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Biodevices are implanted for long periods of time, so the release of metal ions from alloys 
should be tested in tissues to assess the risk of inducing metal allergies. However there is little 
evidence that the release of metal ions from alloys in vivo is similar to that in vitro. We im-
planted metal wires in mice and determined the concentration of metal ions in tissue to ana-
lyze the mechanisms responsible for metal allergies. The release of ions from the Ni wire was 
detected within 8 h and attained a plateau 72 h after the implantation. Furthermore, it was sig-
nificantly increased by an injection of LPS. The results indicated that the release of Ni was 
apparently enhanced by inflammatory responses. We also established an in vitro assay system 
using the murine macrophage cell line RAW 264. The addition of LPS apparently increased 
the amount of Ni released into the medium, indicating the activation of the cells to have en-
hanced the elution of ions from the Ni plate. Our in vitro model using LPS-stimulated 
RAW264 cells might reflect the elution of Ni in inflamed tissue. 
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Introduction 
Implantations of biomedical devices to treat dis-

eases and organ insufficiencies are increasing as po-
pulationage 1). Most devices for the replacement of 
hard tissues, including artificial hip joints, bone 
plates and dental implants, comprise metallic bio-
materials because of their reliable mechanical per-
formance 2-3). Corrosion-resistant and ductile3) nickel 
(Ni) is contained in various alloys, including stain-
less steels, Ni-Cr and Ni-Ti. However, Ni is also the 
most common contact allergen among metals4-5). Al-
lergies to Ni, classified as Type IV allergies 4-6), are 
initiated by the release of Ni ions from alloys and the 
forming of Ni-binding proteins, which are recog-
nized as antigens by antigen-presenting cells such as 
dendritic cells (DC) and macrophages 4). These cells 
then activate T cells and induce an increase in the 
number of Ni-specific, IFN-γ-producing CD4+ and 
CD8+ effector T cells4-6). It is difficult to prevent Ni 
allergies by inhibiting these immune responses. A 
more practical approach might be to block the elu-
tion of Ni ions from biomaterials. However, the mo-
lecular mechanisms of this elution have not been 
fully examined. 

 

Fig. 1.  Metal wire-implanted mice 
A metal wire was implanted subcutaneously in the dorsum 
with an implant needle (A). The mice were sacrificed 72 h 
after the implantation and the skin around the wire was 
photographed (B, modified from ref. 17). 

 
In general, the release of Ni ions from alloys is 

tested in solutions. For example, Okazaki et al. de-
termined the release of metal ions from SUS316L 
stainless steel and Co–Cr–Mo casting alloy im-
mersed in α-medium, PBS (−), calf serum, 0.9% 
NaCl, artificial saliva, 1.2 % L-cysteine, 1 % lactic 

acid and 0.01 % HCl for 7 days 7). As biodevices are 
implanted for long periods of time, one should test 
the release of metal ions from alloys in tissues to as-
sess the risk of inducing metal allergies. However, 
there is little evidence that the release of metal ions 
from alloys in vivo is similar to that in vitro. 

Animal models of Ni-induced allergy and 
inflammation 

To reveal the mechanisms of Ni-induced inflam-
mation and allergy, several animal models have been 
developed. The injection of Ni ions into sensitized 
animals was found to cause allergic inflammation 
including ear swelling8-10), footpad edema12) and the 
proliferation of lymph node cells8, 12). Tolerance to 
nickel sensitization was also examined in these 
models9, 11). However, it is much more difficult to 
induce an allergy to Ni than to a proteinous antigen. 
In general, a high concentration of Ni or an oxidized 
form of the ion such as Ni (III) or Ni (IV) is required 
to trigger inflammation or an allergy8). Recently, 
Sato et al. found that the co-administration of lipo-
polysaccharide (LPS), a stimulator of innate immune 
responses, effectively enhanced sensitization to Ni 10). 
Sensitization using Ni ions plus LPS will promote 
research into the evocation of Ni allergies. In addi-
tion, the toxicity of Ni particles to lung was assessed 
by injecting intratracheally in rats and mice13-15). The 
Ni particles induced the infiltration of leukocytes in 
bronchalveolar lavage fluid and production of tumor 
necrosis factor-α in this model 15). Wataha et al. im-
planted a Ni wire into the subcutaneous space of rats 
and analyzed Ni concentrations in tissues and necro-
sis16). According to the methods described by Wata-
ha et al., we implanted a metal subcutaneously in the 
dorsum of mice using an implant needle (Fig. 1A). 
We examined the effects of Ni and Co wires because 
Ni and Co were well-known metals inducing metal 
allergy. In addition, the Fe and Al wires were used as 
the control to clarify the nonspecific inflammation 
induced by the implantation of wires. The Ni wire 
caused extreme inflammation but the Co, Fe, and Al 
wires did not (Fig. 1B), indicating that Ni ions are 
easily released and cause inflammation17). In this 
model, the Ni wire-induced inflammation was as-
sessed as the increase in vascular permeability, 
which was determined by the leakage of Evans 
blue17). The implantation of Ni wire also induced the 
expression of cyclooxygease-2 and histidine decar-
boxylase in the surrounding tissues17). 
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Quantitative analysis of ions release 
from the implanted Ni wire 

Analytical techniques like inductively coupled 
plasma-atomic emission spectrometry (ICP-AES) 
and ICP-Mass spectrometry (MS) are used for the 
detection of metals in solution. Wataha et al. ana-
lyzed Ni concentrations in tissues around the Ni wire 
48 h, 96 h and 7 days later using laser-ablation 
(LA)-ICP-MS 16). They found that the Ni caused se-
vere inflammation and necrosis, and that its distribu-
tion in tissues correlated well with the inflammation. 
They appeared that greater than 25 µg/g of Ni in tis-
sue was necessary to elicit severe inflammation with 
necrosis. In in vitro experiments using fibroblasts, 
endothelial cells, and monocytes, 10-50 µg/ml of Ni 
ions cause total suppression of mitochondrial func-
tion 18-20). However, the concentration at which Ni 
ions induce Ni allergy has not been determined. 
Therefore, the quantitative analysis of the release of 
Ni ions from materials in vivo is required to assess 
the safety of biomaterials. We developed a fluoro-
metric assay to determine Ni concentrations using 
Newport Green. Thierse et al. examined the binding 
of Ni to membranes of human Raji B cells by flow 
cytometry with Newport Green 21). The use of New-
port Green will reveal where Ni binds to protein as 
well as its concentration in tissues. Using the Ni 
wire-implanted mice described above, we deter-
mined the concentration of Ni in tissue and found 
that the release of Ni ions was detectable within 8 h 

and attained a plateau 72 h after the implantation. 
Vascular permeability around the wire also increased 
from 8 h post-implantation 16). Interestingly, when 
the wire was incubated at 37 ºC for 8 h in water, sa-
line, or mouse serum, very little Ni was released. 
Thus, Ni ions were released more easily in vivo than 
in the solutions, indicating the release to be highly 
dependent on the responses of cells around the wire. 

Enhancement by lipopolysaccharide of 
the release of Ni ions in vivo 

The implantation of biomedical devices can cause 
infections and bacteria-induced inflammation. Al-
though the inflamed sites become acidic, it is not 
clear whether the infection and inflammation affect 
the elution of Ni. So we examined the involvement 
of inflammatory responses in the release of Ni in 
vivo. LPS (1 µg/ 200 µL saline) was injected subcu-
taneously around the wire at the time of implantation. 
The release of Ni ions into tissue was significantly 
increased by the injection of LPS compared to an 
injection of the vehicle only. These results clearly 
indicated that the release of Ni was enhanced by the 
inflammatory responses. Thus, the elution of metal 
ions was induced by the attached cells on the surface 
of alloys and enhanced by inflammatory stimuli. 
These findings suggested that the release of metal 
ions from biomaterials in buffers might not reflect 
that in tissues. Thus, our metal-wire implant model 
might be used to assess the safety of biomaterials in 
normal tissues and in the inflammatory conditions. 

 

 

Fig. 2.  In vitro assay system for Ni release from the plate 
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In vitro system for the assessment of Ni 
release at inflamed sites 

The effects of inflammatory responses to infec-
tions on the release of Ni from alloys have not been 
analyzed in vitro. The finding that LPS enhanced the 
release of ions from a Ni wire implanted in mice, 
however, indicates that the corrosion of metals 
should be tested under condition similar to those in 
inflamed tissue. Consequently, we established an in 
vitro assay system using the murine macrophage cell 
line RAW 264 as the inflammatory cells activated by 
LPS (Fig. 2). RAW 264 cells were seeded on a Ni 
plate (5 mm square) and incubated for 4, 8 and 24 h 
in the presence or absence of LPS. Although little Ni 
was released from the plate in the medium alone, a 
significant increase occurred in the presence of the 
cells. LPS (0.1 to 1 µg/mL) significantly enhanced 
the release of Ni into the medium in concentration- 
and time-dependent manners, indicating that the ac-
tivation of RAW 264 cells enhanced the elution of 
ions from the plate. These findings suggested our in 
vitro model using LPS-stimulated RAW264 cells to 
be a novel system reflecting the elution of Ni at the 
site of inflammation. 

Our findings indicated that the interaction of the 
cells with metals on its surface is important to re-
lease of metal ions. However, it has not been dis-
closed that the molecular mechanisms by which ac-
tivated inflammatory cells elute metal ions from the 
surface of metals. Our in vitro model using macro-
phages is useful to analyze the mechanisms. 

Conclusion 
Metal allergy is a concern when using biomedical 

devices containing metals. The most effective way to 
avoid it is to block the release of metal ions from 
biomaterials. However, assay systems had not been 
able to assess the corrosion of metals under inflam-
matory conditions. We established in vivo and in vi-
tro models for assessing the release of Ni from metal. 
In these models, the activation of cells such as ma-
crophages apparently enhanced the corrosion of Ni. 
Thus, to assess the safety of biomaterials, one should 
evaluate the release of metal ions under inflamma-
tory conditions. Our models might be useful tools for 
this purpose. We employed Ni wires and plates to 
maximize the release of Ni. If using ICP-APS and 
ICP-MS within our models, the release of various 
metal ions from biomedical alloys could be assessed 
at the same time. 
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