from alloys for a fixed
immersion period in an electrochemical system. Metal ion release and corrosion behavior of alloys
have been evaluated. These methods are typically designated as static solubility tests. Ichinose [10]
reported the amount of the release of Cu elements from Ag-Pd-Cu-Au alloy for dental materials in a
normal saline solution for a certain period. Wataha et al. [11] reported that the amount of released Ag
and Cu ions from its alloy increased when the alloy was immersed in a saline–protein solution. These
reports clarified the differences among amounts of the released ions for elute solutions. Therefore,
different solutions can be expected to engender different corrosion behaviors of Ag-Pd-Cu-Au alloy.
Moreover, some interesting reports have described that amounts of released metal ions increased [12,
13] or decreased [14, 15] or remained unchanged [16] using the eluted solutions, including amino acid
or proteins, for which the behavior of released ions depended on the heat treatment of alloys [10].
In contrast, a dynamic solubility test was proposed by Miura et al. [17]. By this test, a dental alloy was
slid on a surface of packed ceramic balls to simulate the abrasion of a dental prosthesis in an oral
cavity through eating and occlusion. In addition, Akagi et al. [18] studied the effect of the release of
metal ions on cytotoxicity under a dynamic solubility test. According to this report, the dynamic
extraction solubility test was effective for the formation of a model of a new cytotoxicity test. The
behavior of released metal ions depends on the alloy composition, immersion liquid component, and
the test environment. However, both the dynamic solubility test and the dynamic extraction solubility
test used conditions of contact between the specimen surface and the ball. The specimen weight and
the sliding speed are expected to affect the amounts of the released metal ions. Under some dynamic
solubility testing conditions, metal debris might be created, in contrast to the traditional metal
solubility test.
Therefore to evaluate the amounts of released metal ions from dental alloys under similar conditions
of the oral cavity, a method of zirconia balls sliding on the metal surface was applied for the corrosion
tests described in this report. This method presents several benefits: it has no effect on the specimen
weight, sliding speed, or visible debris. Hereinafter, these tests are designated as sliding solubility
tests.
This study was designed to analyze the released ions using inductively coupled plasma mass
spectroscopy (ICPMS) after the sliding solubility test of Ag-Pd-Cu-Au alloys with different Cu
content. It was also conducted to investigate the effects of mucin in elute solutions.

2. MATERIALS AND METHODS
1. Preparation of Specimens
Major types of Ag-Pd-Cu-Au casting alloys available for clinical use were selected by specifically
examining Cu of 0–20 wt%. The alloys were Castwell M.C. (12% Gold) (GC Corporation, Tokyo,
Japan), Superloy I (Morita Corpration, Tokyo, Japan) and Tsutsumida Golden Soft I (Tsutsumida
kikinzoku kougyou Ltd., Hiroshima, Japan). The codes were given as, “CW” for Castwell M.C.(12%
Gold), “SA” for Superloy I, “GS” for Tsutsumida Golden Soft I. Table 1 presents the weight
percentage composition of the alloys presented by the manufacturers. Alloys were cast into
rectangular specimens 10×20×1.6 mm3 according to conventional casting methods. Specimens (n=3)
were finally polished with #1000 SiC waterproof paper under tap water using a polishing unit(TegraPoll 11, Struers ApS, Ballerup, Denmark). Then they were cleaned ultrasonically in methanol and
distilled water.
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Table 1. Weight percentage compositions of the alloys reported by the manufacturers

Code
GS
SA
CW

Au
12
12
12

Pd
20.2
20
20

Ag
48.7
52.5
46

Cu
0
13
20

Elements
Zn+Ir+In Zn+In+Sn

In
17

Ir
2.05

2.5
2
wt%

GS: Tsutsumida Golden Soft I, SA: Superloy I
CW: Castwell M.C.(12% Gold),

2. Eluate Solutions
Eluate solutions for the sliding solubility test were the following: (1) Artificial saliva similar to
Fusayama’s artificial saliva (A+M) was prepared based on the literature [19]; (2) Hanks buffer
solution (H-M, H8264; Sigma-Aldrich Corp., St. Louis, USA); and (3) Artificial saliva (S-M,
Saliveht; Teijin Pharma Ltd., Tokyo, Japan). Mucin (Wako Pure Chemical Industries Ltd., Osaka,
Japan), a protein derived from pig stomach cells, was added to the H-M and S-M. Then H+M and
S+M were prepared as eluate solutions including mucin. Furthermore, artificial saliva without mucin
(A-M) was prepared. Table 2 presents the compositions of the eluate solutions used for this study.
Table 2. Compositions of eluate solutions used for this study

3. Sliding Solubility Test

PP test tube
Eluate solution

Specimen
Zirconia balls
Figure 1. Outline of a sliding solubility test.
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Into a PP test tube, 50 mL of the eluate solution and 30 g of 2-mm-diameter zirconia balls were put
along with the cast specimen, which had been cleaned ultrasonically in ethanol. After screwing on the
cap of the PP test tube, it was set on a bed of a laboratory shaker (RM-300; AS One Corp., Tokyo,
Japan). When the laboratory shaker bed was seesawed at angles of 0–45 deg, the zirconia balls slid up
and down. Then the specimen surface was rubbed with the balls in the test tube. A schematic of the
sliding solubility test is presented in Fig. 1. The laboratory shaker was operated for five minutes every
hour. This test was conducted for 7 days at 37°C in a dry bath.
4. Analysis of metal ions released from the alloys
After the sliding solubility test, 2 mL of the eluate solution and ultrapure HNO3 (Tama Chemicals Co.
Ltd., Tokyo, Japan) were added to a Teflon pressure-tight case. Then the case was left in a
thermostatic chamber at 120°C for 2 hr. After cooling, the treated solution was used for analysis of
metal ions. An inductively coupled plasma mass spectroscope (ICPMS, ICPM-8500; Shimadzu Corp.,
Kyoto, Japan) was used to assess the released metal ions of each alloy. Table 3 presents analytical
conditions used for ICPMS in this study. This sensitive technique was used to ascertain which ions
were primarily released from the alloy under the sliding solubility test.
Table 3. Analytical conditions using ICPMS in this study

Power of high-frequency wave

1.2 kW

Sampling depth

3.5 mm

Cloolant gas

7.0 L/min

Plasma gas

1.5 L/min

Carrier gas

0.60 L/min

Quantitative profile points

11

Quantitative integral points

1

Number of cycles of integral

20

5. Statistical analysis
Statistically significant differences between groups were assessed using one-way analysis of variance
and Tukey multiple comparison intervals (=0.05).

3. RESULTS AND DISCUSSION
Figures 2(a)–2(e) show amounts of released Cu, Zn, Pd, In, and Ag ions from Ag-Pd-Cu-Au dental
casting alloys into the elute solutions without or with mucin. The SD was low for all specimens. There
were no data of Cu for GS because this alloy contains no Cu. The maximum released Cu was
approximately 510 ppb in the case of CW into H+M. The amount was found to be 1.3–6.0 times with
mucin for SA and CW alloys compared to the amount without mucin. For the elute solutions A+M,
H+M, and S+M, the released Cu ions of CW were, respectively, around 1.4, 5.5, and 2 times those
found in A-M, H-M, and S-M. Similarly, the concentrations for SA were, respectively, around 3.6, 3,
and 1.6 times those found in A-M, H-M, and S-M. In general, although not always, greater amounts of
released ions were evident in solutions with mucin than in solutions without mucin. The concentration
of the released Cu ions increased depending on the alloy with higher Cu content. Wright et al. [20]
demonstrated that amount of released Cu ion was related to the Cu content of alloy. The amounts of
metal ions increased in the solution with mucin. One reason was that mucin absorbed the released
metal ions, especially Cu and Zn ions [17]. The concentrations of metal ions on the alloy surface
decreased so that the metal ions would be released from it. Moreover, a new fresh alloy surface would
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appear according to the sliding solubility test. Then corrosion would progress. However, in a solution
without mucin, the released metal ions might form a hydroxide and a chloride. The alloy surface was
covered with these compounds to delay the release of metal ions. By dynamic and static tests, the
chemical compounds would be partially removed from the surface. The sliding solubility test,
however, was not sufficiently strong. The concentration of the released metal ions might be low,
which is compatible with the results. Another reason is given below. The prepared artificial saliva
(A+M) contained urea. For this elute solution, the Cu ion concentration increased clearly. Urea
reacted with released Cu ion to form CuCl2·2(CH4H2NO) [4]. Action of masking by this compound
can be expected to work on the alloy surface. No effect of the masking work was found in this study
because of the sliding action. However, an oxygen concentration cell on the alloy surface would be
formed. Consequently, the elution of Cu ions would increase.
Similarly, the elution of Zn ions was found to be increasing, with minor exceptions, among the alloys
for the elute solution with mucin. The maximum concentration of Zn was approximately 650 ppb in
the case of CW into A+M. The concentration was approximately nine times that into A-M. Some
interaction between mucin and chemical components might advance the state of corrosion. In
addition, surface morphology of the specimen might affect the release of metal ions. In other words, a
casting defect might cause ion release.
As for the Pd ion elution, it was interesting that the amount of Pd ions decreased for the treated
solution with mucin, with the exception for SA into A+M. The maximum Pd concentration was about
11 ppb. Mucin might be unaffected by the release of Pd ions.
Results show that the release of In ions from GS increased. The concentration for GS into H+M was
approximately 50 ppb. However, it was interesting that few In ions were released from the other
alloys, SA and CW, into the elute solutions. Consequently, according to the addition of mucin to the
solutions, the dissolution of In ions can be expected to progress rapidly. This dissolution behavior
would depend, not surprisingly, on the alloy component. Therefore, the differences of the components
of the alloy can be expected to cause different corrosion behavior from those associated with SA and
CW alloys.

Figure 2. Elemental release (a) Cu ions.
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Figure 2 (b) Zn ions

Figure 2 (d) In ions

Figure 2 (c) Pd ions

Figure 2 (e) Ag ions

The behavior of the released Ag ions was complex because it differed according to either the alloy or
the elute solution, or both. The concentration of Ag ions of CW into S+M was about 4.6 times that
into S-M. It was approximately 9.5 times into H+M compared to that into H-M in the case of GS.
Moreover, for SA, it was approximately 1.6 times into H+M compared to that into H-M. It was
interesting that no elution of Ag ions occurred in cases of GS and SA into S+M. The concentration of
Ag ions in the case of CW into H+M was approximately one-third. In the case of GS into A+M, it was
approximately half that of the treated solution without mucin. However, in the case of CW into A+M,
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the concentration was as much as that for the solution without mucin. In the case of GS and SA into
S+M, the elution of Ag ions was only slightly detected. Consequently, two function effects were
found to occur in the presence of mucin. The corrosion would be prevented or would be promoted
depending on the treated solutions. In addition, the difference in the behavior of the released ions
would cause different corrosion behavior using the component of the solutions and the environment.
Absorption of dental plaque and proteins on the alloy surface can cause the formation of oxygen
concentration cells on it [21]. In this study, that stands as one reason explaining why the amounts of
metallic ions were released from the alloy.

4. CONCLUSIONS
To investigate the effects of different solutions with or without mucin on corrosion of Ag-Pd-Cu-Au
alloys, a new sliding solubility test was conducted. The amounts of metallic ions were detected using
ICPMS. For higher Cu content alloys, amounts of elute Cu ions increased in the elute solutions with
mucin. In contrast, amounts of other metallic ions increased and decreased or showed no change
depending on the test conditions. The differences of alloy components and elute solutions might be
affected by the amounts of elute ions in this sliding solubility test. Not until the elute conditions were
the same did the elute ion concentration compare with conventionally reported concentrations.
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