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Many people suffer from metal allergy, and the recently demonstrated presence of naturally occurring metal nanoparticles
in our environment could present a new candidate for inducing metal allergy. Here, we show that mice pretreated with
silver nanoparticles (nAg) and lipopolysaccharides, but not with the silver ions that are thought to cause allergies,
developed allergic inflammation in response to the silver. nAg-induced acquired immune responses depended on CD4+ T
cells and elicited IL-17A-mediated inflammation, similar to that observed in human metal allergy. Nickel nanoparticles also
caused sensitization in the mice, whereas gold and silica nanoparticles, which are minimally ionizable, did not.
Quantitative analysis of the silver distribution suggested that small nAg (≤10 nm) transferred to the draining lymph node
and released ions more readily than large nAg (>10 nm). These results suggest that metal nanoparticles served as ion
carriers to enable metal sensitization. Our data demonstrate a potentially new trigger for metal allergy.

Metal allergy, which is a type of allergic contact dermatitis, is
prevalent in the general population. Nickel allergy is more
prevalent than any other metal allergy, and it has been

estimated that up to 17% of women and 3% of men are allergic to
nickel1,2. In addition, gold, palladium, cobalt, mercury, beryllium,
chromium, silver and other metals also have sensitization potential3.
Costume jewellery, clothing fasteners (for example, buttons, zippers
and belt buckles) and mobile phones are familiar sources of
metal allergens2,4.

Understanding metal allergy has been hindered by a lack of
reproducible mouse models for studying the condition5. Although
metal allergy is caused by metal-ion-induced T cells6,7, many
attempts to sensitize mice by means of simple metal-ion treatment
have failed8,9. Recently, nickel ions (Ni2+) were observed to directly
activate Toll-like receptor 4 (TLR4) and to induce proinflammatory
signals in humans, but not in mice10. Because some reports indicate
that metal allergy in mice could be induced by coincident
application of inflammatory stimuli, such as lipopolysaccharides
(LPS)11,12, a lack of proinflammatory signals in mice was presumed
to sufficiently explain why they do not develop metal allergy
through the simple introduction of metal ions. However, another
report argued that skin reactions in those models were induced by
irritant inflammations rather than by allergic responses13, which
calls into question the reproducibility of those mouse models.

These findings also suggest that another, unknown factor might
induce the onset of metal allergy.

Metal nanoparticles have been known to be generated not only
by laboratory synthesis, but also naturally (or unintentionally)
during our daily lives14. For example, metal-on-metal implants for
joint replacement are known to produce nanoscale debris in the
human body15,16, and patients with failed joint replacements have
been observed to exhibit metal allergy at a high prevalence17.
Earrings and metal wires have been observed to release naturally
occurring metal nanoparticles in a laboratory environment18, and
recent data have shown that nanoparticles can penetrate damaged
and intact skin, as metal ions do19,20. These observations suggest
that metal nanoparticles are a new candidate for causing metal
allergy. In this study, we investigated the role of metal nanoparticles
in inducing metal allergy in mice. Our data suggest that metal
nanoparticles are a new potential trigger of metal allergy.

nAg sensitize mice and cause allergic inflammation
We used silver nanoparticles (nAg) with diameters of 10, 50 and
100 nm (nAg10, nAg50 and nAg100, respectively). Their hydrodyn-
amic diameters in isotonic glucose (5%) were 19.4, 55.2 and 107.3 nm,
respectively (Supplementary Fig. 1a), indicating that they are
well-dispersed in solution. Transmission electron microscopy (TEM)
images confirmed that the nanoparticles were uniform in size
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(Supplementary Fig. 1b). The silver ion (Ag+) contents in nAg10,
nAg50 and nAg100 solutions were confirmed to be ∼7.5, 2.5 and
2.0%, respectively (Supplementary Table 1). Inflammatory potential
increased with decreasing particle size (Supplementary Fig. 2a).

We injected nAg10 or Ag+ into each BALB/c mouse’s footpads
together with LPS. One week after the last treatment, nAg10 or
Ag+ was administered to the ear of each mouse. Ear swelling was
measured to evaluate the elicitation of a metal-specific allergic
response. In addition, the amount of Ag+ administered to the ear
was about one-ninth the amount of administered nAg10, because
the induced inflammation was so strong that the analytical signal
was saturated at higher doses of Ag+ (Supplementary Fig. 2a,b).
Ag+ pretreatment did not induce significant changes in either
Ag+- or nAg10-induced ear swelling (Fig. 1a). In contrast, mice
that were pretreated with nAg10 developed significant ear swelling
following administration of both Ag+ and nAg10. Histological
observations also showed that the inflammation in nAg10- and
Ag+-treated ears was significantly enhanced by nAg10 pretreatment
(Fig. 1b,c). In addition, the enhancement effect of nAg was specific
to silver rather than to the vehicle (Supplementary Fig. 2c). It is well
known that nAg can release Ag+ (ref. 21). Thus, we consider these
results to at least reflect a nAg10-induced Ag+-specific immune
response, and they might also indicate a nAg-induced nAg-specific
immune response.

BALB/c mice sensitized with nAg10 without LPS and with an
underacylated form of Rhodobacter sphaeroides LPS (LPSa, which
does not induce TLR4-mediated proinflammatory signals) did not
display nAg10-induced sensitization (Fig. 1d). In contrast, ultrapure
LPS was sufficient to induce the enhancement (Supplementary
Fig. 2d). Thus, a proinflammatory signal, specifically a TLR4
signal, was needed to observe nAg10-induced sensitization.
Therefore, although Ag+ could not cause sensitization, our data
are partially consistent with reports that suggest the necessity of
an additional proinflammatory signal to cause sensitization to
metal in mice11,12. In addition, nAg10 could cause sensitization in
C57BL/6 mice, but the effect in these mice seemed to be weaker
than that observed in BALB/c mice (Supplementary Fig. 2e).

The nAg10 pretreatment enhanced not only nAg10-induced ear
swelling, but also nAg50- and nAg100-induced swelling (Fig. 1e).
nAg50 sensitization also tended to enhance nAg10-induced ear
swelling. Furthermore, we confirmed that pretreatment with nAg
with diameters of 5 nm (nAg5) enhanced nAg5- or nAg10-
induced ear swelling significantly (Supplementary Fig. 3). Taken
together, these results suggest that the size of the sensitizing nAg
does not have to match that of the administered nAg to observe
nAg-induced ear swelling, which suggests that nAg did not induce
nanoparticle-specific immune responses. However, it should be
noted that smaller nAg appeared to have a stronger sensitization
potential and ability to induce a more pronounced inflammatory
response in nAg-sensitized BALB/c mice.

Involvement of acquired immunity in sensitization by nAg10
Metal allergy is an allergic contact dermatitis, which is induced by
acquired immunity involving T, B and NK cells22–24. To determine
whether the effect of sensitization with nAg is an antigen-specific
acquired immune response, we compared the effect of sensitization
by nAg10 on nAg10-induced ear swelling among BALB/c, nude
possessing few T cells, and T cell- and B cell-deficient severe
combined immunodeficient (SCID) mice. nAg10 could cause
sensitization in nude mice, although the enhancement of nAg10-
induced ear swelling seemed to be weaker than that observed for
BALB/c mice (Fig. 2a). No sensitization by nAg10 was observed
in SCID mice. These results suggest that nAg10 sensitization is
associated with an acquired immune response.

Treatment with CD4+ T cell-depleting antibodies (anti-CD4)
24 h before injection of nAg10 to each mouse’s ear completely

suppressed nAg10-induced ear swelling, but CD8+ T cell- or NK
cell-depleting antibodies (anti-CD8 and anti-asialo GM1, respect-
ively) did not induce detectable effects (Fig. 2b). Furthermore,
adaptive transfer of CD4+ T cells from nAg10-sensitized BALB/c
mice enhanced nAg10-induced ear swelling (Fig. 2c). In contrast,
adoptive transfer of the serum from nAg10-sensitized BALB/c
mice did not substitute for pretreatment with nAg (Fig. 2c), and
little enhancement of nAg10-induced ear swelling was induced by
nAg10 sensitization at early time points (0.25–6 h) post-injection
(Supplementary Fig. 2f ). Therefore, CD4+ T cells, but not the
antibodies, appeared to play a critical role in nAg10-induced
allergic responses.

The splenocytes from nAg10-sensitized BALB/c mice were
stimulated by each size of nAg or by Ag+. We evaluated the
production of several T cell-mediated cytokines: IFN-γ as a
Th1-related cytokine, IL-4 and IL-5 as Th2-related cytokines, IL-9
as a Th9-related cytokine and IL-17A as a Th17-related cytokine
in the splenocyte culture supernatants. Neither nAg10 nor Ag+

stimulation induced detectable changes in IFN-γ, IL-4, IL-5 or
IL-9 levels for vehicle-sensitized and nAg10-sensitized splenocytes
(Supplementary Fig. 4). In contrast, IL-17A production was more
pronounced following nAg10 or Ag+ stimulation in nAg10-sensitized
splenocytes than in vehicle-sensitized splenocytes (Fig. 3a). Thus,
nAg10 sensitization could induce Th17-mediated immune responses.
nAg10-sensitized splenocytes stimulated with nAg50 or nAg100
induced IL-17A, but the amount was lower than when the splenocytes
were stimulated with nAg10 (Fig. 3a). These tendencies are similar to
the results observed in vivo (Fig. 1e). Furthermore, other types of metal
nanoparticles (for example, nickel) did not induce IL-17A production
(Fig. 3b). Considering the fact that a decrease in particle size enhances
Ag+ release per mass (Supplementary Table 1), we concluded that the
majority of nAg-induced immunity could be attributed to Ag+-specific
immune responses.

Higher expression of Il17a in nAg10-injected ears was also
observed in vivo in nAg10-sensitized BALB/c mice when compared
to vehicle-sensitized BALB/c mice (Fig. 3c). Furthermore, although
treatment with IFN-γ-neutralizing antibody had no significant
effect on the enhancement of nAg10-induced ear swelling, treat-
ment with IL-17A-neutralizing antibody partially but significantly
suppressed the swelling (Fig. 3d). Considering the importance of
CD4+ T cells in nAg10-induced allergic responses, Th17 could be
one of the major effector cells in our model.

Lymphatic transport of nAg
After antigens enter the body through the skin or by other means,
they flow through afferent lymphatics into the draining lymph
node (dLN) directly (conduit system) or after being captured by
peripheral dendritic cells25,26. The initial activation of naive T cells
and induction of antigen-specific T cells occur sequentially in
the dLN27 and thus the rate of antigen transfer or retention in the
dLN might have influenced whether the mice were sensitized to
the antigen. We quantitatively compared the distributions of each
size of nAg with the distribution of Ag+ in the dLN of the injected
ear. Higher amounts of Ag were detected in the dLN for all nAg-
treated groups than for the Ag+ group at 24, 48 and 96 h
(Fig. 4a). nAg10 was consistently present at significantly higher
levels than the larger nAg. These size effects were consistent with
other previously reported results28,29.

TEM observations revealed that several antigen-presenting cells
(APCs) seemed to take up nAg10 in nAg10-treated BALB/c mice
in the dLN, although we could not find nAg in the dLN of the
nAg50- or nAg100-treated groups (Fig. 4b). Thus, sensitizing
nAg10 was probably transported to the dLN as nanoparticles
rather than as ions that were disassociated from nanoparticles in
the dermis. On the other hand, a significant and time-dependent
decrease in the amount of Ag in the dLN was observed when
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Figure 1 | Sensitization potential of silver nanoparticles. a, Comparison of the effect of pretreatment with nAg10 or Ag+ on nAg10- (left) and Ag+-induced
(right) ear swelling in BALB/c mice. Pretreatment with nAg10 and lipopolysaccharides (LPS), but not with Ag+, induced more severe inflammation in
response to nAg10 or Ag+ challenge. Left: n = 12 (open circles), 10 (filled diamonds) and 12 (filled circles) mice per group. Right: n = 10 mice per group.
b, Representative images of ear sections stained with haematoxylin and eosin 96 h after administration of nAg10 or Ag+ in nAg10- or Ag+-pretreated BALB/c
mice, showing that the nAg10-pretreatment induced more severe ear swelling and infiltration of inflammatory cells in response to nAg10 or Ag+. Scale bars,
200 µm. c, Total inflammatory cell infiltration per high-power field (HPF) in the stained sections. Upper panel, left to right: n = 5, 5 and 6 sections per group.
Lower panel, left to right: n = 6, 5 and 6 sections per group. Each section was obtained from different BALB/c mice. d, Effects of LPS on sensitization
potential of nAg10 in BALB/c mice: n = 4 (open diamonds), 4 (filled diamonds), 5 (open circles), 4 (filled circles), 3 (open squares) and 3 (filled squares)
mice per group, respectively. LPS was required for nAg10 to cause sensitization. e, Effects of nAg size on sensitization potential in BALB/c mice. Smaller nAg
appeared to have a stronger sensitization potential. Left: n = 5 (open circles), 6 (filled circles), 6 (filled triangles) and 6 (filled squares) mice per group,
respectively. Centre: n = 6 (open circles), 5 (filled circles), 6 (filled triangles) and 5 (filled squares) mice per group, respectively. Right: n = 5 (open circles),
4 (filled circles), 6 (filled triangles) and 6 (filled squares) mice per group, respectively. Each experiment was performed twice (b–d), three times (e) or four
times (a). Data are means ± s.e.m. *P <0.05, **P <0.01 versus the vehicle-sensitized group (Dunnett’s test). The labels used in the figure legends are listed
in the order of ‘pretreatment sample’/‘administered sample’. Veh, vehicle; NS, not significant.
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Figure 2 | Relationship between acquired immunity and the effects of nAg10 pretreatment. a, Sensitization potential of nAg10 in BALB/c mice, in nude
mice possessing few T cells and in T cell- and B cell-deficient SCID mice. nAg10 pretreatment had the greatest effect in BALB/c mice, suggesting that nAg10
elicited acquired immunity to silver. Left: n = 5 (open circles) and 6 (filled circles) mice per group, respectively. Centre: n = 6 (open circles) and 5 (filled
circles) mice per group, respectively. Right: n = 5 (open circles) and 4 (filled circles) mice per group, respectively. b, Effect of depletion of CD4+, CD8+ and
NK cells on inflammatory response to nAg10 in nAg10-sensitized BALB/c mice treated with the depletion antibodies anti-CD4 (left), anti-CD8 (centre)
and anti-asialo GM1 (right) or their isotype control rat IgG2b (left), rat IgG2a (centre) and rabbit serum (right). Left: n = 5 (open circles), 4 (grey diamonds)
and 4 (black diamonds) mice per group, respectively. Centre: n = 5 (open circles), 3 (grey diamonds) and 5 (black diamonds) mice per group, respectively.
Right: n = 13 (open circles), 9 (filled circles), 8 (grey diamonds) and 16 (black diamonds) mice per group, respectively. c, Effects of adaptive transfer of
nAg10-sensitized CD4+ T cells or serum on nAg10-induced ear swelling in BALB/c mice, confirming that nAg10 induced a CD4+ T cell-dependent allergic
response. Left: n = 6 (open circles), 4 (open diamonds) and 4 (filled diamonds) mice per group, respectively. Right: n = 6 (open circles), 5 (open squares)
and 5 (filled squares) mice per group, respectively. Each experiment was performed twice. Data are means ± s.e.m. *P < 0.05, **P < 0.01 versus control group
(Dunnett’s test). The labels used in the figure legends are listed in the order of ‘pretreatment sample’/‘administered sample’ or ‘pretreatment sample’/
‘administered sample’ + ‘antibody treatment’. Veh, vehicle; NT, not treated.
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nAg10, but not nAg50 or nAg100, was co-injected with LPS; similar
kinetics were observed for the Ag+ + LPS-treated group (Fig. 4a).
nAg10 can release more ions than the larger nAg due to the

higher particle number of nAg10 and also its larger surface area
per mass (Supplementary Table 1). Therefore, the similarity in be-
haviour between nAg10 and Ag+ in the dLN could mean that
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Figure 3 | Effector response induced by nAg10 sensitization. a,b, Levels of IL-17A in the supernatants of splenocytes from nAg10-sensitized BALB/c
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test). The labels used in the figure legends are listed in the order of ‘pretreatment sample’/‘administered sample or stimulated antigen’ + ‘antibody
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nAg10 released ions in the dLN after being transported there.
Although the mechanism of Ag+ excretion from the dLN by LPS is
unknown, our results suggest that nAg10 can be transported to the
dLN at a higher rate than Ag+ or larger nAg and that nAg10 released
ions in the dLN at a higher rate than larger nAg. Because nAg10 sen-
sitization induced Ag+-specific immune responses (Figs 1 and 3a),
the combination of superior lymphatic transport and the generation
of ions from nanoparticles appears to have been a critical determinant
of the ability of nAg to cause sensitization in this study.

Universality of sensitization potentials of nanoparticles
We used nickel nanoparticles with a diameter of 3 nm and gold
nanoparticles with a diameter of 10 nm (nNi3 and nAu10, respect-
ively); both of these metals are known to be sensitizers for humans3.
We also tested amorphous silica nanoparticles with a diameter of
10 nm (nSP10) as non-metal nanoparticles. TEM analysis showed
that nAu10 and nSP10 were uniform and well-dispersed particles.
In contrast, nNi3 formed aggregates/agglomerates, but some of
the aggregates/agglomerates appeared to be small (≤10 nm)
(Supplementary Fig. 1b). nNi3 pretreatment with LPS, but not
Ni2+ or without LPS, caused sensitization to both nNi3 and Ni2+

(Fig. 5a–d and Supplementary Fig. 6). Thus nNi3, but not
Ni2+, had the ability to cause sensitization in our model. In
contrast, neither nAu10 nor nSP10 could cause sensitization
(Supplementary Fig. 5). Considering that gold is the most stable
metal and that our nAu10 released few ions (Supplementary
Table 1), we concluded that the differences among the abilities

of the particles to release ions were related to the observed sensitiz-
ation potentials. nNi3-sensitized splenocytes induced an IL-17A
response, but not IFN-γ, IL-4 or IL-5 responses, to nNi3 and Ni2+

stimulation in vitro (Supplementary Fig. 7). These results were
similar to the results for nAg-sensitized splenocytes (Fig. 3a).

nAg10 sensitization did not change nNi3-induced ear swelling, and
nNi3 sensitization also caused no significant changes in nAg10-
induced swelling (Fig. 5e). Although simultaneous sensitivity to
several metals is a common clinical observation30, the nAg10- and
nNi3-induced immune responses were not cross-reactive to each other.

Particulate matter, including nanoparticles, has characteristic
adjuvant effects on acquired immunity31. It is thus possible that the
sensitization potential of nAg can be explained by an adjuvant effect
of nAg on co-existing Ag+. However, Ag+ + LPS combined with
nNi3 failed to cause sensitization to silver (Fig. 5f). We also evaluated
the effect of nAg on LPS-induced inflammation. Il6 and TNFα
expression induced by LPS were not affected by co-administration
of Ag+ or any size of nAg (Supplementary Fig. 8). Together, the
high sensitization potentials of metal nanoparticles observed here
appear to be independent of the adjuvanticity of the particles.
That could mean that the metal nanoparticles served as ion carriers
rather than adjuvants.

The metal debris generated from metal-on-metal implants used
for total hip replacement is estimated to produce 1012 to 1014 par-
ticles per year with an average particle size of less than 50 nm
(refs 15,32). However, difficulties in isolating and characterizing
small particles, particularly those smaller than 10 nm, could mean
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that the average size and the number of these nanoparticles are
underestimated15,32. In the present study, we have shown that
metal nanoparticles, particularly those 10 nm or smaller, cause sen-
sitization. Considering that total hip and total knee replacements are
projected to increase by 137 and 601%, respectively, between 2005
and 2030 (ref. 33), more information should be obtained regarding
metal nanoparticles generated from implants.

Naturally occurring nanoparticles are thought to be formed from
dissolved ions in metal objects18. These dissolved ions could first inter-
act with organic or inorganic chelate ligands existing on the skin or
other exterior surfaces of the human body. Generation of metal nano-
particles has been observed in natural river waters under sunlight34

and in a biological fluidic model35, both of which contained organic
and inorganic chelate ligands. Furthermore, nAg has been observed
to form in vivo after oral Ag+ treatment of rats36. These previous
reports all indicate that nanoparticles occur naturally in physiological
environments and that they can be introduced into a living body by
cutaneous exposure to metal objects. Therefore, the contribution of
intermediate nanoparticle phases to the onset of metal allergy
should be assessed in humans in future studies.

The recognition of chemical sensitizers by pattern-recognition
receptors has been revealed to be crucial to the elicitation of
acquired immune responses, which subsequently induce allergic
contact dermatitis37. In particular, nickel, cobalt and palladium
ions are reported to be recognized by human TLR4 (refs 10,38).
Because metal nanoparticles can form from ions and can also
release ions under physiological conditions, metal nanoparticles
present in the human body are most probably always accompanied
by metal ions. Thus, adjuvants such as LPS might not be needed for
sensitization in humans. However, because a metal-ion-mediated
signal via TLR4 is expected to differ from a CD14-required, LPS-
mediated signal39, metal ions might not serve as a direct substitute
for LPS for metal sensitization in humans. Because the surface of
the human body is not sterile, any naturally occurring nanoparticles
on the body surface are likely to coexist there with bacterial
adjuvants such as LPS. Furthermore, inside the human body, the
same pattern-recognition receptors activated by bacteria can also
be activated by non-microbial signals (that is, danger-associated
molecular patterns)40. Further studies are needed to determine
whether our treatment, that is, metal nanoparticles with LPS,
could indeed cause metal allergy in humans.

Our data conflict with data reported by Sato et al.12, but are
consistent with those of Johansen and co-workers13. Sato et al.
argued that nickel and silver ions combined with LPS cause sensit-
ization in mice, whereas Johansen et al. suggest that these models
are independent of allergic inflammation. Accumulated data,
including our own, have shown that even at a maximum dosage,
metal ions are too weak to be effective sensitizers and thus variations
in preparation conditions or experimental environmental factors
might affect the results. Meanwhile, metal nanoparticles could be
generated from metal ions, as mentioned above. Therefore,
another possible explanation of the conflict among the previous
reports might be that experimental conditions affect the generation
of naturally occurring nanoparticles.

It has been suggested that CD4+ T cells contribute more than
CD8+ T cells in nickel allergy41,42. IL-17+ T cells have also been
reported to have a major pathogenic role in nickel allergy, although
IFN-γ was thought to also contribute to the pathology41. In our
model, the silver-induced allergic response was dependent on
CD4+ T cells (Fig. 2b,c) and IL-17A, but not on IFN-γ (Fig. 3a–d).
Although the differentiation of Th1 and Th17 cells is mutually
exclusive in mice, human T cells have plasticity. Furthermore,
human T cells, but not mouse T cells, can co-release IFN-γ and
IL-17 (ref. 43). Taken together, these species’ differences with
regard to T cells would give rise to differences between our
models and human metal allergy.

We could not detect significant sensitization or a decrease in Ag
in the dLN after nAg50 or nAg100 + LPS treatment (Fig. 1e and
Fig. 4a). Antigen size can determine the efficiency of uptake by
the dLN, as well as uptake and processing by APCs; these synergistic
effects regulate the immune response44. Although aweak ability to cause
sensitization is attributed to poor release of ions (Supplementary
Table 1) and poor efficiency of uptake to the dLN (Fig. 4a), further
study is needed to elucidate whether the ability of small nanoparticles
to cause sensitization was affected by differences in APC kinetics.

Airborne particulates containing sensitizer metals can contribute
to the onset of metal allergy45,46. Furthermore, the intake of sensi-
tizer metals through food is an important cause47. Considering
our results together with this information, metal nanoparticles
could play an important role as sensitizers in these situations. Of
course, we should also pay attention to the continuing prevalence
of nanotechnology in our lives. We believe that further study to elu-
cidate the contribution of metal nanoparticles to the onset of human
metal allergy will help in the prevention of metal allergy.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Nanoparticles and ions. Solutions of citrate-coated nAg5, nAg10, nAg50, nAg100
and nAu10 particles, as well as uncoated nNi3 particles, were purchased from
nanoComposix in the form of stock dispersions (1 mg metal ml−1) in aqueous 2 mM
citrate (nAg5, nAg10, nAg50, nAg100 and nAu10) or in the form of stock powder
(nNi3). nSP10 was purchased from Micromod Partikeltechnologie. Ag+ (as AgNO3)
was purchased from Sigma-Aldrich and Ni2+ (as NiCl2) was purchased from Wako.
We confirmed the purity (>99.99%) of all the metal nanoparticles we used (nAg5,
nAg10, nAg50, nAg100, nAu10 and nNi3) by elemental analysis using inductively
coupled plasma mass spectrometry (ICP-MS). Elemental analysis was performed by
the Japan Food Research Laboratories in Osaka, Japan.

Reagents. The anti-CD4 antibody (GK1.5) and anti-CD8 antibody (53-6.72) were
purified from ascitic fluid collected from nude mice following transplantation of
GK1.5 or 53-6.72 hybridoma cells (American Type Culture Collection). The
anti-IFN-γ (R4-6A2), anti-IL-17A (TC11-18H10.1), rat IgG1, IgG2a and IgG2b
for isotype control were purchased from BioLegend. Anti-asialo GM1 rabbit
serum was purchased from Wako and the control rabbit serum was from
Life Technologies. LPS (Escherichia coli O55:B5) was purchased from Sigma,
and LPSa and ultrapure LPS (E. coli O55:B5) were purchased from InvivoGen
(ultrapure grade).

Mice. Female BALB/c, BALB/c nu/nu and C57BL/6 mice were purchased from SLC
and female C.B-17 SCID mice were purchased from Charles River Japan. All mice
were used at 6 to 10 weeks of age. All animal experiments were performed in
accordance with the institutional guidelines of Osaka University and the National
Institute of Biomedical Innovation for the ethical treatment of animals.

Sample preparation for treatment. For injection to mice, all metal solutions for
sample injection were diluted to 0.8 mg metal ml−1 in glucose solution (final conc.
5%, isotonic; Fuso) except the Ag+ solution for injection to the ear for elicitation.
The nSP10 particles were also diluted to 0.8 mg ml−1 in the same glucose solution.
The concentration of Ag+ used for sample injection to the ear for elicitation was
0.09 mg silver ml−1. In most experiments, we used mixtures of each solution and LPS
(final conc. 10 µg ml−1). These solutions were prepared immediately before use.

Ag or Au release in samples. Solutions of 1 µg ml−1 nAg or nAu (immediately after
preparation in water or after storage in RPMI 1640 (Wako) supplemented with 10%
fetal bovine serum, 10 ml l−1 of a 100× nonessential amino acid solution (Gibco,
Invitrogen), 50 µM 2-mercaptoethanol (Gibco) and 1% antibiotic cocktail
(10,000 U ml−1 penicillin, 10,000 µg ml−1 streptomycin, 25 µg ml−1 amphotericin B;
Gibco) for 24 h at 37 °C were centrifuged (2 h, 40,000g, 4 °C). The supernatant
was collected and the amount of Ag or Au in the supernatant was determined
by ICP-MS.

Physicochemical examination of nanoparticles. nAg was diluted to 0.05 mg ml–1

with 5% glucose, and the mean particle diameter was measured using a Zetasizer
Nano ZS (Malvern Instruments). Specifically, the mean diameters of the
nanoparticles were measured by means of a dynamic light-scattering method.
Measurements were performed using capillary cells (Malvern Instruments). The size
and shape of the nanoparticles were observed using TEM. The nanoparticles were
placed on 200-mesh carbon-coated copper TEM grids (Nissin EM) and observed by
TEM (H-7650; Hitachi High-Technologies Corporation).

Analysis of sensitization potentials of metal nanoparticles. Mice were injected
with each type of metal nanoparticle or metal ions (0.8 mg metal ml−1) with LPS
(10 µg ml−1) to both footpads at a rate of 20 µl per footpad every week for 4 weeks.
One week after the final injection, the mice were intradermally administered with
10 µl metal solutions (0.8 mg metal ml−1 or 0.09 mg Ag+ ml−1) on their right ear,
and 10 µl of vehicles for the metal solutions was injected into their left ear. We
measured ear thickness using a dial thickness gauge (0.001 mm type; Ozaki Mfg.
Co.) at 24, 48, 72 and 96 h post-injection. The metal-induced ear swelling is
expressed as the right ear swelling minus the left ear swelling.

Histological analysis. Ninety-six hours after injection, the ears of the mice were
removed and placed in a fixative solution (4% paraformaldehyde in PBS; Wako). The
ears were embedded in paraffin blocks and sliced. The ear sections were stained with
haematoxylin and eosin. Histopathological examination was performed by the
Applied Medical Research Laboratory. The number of total inflammatory cells
(lymphocytes, granulocytes and monocytes) in two high-power fields (×400
magnification) selected at random from the sample injection site was measured by a
researcher who was unaware of the treatment assignments.

In vivo cell depletion experiment. For cell depletion experiments, the nAg10-
sensitized mice were treated intraperitoneally with 500 µg per mouse of anti-CD4
antibody or rat IgG2b isotype control, or anti-CD8 antibody or IgG2a isotype
control in PBS, or intravenously with 50 µl per mouse of anti-asialo GM1 rabbit
serum or control rabbit serum 24 h before injection of nAg10 to the right ear of each
mouse. Cell depletion was determined by means of flow cytometry (CD4+ cells and

CD8+ cells >95% depletion, NK cells; CD3−, CD49b+ cells >80% depletion in
splenocytes 96 h after challenge).

Serum transfer experiments. For serum transfer experiments, ‘donor’ mice were
injected weekly with nAg10 or vehicles and LPS on their footpads for 4 weeks. One
week after the last injection, the blood of the nAg10-sensitized ‘donor’ mice was
sampled by cardiac puncture. These blood samples were incubated for 1 h at 37 °C
and additionally for 5 h at 4 °C. After incubation, the blood samples were
centrifuged at 5,000g at 4 °C for 15 min to obtain the serum. Immediately after
serum collection, two to three serum samples were pooled and then the non-treated
‘recipient’ mice (9–10 weeks old) were injected intraperitoneally with 500 µl of the
pooled serum. At 24 h after the transfer, the recipient mice were injected with nAg10
in their right ear and with nAg10 vehicles in their left ear.

CD4+ T cells transfer experiments. For CD4+ T cell transfer experiments, ‘donor’
mice were injected weekly with nAg10 and LPS on their footpads for 4 weeks. A
pooled single-cell suspension was prepared from three or four donor mouse spleens
and popliteal lymph nodes 1 week after the last injection. CD4+ T cells were
negatively isolated with a CD4+ T cell isolation kit (Miltenyi Biotec) according to the
manufacturer’s instructions. CD4+ T cell purity was determined by flow cytometry
(CD3+, CD4+ cells >95% purification). Immediately after cell preparation, 2 × 107

CD4+ T cells were injected intravenously into non-treated ‘recipient’ mice
(9–10 weeks old). At 24 h after transfer, the recipient mice were injected with
nAg10 in their right ear and with nAg10 vehicles in their left ear.

Effector cytokine responses. Splenocytes (1 × 106 cells per well) from mice that
were injected weekly with nAg10 or nNi3 and LPS on their footpads for 4 weeks were
re-stimulated with each nanoparticle or with ions. After incubation of the cells for 72 h,
the levels of IL-4, IL-5, IL-9, IL-13, IL-17A and IFN-γ in the supernatants were
measured by enzyme-linked immunosorbent assay (IL-4, IL-5, IL-9, IL-13, IL-17A,
eBioscience; IFN-γ, BD Biosciences) according to the manufacturer’s instructions.
Cell viability was determined by using a WST-8 assay kit (Nacalai Tesque).

Cytokine analysis by real-time PCR. Ear samples were collected at 24, 48 and 96 h
post-injection of nAg10, and footpad samples were collected at 4 h post-injection of
LPS with each size of nAg. These samples were stored in RNAlater (Qiagen) at 4 °C
for 24 h and then at −20 °C until analysis according to the manufacturer’s
instructions. Total RNA was extracted from the samples using an RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions and then reverse-transcribed
to complementary DNA (cDNA) using a SuperScript VILO cDNA Synthesis kit
(Invitrogen) according to the manufacturer’s instructions. Real-time PCR was
performed using TaqMan Gene Expression Assays (Life Technologies; Il17a:
Mm00439619_m1, Il6: Mm00446190_m1 and TNFα: Mm00443258_m1) and the
StepOnePlus Real-Time PCR system (Life Technologies) according to the manufacturer’s
instructions. The threshold cycle (CT) values were determined using the default settings.
All real-time PCR reactions were run in triplicate, and average CT and standard deviation
values were calculated. The expression of mRNAwas normalized to the expression of
GAPDHmRNA (encoding glyceraldehyde phosphate dehydrogenase) by the change
in cycling threshold (ΔCT) method and calculated based on 2−ΔΔCT.

Cytokine blockade experiments. nAg10-sensitized mice were injected weekly with
nAg10 and LPS on their footpads for 4 weeks and were then treated intraperitoneally
with 500 µg mouse of anti-IFN-γ antibody or rat IgG1 isotype control in PBS, or
were treated intravenously with 200 µg mouse of anti-IL-17A antibody or rat IgG1
isotype control in PBS on the day of sample injection into the right ear.

Sample preparation in vivo for ICP-MS. The mice were injected with each silver
sample in their right ear. At 24, 48 and 96 h, right ear lymph nodes were collected
and 1 ml nitric acid and 1 ml hydrogen peroxide were added. The samples then
underwent microwave digestion (ETHOS One, Milestone General). The obtained
solutions were diluted with distilled water to 10 ml. The solutions were diluted with
∼10% nitric acid. These sample preparations for ICP-MS were performed by the
Japan Food Research Laboratories.

ICP-MS. Elemental Ag was measured by ICP-MS (Agilent 7700x ICP-MS, Agilent
Technologies). The main instrumental operating conditions were as follows: RF
power, 1,550 W; carrier gas flow, 1.05 l Ar min−1. The following isotopes were
measured: 107Ag, 197Au, 103Rh and 205Ti. Samples with measured concentrations
below the lowest determination level were counted as 0 ng ml−1. The lowest
determination level was 20 pg ml−1. Before ICP-MS measurement, aliquots were
spiked with the internal standard 103Rh (for Ag) or 205Ti (for Au) to achieve an
internal standard concentration of 2 ng ml−1. Quantification was carried out by
external six-to-nine-point calibration with internal standard correction.

TEM analysis of dLNs. The mice were injected with each silver sample in their right
ear. At 24 h post-injection, the whole body of each mouse was perfused with a
mixture of 2% glutaraldehyde and 2% paraformaldehyde in phosphate buffer, then
right ear dLNs were collected and additionally fixed in a mixture of 2%
glutaraldehyde and 2% paraformaldehyde for 24 h. The samples were then washed
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with phosphate buffer three times and post-fixed in sodium cacodylate-buffered
1.5% osmium tetroxide for 60 min at 4 °C, block stained in 0.5% uranyl acetate,
dehydrated by dipping each sample in a series of ethanol solutions containing
increasing concentrations of ethanol and embedded in Epon resin (TAAB
Laboratories Equipment). Ultrathin sections were stained with uranyl acetate and
then with lead citrate (TAAB Laboratories Equipment). The stained samples were
subsequently observed under TEM (Hitachi H-7650). TEM analysis of dLNs was
performed by the Laboratory of Common Apparatus at the National Institute of
Biomedical Innovation in Osaka.

Statistical analysis. Statistical analyses were performed with Ekuseru-Toukei
2012 software (Social Survey Research Information Co.). All data are presented as
means ± s.e.m. Significant differences between control groups and experimental
groups were determined using Dunnett’s test. P < 0.05 was considered significant.
We did not use any statistical method to determine the sample size in the
experiments. The sample size in each experiment was determined empirically for
sufficient statistical power. We did not use any randomization methods. The
investigators were not blinded to group allocation during experiments and analyses
except for the histological analysis.
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Supplementary Table 1. Quantification of metal release in aqueous solution.

% of released metal in supernatant 
of centrifuged sample

nAg10 7.49 ± 1.76
nAg50 2.49 ± 0.05
nAg100 2.02 ± 0.24

Ag+ 93.23 ± 3.23
nAu10 Not detected*

nAg10 24 h in cell medium 47.86 ± 8.79
nAg50 24 h in cell medium 22.51 ± 1.30
nAg100 24 h in cell medium 12.79 ± 0.53

Ag+ 24 h in cell medium 71.58 ± 2.65
nAu10 24 h in cell medium 0.24 ± 0.02

*The lowest determination levels were 2 ng metal mL–1 (0.2%
from total added metal). Data are means ± s.d. (n = 3
independently prepared samples).
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Supplementary Fig. 1. Physicochemical properties of nanoparticles. a, Particle sizes
obtained by dynamic light scattering. Particle sizes are reported as means ± s.d. (n = 3). b,
Transmission electron microscopy analysis of nanoparticles used in this study.
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Supplementary Fig. 2. Additional information for sensitization potential of nAg. a,
Inflammatory response of each size of nAg and Ag+ after intradermal injection in BALB/c
mouse ear: n = 5 mice per group. b, Sensitization by nAg10 or Ag+ observed when a dose of
Ag+ equivalent to the amount of nAg10 was used for challenge (“high dose,” 0.8 mg Ag mL–1
10 L–1 ear–1): n = 6, 4, and 5 mice per group for , , and , respectively. c, Effects of
nAg10 pretreatment on vehicle-induced ear swelling in BALB/c mice: n = 6, 5, 6, and 6 mice
per group for , , , and , respectively. d, Effects of ultrapure LPS on sensitization
potential of nAg10 in BALB/c mice: n = 5 mice per group. e, Sensitization potential of nAg10
in C57BL/6 mice: n = 12 and 11 mice per group for  and , respectively. f, Ear swelling
after nAg10 injection at early time points (up to 6 h post-injection): n = 10 mice per group.
Each experiment was performed twice. Data are means ± s.e.m.. *p < 0.05, **p < 0.01 vs.
vehicle-sensitized group (Dunnett's test). The labels used in the figure legends are listed in
the order of “pretreatment sample”/“administered sample”. Veh: Vehicle; LPSa: an
underacylated form of Rhodobacter sphaeroides LPS.
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Supplementary Fig. 3. Effects of nAg size on sensitization potential in BALB/c mice.
Small nAg (10 nm) can induce sensitization: n = 5 mice per group. This experiment was
performed twice. Data are means ± s.e.m.. **p < 0.01 vs. vehicle-sensitized group
(Dunnett's test). The labels used in the figure legends are listed in the order of “pretreatment
sample”/“administered sample”. Veh: Vehicle
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Supplementary Fig. 5. Sensitization potentials of gold and silica nanoparticles. a,
Effect of pretreatment with nAu10 and LPS on nAu10-induced ear swelling in BALB/c mice: n
= 6 mice per group. b, Effect of pretreatment with nSP10 and LPS on nSP10-induced ear
swelling in BALB/c mice: n = 4 mice per group. Each experiment was performed twice. Data
are means ± s.e.m.. The labels used in the figure legends are listed in the order of
“pretreatment sample”/“administered sample”. Veh: vehicle.
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Supplementary Fig. 6. Effect of ultrapure LPS on nNi3 sensitizability. Effect of
pretreatment with nNi3 + ultrapure LPS on nNi3-induced ear swelling in BALB/c mice: n = 5
and 4 mice per group for  and , respectively. This experiment was performed twice. Data
are means ± s.e.m.. **p < 0.01 vs. vehicle sensitized-group (Dunnett's test). The labels used
in the figure legends are listed in the order of “pretreatment sample”/“administered sample”.
Veh: vehicle.
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Supplementary Fig. 7. Effector response to nickel in nNi3-sensitized splenocytes. a,
The cell viability in splenocytes from nNi3-sensitized BALB/c mice after stimulation with nNi3
or Ni2+ for 72 h, evaluated by the WST-8 assay: n = 3 separate cultures of splenocytes per
group. Non-treated cells were considered to exhibit 100% viability. Each culture was prepared
from different mice. b, Levels of effector cytokines in the supernatants of splenocytes from
nNi3-sensitized BALB/c mice after stimulation with nNi3 or Ni2+ for 72 h, determined by
ELISA: n = 6 separate cultures of splenocytes per group. Each culture was prepared from
different mice. Each experiment was performed three times. Data are means ± s.e.m.. **p <
0.01 vs. vehicle-sensitized group (Dunnett's test). N.D.: not detected.
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Supplementary Fig. 8. Effect of nAg on LPS-induced inflammatory response. Relative
amounts of Il6 and TNF transcript in LPS with Ag+- or each size of nAg-treated footpad in
BALB/c mice, determined by quantitative PCR 4 h after injection and normalization to
GAPDH: n = 4, 4, 5, 4, 3, and 4 mice per group for Veh, LPS, Ag+ + LPS, nAg10 + LPS,
nAg50 + LPS, and nAg100 + LPS, respectively. This experiment was performed twice. Data
are means ± s.e.m..
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