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Differences in surface oxide characteristics and extent of nickel release have been investigated in two
thoroughly characterized micron-sized (mainly <4 lm) nickel metal powders and a nickel oxide bulk
powder when immersed in two different synthetic fluids, artificial sweat (ASW-pH 6.5) and artificial lyso-
somal fluid (ALF-pH 4.5) for time periods up to 24 h. The investigation shows significantly more nickel
released from the nickel metal powders (<88%) compared to the NiO powder (<0.1%), attributed to differ-
ences in surface properties. Significantly more nickel was released from the nickel metal powder with a
thin surface oxide predominantly composed of non-stoichiometric nickel oxide (probably Ni2O3), com-
pared to the release from the nickel metal powder with a thicker surface oxide predominantly composed
of NiO and to a lesser extent Ni2O3 (88% and 25% release after 24 h in ALF, respectively). Significantly
lower amounts of nickel were released from the nickel metal powders in ASW (2.2% and <1%, respec-
tively). The importance of particle and surface characteristics for any reliable risk assessment is
discussed, and generated data compared with literature findings on bioaccessibility (released fraction)
of nickel from powders of nickel metal and nickel oxide, and massive forms of nickel metal and nickel-
containing alloys.

� 2012 Elsevier Inc. Open access under CC BY-NC-ND license.
1. Introduction

As it is often the case for metals, the physicochemical properties
(particle size and size distribution, agglomeration, surface proper-
ties) of different nickel-containing substances will influence their
toxicological behavior. Water soluble compounds like nickel sul-
fate or nickel chloride are usually expected to have different toxic-
ities compared to sparingly soluble nickel compounds (Henderson
et al., 2012). For those nickel-containing substances that release
limited amounts of nickel in aqueous solutions, the surface proper-
ties may be decisive to deliver nickel ions at target cellular sites
and to be absorbed and/or excreted. The current work hence fo-
cuses to assess differences in physicochemical surface properties
(i.e., thickness, crystallinity and composition of surface oxides) be-
tween samples of nickel metal powders (nickel in elemental state
of oxidation) which are naturally covered by a thin nickel oxide
(shell) and nickel(II) oxide (green) powders.

Nickel metal is currently classified for human health endpoints:
as a skin sensitizer (Category 1, ‘‘may cause an allergic skin reac-
tion’’), for causing specific target organ toxicity, STOT RE 1 (STOT
Repeated Exposure 1: H372: ‘‘causes damage to organs through
prolonged or repeated exposure’’; ‘‘route of exposure: inhalation’’),
and as a suspected carcinogen (Category 2, ‘‘suspected of causing
er).

-NC-ND license.
cancer’’) (EC, 2009), while nickel oxide (NiO) is classified as Cate-
gory 1Ai carcinogen (‘‘may cause cancer by inhalation’’), STOT RE
1, and skin sensitizer (Category 1) (EC, 2009).

Human exposure to nickel metal and/or nickel oxide may occur
via the main exposure routes (inhalation, ingestion or dermal con-
tact) at occupational settings. Exposure to nickel metal or nickel-
containing alloys can also occur via coins (Kasprzak et al., 2003;
Lidén and Carter, 2001; Lidén et al., 2008). Cutaneous nickel
absorption may result from wearing or handling of jewelries, coins,
or utensils fabricated from nickel alloys or nickel coatings (Flint,
1998; Lidén and Carter, 2001; Lidén et al., 2008), although dermal
absorption of nickel from nickel metal and Ni-containing alloys is
very low (approximately 0.2%, (Hostynek et al., 2001)). Nickel in
fly-ash from coal-fired power plants and petroleum, and smoking
are examples of sources that may increase the inhaled nickel dose
(Sunderman and Oskarsson, 1991; Denkhaus and Salnikow, 2002).
Nickel in fly ash is not present as metallic nickel but rather as nick-
el sulfate and complex Ni oxides (Huggins et al., 2011). Increased
incidence of respiratory cancer has been observed among some
groups of nickel refinery workers exposed to sulfidic, oxidic and
water soluble nickel compounds, e.g. review by Goodman et al.
(2011). Only respiratory tumors have been consistently associated
with exposure to nickel-containing compounds (Goodman et al.,
2011). While the positive association between increased respira-
tory cancer mortality and overexposures to nickel oxide observed
in epidemiological studies was confirmed in animal inhalation
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Table 1
Measured BET area (m2/g) of the NiO and Ni metal
powders, with a standard deviation of less than 1%.

Powders BET area

NiO (N46) 0.25
Ni (N13) 1.05
Ni (N36) 2.15
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studies, both animal and human studies show that nickel metal
powders are not expected to increase the risk of respiratory cancer
(Goodman et al., 2011; Oller et al., 2008). Prior to 2008, when the
classification of nickel metal as a Category 2 carcinogen took place,
no animal inhalation carcinogenicity study with nickel metal pow-
der was available.

Skin irritation induced by nickel metal and nickel oxide parti-
cles seem to be solely related to released soluble nickel species,
such as nickel ions, i.e. the bioaccessible fraction (the fraction of
the sample that has been released or has been solubilized and
available for uptake or absorption by humans). Due to the known
relationship between the release of nickel ions and skin sensitiza-
tion (Flint, 1998; Lidén and Carter, 2001; Lidén et al., 2008; Midan-
der et al., 2007), any nickel-containing articles in direct and
prolonged contact with the skin are classified as skin sensitizers
when exceeding a release rate of 0.5 lg Ni/cm2/week, as measured
by the European Standard reference test method EN 1811 (EN,
2011; EC, 2009). For piercing assemblies, the nickel release limit
allowed for the materials to remain in commerce is set to
0.2 lg Ni/cm2/week (EN, 2011). Many investigations have there-
fore focused on assessing the bioaccessibility of different nickel
compounds, alloys, powders and/or massive material in artificial
sweat (Hedberg et al., 2010b; Lidén and Carter, 2001; Lidén et al.,
2008; Midander et al., 2007). Nickel-induced allergies are the most
frequent reasons for contact dermatitis in the industrialized part of
the world, affecting 15% of females and a few% of males (Lidén and
Carter, 2001). The ability of nickel ions to cause a dermal reaction
in sensitized individuals depends on their concentration, the ex-
posed skin area and the exposure duration (Flint, 1998). Generally,
a concentration exceeding 1.5 lg Ni chloride per cm2 of skin in an
open application is required to elicit dermatitis in sensitized indi-
viduals (Menné and Calvin, 1993). However, lower concentrations
may also induce an allergic reaction if other irritants or allergens
are present in parallel (Pedersen et al., 2004).

Due to non-stoichiometric composition of nickel oxides, their
physico-chemical properties (i.e., impurities, oxygen content, crys-
tallinity, phases, and water solubility) are not constant and have
therefore yielded considerably variable results in cytotoxicity and
carcinogenicity studies (Takahashi et al., 1999). The only reason-
ably well-characterized surface oxide formed on pure nickel metal
at room temperature is NiO (Greenwood and Earnshaw, 1997;
Kitakatsu et al., 1998; Mitchell et al., 1976), covered by a nearly
saturated layer of hydroxyl groups (OH�) (Kitakatsu et al., 1998).
However, claims for the existence of many other oxides (Ni2O3,
NiO2) have been made (Barrientos et al., 2009; Greenwood and
Earnshaw, 1997). Green nickel oxide (tested in this study) has a
rock-salt stoichiometric structure (face cubic centered) (Green-
wood and Earnshaw, 1997), poor solubility, and to some extent
lower respiratory toxicity than other nickel compounds when com-
pared by acute or subchronic effects (Oller et al., 1997; Takahashi
et al., 1999). A study comparing ten different NiO powders reports
significant differences in, e.g., solubility (in water, rat serum, and
renal cytosol), phagocytosis, morphological transformation and
cytotoxicity, and stimulation of erythropoiesis (Sunderman et al.,
1987). From that study it was concluded that a high specific sur-
face area and the presence of Ni(III) were associated with the larg-
est biological effects.

Different physical, chemical, or electrochemical processes or
their combinations can induce the release of nickel from nickel
metal or nickel oxide. For example, nickel metal can be dissolved
via corrosion processes in contrast to nickel oxide, which is in its
thermodynamically stable form in oxygen environments. For com-
plexing media such as artificial lysosomal fluid (ALF, pH 4.5), which
simulates intracellular inflammatory conditions in lung cells
following phagocytosis (de Meringo et al., 1994), adsorption of
the complexing agents on the particle surface and subsequent
complexation to the metal oxide is important (Hedberg et al.,
2011). While dissolution of nickel oxide particles in non-complex-
ing media is mainly due to the proton adsorption (pH), showing
increasing dissolution with decreasing pH (Ludwig and Casey,
1996), dissolution is significantly enhanced by complexing agents
such as oxalate (Ludwig et al., 1996).

The objective of this study was to investigate differences in
particle and surface oxide characteristics and the extent of nickel
release from micron-sized (<1–50 lm, mainly <4 lm) nickel metal
powders compared with a nickel oxide bulk powder to assess
whether these differences could explain differences in reported
toxicological behavior of such powders. Bioaccessibility studies
have been conducted in synthetic fluids of relevance for the two
main exposure routes where the release of nickel ions are impor-
tant for nickel toxicity including artificial sweat, ASW (skin sensi-
tization) and artificial lysosomal fluid, ALF (respiration). This was
accomplished via (i) detailed particle characterization in terms of
surface area, particle size distribution, particle morphology, and
compositional analysis of the surface oxide, and (ii) the assessment
of the amount and kinetics of released nickel from the different
powders immersed in ASW, pH 6.5, and ALF, pH 4.5, after four dif-
ferent time periods up to 24 h. Generated release data is compared
to in vivo respiratory toxicity and carcinogenicity data on the same
or similar samples of nickel metal and nickel oxide powders, pow-
der and massive forms of nickel metal and nickel-containing alloys.
2. Materials and methods

2.1. Materials

A nickel oxide powder, denoted ‘‘NiO (N46)’’, and two nickel
metal powders of different particle size distribution, denoted ‘‘Ni
(N13)’’ and ‘‘Ni (N36)’’, were supplied by the Nickel Producers
Environmental Research Association (NiPERA). The nickel metal
powder sample (N36) used in the animal studies (Oller et al.,
2008) was not ground and therefore the powder tested in vitro is
the same as the one the animals were exposed to, allowing com-
parisons between the in vitro and in vivo results to be made.

2.2. Particle characterization

2.2.1. BET - specific surface area
The specific surface area per mass (m2/g), BET-analysis (Bru-

nauer–Emmet–Teller method, (Brunauer et al., 1938)) was deter-
mined via adsorption of nitrogen at cryogenic condition using a
Micromeritics Gemini V instrument. Nitrogen adsorption was
measured at five different partial pressures (p/p0 0.10–0.25). The
cross-sectional diameter of nitrogen (0.162 nm2) was used as input
parameter. The powders were dried with nitrogen and flushed in a
tube for 30 min at 150 �C. The measured mass was adjusted to
correspond to an approximate total surface of 1 m2. The results
are presented in Table 1.

2.2.2. Particle size distribution
Differences in particle size distribution between the different

powders were measured in artificial sweat, ASW, with a relatively



N. Mazinanian et al. / Regulatory Toxicology and Pharmacology 65 (2013) 135–146 137
high ionic strength of 0.11 M (Table 2) and in phosphate buffered
saline, PBS, with identical ionic strength as in human blood of
0.15 M containing 8.77 g/L NaCl, 1.28 g/L Na2HPO4, and 1.36 g/L
KH2PO4, adjusted with 370 lL/L 50% NaOH, pH 7.2–7.4. Low angle
laser light scattering (LALLS) was employed using a Malvern
Mastersizer 2000 equipment with a Hydro SM dispersion unit.
Refractive indexes of NiO (2.180) and water (1.33, since it was
the solvent of the test medium) were considered as input parame-
ters at standard operational conditions. Triplicate measurements
and duplicate samples were measured (in total six measurements)
for each powder. The results are presented as mean values and
standard deviations, both in terms of volume mass% and number%.

2.2.3. Particle morphology
Shape and morphology of the powders were investigated by

using a field emission gun scanning electron microscope (FEG-
SEM, LEO 1530) equipped with a Gemini column (15 kV, 5.5 mm
distance).

2.2.4. Compositional analysis of surface oxides
A Horiba HR800 instrument was used for confocal Raman spec-

troscopy measurements, using a 514 nm laser (no filter), a 500 lm
pinhole, an Olympus 10� (0.25 NA) objective and an approximate
spot size of 2.5 lm.

X-ray diffraction, XRD, was performed using a D8 equipment
from Bruker AXS, with parallel beam arrangement, a Goebbel mir-
ror, a 1.2 mm divergence slit, a long Soller slit on the detector side,
a Cu Ka X-ray source and an energy dispersive detector, SolX (Bru-
ker). The goniometer was set up in h–h arrangement with a fixed
sample. Measurements were performed between 5� and 100�
(2h) with a step-size of 0.05� and a scan-speed of 5� min�1.

Furthermore, chemical analysis of the outmost surface (5–
10 nm) of the powders was performed by means of X-ray photo-
electron spectroscopy, XPS (UltraDLD spectrometer from Kratos
Analytical, Manchester, UK) using a monochromatic Al Ka X-ray
source (1486.6 eV) operated at 300 W. The powders were mounted
on double adhesive copper tape before being introduced into the
UHV chamber. All measurements were performed with an electro-
static lens to reduce peak intensities due to the magnetic properties
of the powders. High resolution spectra (20 eV) were acquired for
Ni 2p, O1s and C 1s. The elemental peak positions on the binding en-
ergy scale provide information about the chemical state. The hydro-
carbon peak at 285.0 eV was used as internal standard.

2.3. Bioaccessibility studies

Nickel release studies were carried out by immersing a specific
particle loading (100 mg/L: 5 mg/50 mL) in Artificial Lysosomal
Table 2
Chemical composition (g/L) of artificial biological fluids.

Chemicals ALF pH 4.5 ASW pH 6.5

MgCl2 0.0497 –
NaCl 3.210 5.000
Na2HPO4 0.071 –
Na2SO4 0.039 –
CaCl2.2H2O 0.128 –
NaOH 6.000 –
Citric acid 20.80 –
Glycine 0.059 –
C6H5Na3O7�2H2O 0.077 –
C4H4O6Na2�2H2O 0.090 –
C3H5NaO3 0.085 –
C3H3O3Na 0.086 –
(NH2)2CO (urea) – 1.000
CH3CHOHCO2H (lactic acid) – 1.000

Artificial lysosomal fluid (ALF), pH 4.5, artificial sweat (ASW), pH 6.5.
Fluid (ALF) of pH 4.5 at 37 �C and in Artificial Sweat (ASW) of pH
6.5 at 30 �C, both for exposures of 0.5, 2, 6, and 24 h. The loading
of 0.1 g/L is recommended by the OECD transformation/dissolution
protocol for aquatic acute tests (UN, 2009) and has previously been
found to be suitable to avoid extensive particle agglomeration, com-
pared with higher loadings (Hamel et al., 1998; Midander et al.,
2006, 2007; Turner, 2011). ALF was used to simulate intracellular
inflammatory conditions in lung cells following phagocytosis (de
Meringo et al., 1994), relevant to inhalation exposure. Artificial
sweat was used to simulate dermal contact according to EN 1811
(EN, 2011), and represents a less aggressive and less acidic solution
compared with ALF. Chemical compositions of ALF and ASW are gi-
ven in Table 2. The pH of ALF was adjusted by using 1.7 mL/L 50%
NaOH to pH 4.5 ± 0.05, and for ASW, by using 1 wt.% ammonia solu-
tion (to pH 6.5 ± 0.05). ASW was freshly prepared and used within
2 h. All samples were immersed in closed acid-cleaned polymethyl-
pentene (PMP) Nalgene jars (closed) located in a Stuart platform-
rocker incubator (37 or 30 �C ± 0.5 �C, 25 cycles/min of bi-linear
shaking). In this closed setting, and for the nickel metal samples, dis-
solved oxygen may be consumed over time by the corrosion reac-
tion if sufficiently rapid, as previously seen for copper (Ullmann,
2008). This set-up of mild bi-linear shaking has previously been
found to be advantageous in terms of avoiding particle agglomera-
tion and additional erosion-induced metal release (Midander et al.,
2006). Triplicate powder samples and one blank sample, without
any powder, were incubated for each powder and time period. After
immersion, the upper part of the test solution was decanted into a
15 mL centrifuging tube and the particles were separated from the
solution by centrifugation at 3000 rpm (704g) for 10 min. Any float-
ing particles on the solution surface were carefully removed by Pas-
teur pipettes before pouring the supernatant particle-free solution
from the centrifuging tubes into a storage vessel. This separation
technique has previously been shown successful and verified using
light scattering techniques for similar particles (Hedberg et al.,
2010a). A successful particle separation was also evident from the
small variation in concentration between replicate samples. Finally,
approximately 20 and 140 lL of 65% ultrapure HNO3 were added to
the samples to decrease the pH to below 2 and to conserve the sam-
ples, a standard procedure for metal analysis.

All vessels and tools were acid-cleaned in 10% HNO3 for at least
24 h, rinsed four times in ultrapure water (18 M O cm), and dried
in ambient laboratory air. All chemicals used were of analytical
grade (p.a.), or puriss p.a. grade (in the case of nitric acid used
for acidification of the samples).

2.4. Solution analysis

Total nickel concentrations in the solution samples were
analyzed by means of flame atomic absorption spectroscopy,
Flame-AAS (Perkin Elmer AAnalyst 800). The solution samples were
diluted with ultrapure water when necessary to increase the solu-
tion volume. All analyses were based on three replicate readings
for each solution sample, and a quality control sample of known
concentration was also analyzed. Calibration was conducted with
ultrapure water and four metal standards of 2, 6, 20, and 60 mg/L
Ni. All presented results are based on the mean values and standard
deviation of the triplicate samples for each material, solution, and
time period (nine measurements) with the respective blank sample
concentration, if any, subtracted. Typical blank concentrations were
<0.091 mg/L. The limits of detection (LOD) were 0.015 and
0.023 mg/L for ALF and ASW solution samples, respectively.

2.5. Calculations

Both the released percentage (nickel measured in solution
after exposure divided by the amount of nickel powder exposed,
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multiplied by 100) and the nickel release rate (lg/cm2/h) are pre-
sented. As the nickel release rate is normalized on the surface area,
the surface area was adjusted considering the (partially large)
amount of nickel that was dissolved. Hence, the nickel release rate
was efined as below:

Ni release rate½lg=cm2=h� ¼ ðc½lg=L� � V ½L�Þ=ðA½cm2� � t½h�Þ ð1Þ

In which c is the nickel concentration (measured via AAS), V is the
solution volume, A is the surface area of the test item (A = (particle
mass [g]) ⁄ (BET surface area [m2/g])), and t is the exposure time.

Since the dissolution of particles with time causes a reduction of
the surface area, the metal release rate was calculated based on a
changed surface area over time. To recalculate the surface area,
all particles were assumed spherical and of the same size and all
particles to dissolve with the same rate. Based on these assump-
tions, the surface area can be calculated as (3p(x%/100))2 times
the original surface area of spherical particles (from BET measure-
ments), where x% is the dissolved percentage after a given time
period.
3. Results and discussion

3.1. Powder morphology and size

Differences in morphology of the nickel and nickel oxide pow-
ders are elucidated via field emission gun scanning electron
microscopy (FEG-SEM) images in Fig. 1. Both nickel metal powders
contained spherical particles, whereas individual particles of nickel
oxide were significantly larger in size and had a broader size distri-
bution. These observations are in agreement with measured BET
areas (Table 1) that are significantly smaller for NiO (N46) com-
pared to the nickel metal powders; NiO (N46, 0.25 m2/g) < Ni
(N13, 1.05 m2/g) < Ni (N36, 2.15 m2/g).

Differences in particle size distributions are presented in Fig. 2
(a: mass, b: numbers) and compiled in Table 3, for the different
powders in ASW, as determined by means of LALLS.

According to Fig. 2a (mass) and b (number), the average particle
size in solution increased according to the following sequence: Ni
(N36) < Ni (N13) < NiO (N46). Larger agglomerates (average size
at approximately 100 lm) were evident for both nickel metal pow-
ders, especially pronounced in the case of Ni (N36), Fig. 2a. The NiO
(N46) powder revealed the presence of very fine particles sized be-
tween 0.2 and 1 lm in diameter, c.f. Figs. 1 and 2. Particle sizing in
Fig. 1. FEG-SEM images (magnification 5000�) of two different nickel metal p
the PBS medium indicated a very similar distribution behavior
(data not shown).

3.2. Bulk and surface composition

Despite the use of a laser intensity and accumulation time as
low as possible to obtain any spectra, it was not possible to gener-
ate any reliable confocal Raman spectroscopy spectra for the nickel
metal powders. The signal was either too weak or the samples be-
came oxidized by the laser beam, observed as black spots after
visual examination after each measurement. Reliable spectra were
however possible to generate for the bulk NiO (N46) powder with
peak positions in agreement with literature findings (Cordoba-Tor-
resi et al., 1991; Dharmaraj et al., 2006; Dietz et al., 1971). Two
strong broad peaks were observed at 550 and 1083 1/cm (very
strong) and weaker broad peaks at 164, 240, 350 (very weak),
740, and 900 1/cm (very weak). No peaks assigned to hydroxides
or other nickel oxides were identified by Raman spectroscopy, pos-
sibly a consequence of its low surface sensitivity in the case of bulk
NiO powder. This may be explained by the fact that most nickel
oxides and hydroxides are poor Raman scatterers (Cordoba-Torresi
et al., 1991) and reported peaks mainly derived from lattice imper-
fections (Dietz et al., 1971).

The oxidation state of nickel in the outermost (5–10 nm)
surface oxide of all powders was therefore analysed by means of
X-ray Photoelectron Spectroscopy (XPS) generating high-resolu-
tion spectra of Ni 2p and O1s, Fig. 3. Consistent with literature find-
ings for NiO, the green NiO (N46) powder revealed a distinct Ni
2p3/2 photoelectron peak at 854.0 eV in addition to multiplet-split
main peaks at 856.0 and 861.0 eV, and a characteristic sharp
oxygen peak (O 1s) at 529.7 eV (Casella et al., 1999; Kim and Wino-
grad, 1974). The presence of an additional peak at 531.8 eV (O 1s)
could be assigned to small amounts of Ni(OH)2 as the correspond-
ing nickel peak at 855.8 eV may be hidden behind the split peaks of
NiO and since negligible oxidized carbon was detected on the
surface. The atomic Ni/O ratio was close to 1, which suggests NiO
to be the dominating compound with possibly minor amounts of
Ni(OH)2 (Casella et al., 1999; Kim and Winograd, 1974). XRD con-
firmed the presence of crystalline NiO.

The nickel metal powder (Ni (N36)) revealed a similar outermost
surface composition compared with the NiO (N46) powder judged
from the Ni 2p3/2 peak at 853.8 eV (XPS), the multiplet split peaks
and the O 1s peak at 529.7 eV (Casella et al., 1999; Kim and Wino-
grad, 1974). A higher relative intensity of the main multiplet peaks
owders (Ni (N13), Ni (N36)) and a green nickel oxide (NiO (N46)) powder.



Fig. 2. Particle size distributions of NiO (N46) and the Ni metal powders by means of LALLS expressed as; (a) average volume (mass), and (b) average number of Ni (N13), Ni
(N36), and NiO (N46) powders. Data represent average values of six replicate measurements.

Table 3
Particle size distribution for NiO (N46) and the Ni-metal (N13 and N36) powders in
artificial sweat (ASW, pH 6.5) by means of laser diffraction, LALLS. d0.5 is the median
particle diameter and d0.1 and d0.9 the 10% and 90% size distribution cut off points,
respectively, presented as volume (mass) and numbers.

Unit NiO (N46) Ni (N13) Ni (N36)

Volume/diameter (lm) d0.1 4.7 ± 0.01 2.4 ± 0.2 1.5 ± 0.2
d0.5 17.1 ± 0.09 4.6 ± 0.3 3.1 ± 0.4
d0.9 52.8 ± 0.3 9.3 ± 0.9 52.9 ± 13.5

Number /diameter (lm) d0.1 0.2 1.6 ± 0.1 0.9 ± 0.2
d0.5 0.3 2.5 ± 0.2 1.3 ± 0.2
d0.9 0.6 ± 0.002 4.5 ± 0.3 2.4 ± 0.3
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(855.8 and 860.9 eV) compared to the main nickel peak, not ob-
served for NiO (N46), and the presence of an O 1s peak at
531.2 eV suggest the presence of an additional nickel compound,
possibly Ni2O3 (Ni 2p3/2 – 855.8 eV; O1s – 531.7 eV) known as a de-
fect structure of NiO induced by excess oxygen (Casella et al., 1999;
Kim and Winograd, 1974; McIntyre and Cook, 1975). The presence
of amorphous Ni(OH)2 can however not be excluded (Kim and
Winograd, 1974) as no crystalline peaks were observed with XRD.
Using a calculated relative area distribution of 1:0.60 between the
main peak and the multiplet peaks observed for the green NiO
(N46) powder, an approximate relative surface concentration be-
tween NiO and Ni2O3 of 1:2 is suggested. These findings are in line
with the literature that claim that NiO is the dominating constitu-
ent of the passive film on nickel metal covered with an outer
hydroxylated layer, or with a defect-rich surface oxide such as
non-stoichiometric NiO or Ni2O3 (MacDougall and Graham, 1995).
The presence of crystalline NiO was furthermore confirmed with
XRD showing its main diffraction peaks at 2.41, 2.09, 1.48, 1.26
and 1.21 Å (d-values), similar to findings for the NiO (N46) powder.
One Ni metal powder (Ni (N13)) revealed a peak at 852.9 eV
(XPS) assigned to metallic nickel (Casella et al., 1999; Kim and
Winograd, 1974), not observed for the other nickel metal powder.
Its presence suggests a thinner surface oxide compared to that for
the Ni (N36) powder. Peaks that were attributable to NiO were
either very weak or absent for this powder, in concordance with
XRD findings (no crystalline NiO or a too thin surface oxide). In-
stead, binding energy peaks identified by XPS occurred at 856.1
and 861.4 eV (Ni 2p3/2) and at 531.6 eV (O 1s), which suggest the
dominance of non-stoichiometric NiO or Ni2O3 (or possibly
Ni(OH)2) as only minor satellite peaks occur for metallic nickel.
Only metallic nickel peaks were observed with XRD. Amorphous
phases cannot be excluded.
3.3. Bioaccessibility

To assess the bioaccessibility of nickel from nickel metal and
nickel oxide powders, kinetic studies of nickel release into artificial
lysosomal fluid (ALF, pH 4.5, 37 �C), of relevance for inhalation tox-
icity and/or carcinogenicity, and artificial sweat (ASW, pH 6.5,
30 �C), relevant for skin sensitization and of less acidity compared
to ALF, were conducted for up to 24 h. The released percentage of
the nickel content of the different powders and corresponding re-
lease rates based on recalculated surface area, c.f. experimental
section (normalized to the immersion periods (0.5, 2, 6, and
24 h) and the corrected particle BET-surface area) are presented
in Figs. 4 and 5, respectively.

Exposure to both ALF and ASW resulted in very low released
amounts of nickel from the NiO (N46) powder, less than 0.1% and
0.02%, respectively. Corresponding amounts of nickel released from
the nickel metal powders were significantly higher in both fluids.



Fig. 3. High resolution Ni 2p (left) and O 1s (right) XPS spectra of green NiO (N46) (top) and nickel metal powders (Ni (N13)-middle, Ni (N36)-bottom). Spectra are off-set for
clarity.

Fig. 4. Released amount of nickel from the total nickel content of the exposed powder (dissolved percentage) [%] from nickel metal powders (Ni (N13) and Ni (N36)) and a
NiO (N46) powder into ALF (artificial lysosomal fluid, pH 4.5, 37 �C) and ASW (artificial sweat, pH 6.5, 30 �C), respectively. Results represent the mean value and standard
deviation between three replicate samples, with the respective blank sample concentration subtracted. The asterisks indicate significant differences: ⁄(p < 0.05), ⁄⁄(p < 0.01),
and ⁄⁄⁄(p < 0.001), as calculated by a student t-test (unpaired data with unequal variance).
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Exposure in ALF, the more acidic fluid, resulted in an increased re-
leased amount of nickel for the nickel metal powders. After 2 h,
17% of the total powder mass of the Ni (N13) powder was dissolved
and almost completely dissolved, 88%, after 24 h of exposure. For
the Ni (N36) powder, corresponding numbers were significantly
lower, �1 and 25%. The trend with higher released amounts of
nickel from the Ni (N13) nickel metal powder compared to the
Ni (N36) powder remained also in ASW of near-neutral pH,
although at significantly lower levels (Ni (N13): less than 2.2%
and Ni (N36): less than 1%). In ASW, most nickel was released dur-
ing the first 0.5 h of exposure for both powders followed by minor
released amounts during the subsequent exposure period for Ni
(N36) and only slightly increased amounts for Ni (N13) during
the time period between 4 and 24 h. These results are in concor-
dance with previous findings for nickel powder exposed in artificial
sweat (ASW) (Midander et al., 2007). The released amounts of nick-
el normalized to the corrected surface area correspond to very low
rates in ASW after 24 h, lower than 0.003 lg/cm2/h for NiO (N46),
and lower than 0.1 and 0.01 lg/cm2/h for Ni (N13) and Ni (N36),
respectively (<0.03, <1, and <0.4 lg/cm2/h, after 0.5 h, respec-
tively). Corresponding rates in ALF (24 h) were less than 0.01, 21
and 0.7 lg/cm2/h for NiO (N46), Ni (N13) and Ni (N36), respec-
tively. It is evident that other characteristics than differences in
surface area account for differences in release rates both for pow-
ders of the same substance (nickel metal) or across substances
(nickel oxide and nickel metals).

In all, the results clearly show that the release of nickel was sig-
nificantly higher from the nickel metal powders compared with
the nickel oxide powder in both ALF and ASW: Ni (N13) > Ni
(N36)� NiO (N46), Figs. 4 and 5. The release of nickel from the
nickel oxide was 65–2100 times lower compared with the nickel
metal powders in ALF, effects evident, though less pronounced in
ASW (1–10 times lower). Observed results are in good agreement
with literature findings, showing a very low solubility of green
NiO samples in biological fluids (Oller et al., 2009; Takahashi
et al., 1999). Generated results are consistent with previous inves-
tigations of the nickel metal sample N36 (Oller et al., 2009) and
lower compared with a different sample of nickel powder of smal-
ler particle size (Kuehn and Sunderman, 1982).

Despite the fact that Ni (N36) had the smallest mean particle
size in solution, Table 1 and Fig. 2, and the largest BET surface area
among the examined powders, significantly more nickel was re-
leased from the Ni (N13) powder, both when expressed as percent-
age of released nickel and release rate. This indicates that the



Fig. 5. Nickel release rates based on recalculated surface areas after each time period, c.f. experimental section, for nickel metal powders (Ni (N13) and Ni (N36)) and a NiO
(N46) powder exposed for 0.5, 2, 6, and 24 h in ALF (artificial lysosomal fluid, pH 4.5, 37 �C), left, and ASW (artificial sweat, pH 6.5, 30 �C), right.
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specific surface area and particle size cannot solely explain ob-
served differences in nickel release from the nickel metal powders.

Comparing the results for the two nickel metal powders, expo-
sure in ALF resulted in a significantly higher extent and a different
time dependence of released nickel from the Ni (N13) powder
compared with the Ni (N36) powder. These results are believed
to be correlated to differences in the outermost surface composi-
tion as depicted with XPS, c.f. discussion above. The Ni (N13) pow-
der revealed a thinner surface oxide, the lack, or minor presence, of
NiO, and the possible presence of a defect-rich surface oxide of
Ni2O3 (or Ni(OH)2) of presumably lower passive properties, com-
pared with the Ni (N36) powder with a thicker surface oxide of
NiO covered with Ni(OH)2 and/or Ni2O3.

In ASW, most nickel was released during the first 0.5 h of expo-
sure for both nickel powders, which is reflected in strongly
decreasing nickel release rates with time (Fig. 5). This time depen-
dence is also known for other passivating materials, such as stain-
less steel, in non-complexing solutions and solutions of near-
neutral pH (Hedberg et al., 2010b; Midander et al., 2010). As previ-
ously discussed, the release of nickel was significantly higher in
ALF compared with ASW for all powders, Figs. 4 and 5, an effect be-
lieved to be mostly related to the presence of complexing agents
such as citric acid in ALF, in addition to the lower pH (Hedberg
et al., 2011). In contrast to ASW, the release rate was increasing
for the nickel particles, when considering their real surface area,
indicative of non-passive conditions. Kinetic differences in ALF
and ASW for the nickel metal powders may be related to the rela-
tively slow (and postponed) complexation process of citrate with
nickel in ALF, the predominating release mechanism in the case
of stainless steel powders (Hedberg et al., 2011). This process is ex-
pected to be of even more importance to nickel powders, compared
with stainless steel, since nickel(II)–citrate complexes have higher
stability constants compared with other metals such as iron(II) or
chromium(III) (Stumm and Morgan, 1996). However, stability con-
stants cannot alone predict the extent of complexing-agent-in-
duced metal release, which further requires information on
stability and composition of the surface oxide, previously eluci-
dated for stainless steel powders (Hedberg et al., 2011). The impor-
tance of the surface oxide characteristics is evident also in this
study where nickel monoxide seems to be the most stable protect-
ing oxide compared with other nickel oxides/hydroxides formed.
The thickness of the surface oxide is probably another factor of
importance for its barrier effects and dissolution properties. In
the case of Ni (N36) particles immersed into ALF media, the low
amount of released nickel over the first 6 h (with an average
amount of released mass of 1.2%) followed by a significant increase
nickel released after 24 h of exposure (about 25%) could also be ex-
plained by stable oxide defects induced by complexation with cit-
rate. This ‘‘breakdown’’ was previously not observed for massive
nickel metal sheet up to 1 week of exposure (Herting et al., 2008).

Results of this study are somehow contradictory to a reported
study where the dissolution of an ultrafine sample of NiO powder
was largest in deionized water compared with solutions containing
salt or proteins (Yamada et al., 1993). However, reported findings
in many other studies (Horie et al., 2009; Julien et al., 2011; Kod-
ama et al., 1985, 1993; Kuehn and Sunderman, 1982; Oller et al.,
2009; Sunderman et al., 1987; Tanaka et al., 1986) are in line with
observations in this study with remarkably lower released
amounts of nickel from NiO in deionized water compared with
more complexing solutions containing chlorides, citrate, amino
acids or proteins.

Large variations in the metal release behavior between different
types of NiO powders seem mainly to be related to differences in
physico-chemical properties (size, chemical composition, surface
area, crystallinity, temperature of calcining, content of Ni(III))
(Horie et al., 2009; Kodama et al., 1993; Sunderman et al., 1987;
Takahashi et al., 1999; Yamada et al., 1993). For example, Ni(III)
containing oxides (e.g., Ni2O3) were found to be more potentially
toxic compared to Ni(II) containing oxides (e.g., NiO) and believed
to be more soluble and hence less corrosion protective compared
to NiO (Sunderman et al., 1987; O’Brien and Salacinski, 1996).
These observations are in agreement with observations of this
study suggesting the lack or minor presence of NiO and the pres-
ence of a defect-rich Ni2O3 surface oxide (or possibly Ni(OH)2) on
the Ni (N13) powder with higher nickel release compared to the
Ni (N36) powder with predominant NiO present on the surface.
In a previous study (Sunderman et al., 1987), it was suggested that
the presence of Ni(III)-species and/or nickel hydroxides in a NiO
powder was the reason for its higher induced biological effects
such as cytotoxicity compared with other NiO powders of the same
color and dissolution half times (based on nickel release rates up to
72 h) in water and body fluids.

Most probably, the initial surface conditions present on the
samples before the study began, as investigated here, are responsi-
ble for the observed differences between the nickel metal powders.
In ALF, a ‘‘breakdown’’ of the barrier properties of the surface oxide
was observed for both nickel metal powders, but after different
time periods. After this breakdown, the corrosion process is ex-
pected to induce significant changes in the oxide/corrosion prod-
ucts on the particle surface as well as on the particle size. This
was not fully investigated due to the low particle mass exposed
to the synthetic fluids in this study and still remaining after expo-
sure. The corrosion products are however expected to be of similar
composition for both nickel metal samples and the change in par-
ticle size with time was taken into account by the theoretical recal-
culations of the surface area (Fig. 5).
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3.4. Comparison with literature findings for nickel metal and nickel
oxide, powder and massive forms

An overview on literature findings on nickel release data from
nickel metal and nickel oxide powders, and massive nickel metal
is presented in Table 4 and compared with data generated in the
present study. Since the specific surface area (BET area) was not al-
ways reported, the dissolved percentage of the total nickel content
of the investigated materials is preferentially given. For massive
materials, the metal release rate is given.

3.4.1. Effect of solution
Consistent with findings of this study, the literature survey

showed a clear trend for increased release of nickel both from nick-
el metal and nickel oxide powders with decreasing solution pH and
increasing solution complexation capacity, Table 4.

3.4.2. Effect of particle size and agglomeration
The release of nickel from nickel metal powders varies among

and within reported studies and was shown to be highly depen-
dent on particle characteristics such as particle size, agglomeration
and surface composition. The extent of nickel release from nickel
metal powders was reported to decrease with higher particle load-
ing (surface area/particle mass to solution volume ratio) due to
agglomeration and possibly equilibrium shifts (Hamel et al.,
1998; Midander et al., 2006, 2007; Turner, 2011). The nickel metal
sample (N36) has been tested at two significantly different load-
ings, 2 g/L (Oller et al., 2009) and 0.1 g/L (this work). However,
since the testing solutions were not identical, the true effect of
loading on the nickel release from this sample cannot be assessed.
The effect of particle size was most obvious when comparing a
study on NiO nanoparticles (BET area 75 m2/g, (Pietruska et al.,
2011)) in cell culture medium with other studies on fine micron-
sized particles in other media (this study, (Oller et al., 2009)). Even
though the surface area of the NiO nanoparticles was approxi-
mately 300 times larger compared with the powder of this study
and the study of Oller et al. (2009), the nanoparticles dissolved
to a significantly higher extent (a factor of 100–5000 or more).
However, as nanoparticles possess significantly different proper-
ties compared to micron-sized particles (Nyborg et al., 1992), e.g.
surface atoms to bulk atoms ratio, they shall not directly be com-
pared to results of micron-sized particles.

3.4.3. Ni metal powders
The release of nickel from the two nickel metal powders of this

study is in close agreement with literature findings. An example is
when compared with larger sized nickel metal powders (BET area
0.43 m2/g) exposed in ASW (Midander et al., 2007) and ALF (Hed-
berg et al., 2010a), Table 4, which shows a higher release compared
with N36, but a lower release compared with N13, when account-
ing for the surface areas. This clearly elucidates the importance
that other parameters in addition to the surface area govern the re-
lease process.

3.4.4. NiO powders
Approximately 10 times less nickel was released from the NiO

(N46) powder of this study compared with results reported else-
where. Oller et al. (2009) exposed another NiO sample (N9) to solu-
tions of similar pH and complexing capacities as ALF (e.g., 0.1 M
ammonium citrate, 0.1 M citric acid, Table 4). Observed differences
are in this case most probably due to smaller sized NiO particles
(2.6 m2/g) in the study of Oller et al. (2009) compared with this
study (0.25 m2/g). In a recent study, a sample of green NiO powders
of different particle size was studied in intestinal fluid (pH 7.4),
showing a dissolution of 0.01% (BET area 0.01 m2/g) and 0.12%
(BET area 2.62 m2/g) after 24 h of exposure (Henderson et al.,
2012), comparable to the NiO (N46, BET 0.25 m2/g) powder here
in artificial sweat (pH 6.5) with 0.01% dissolution after 24 h. Sun-
derman et al. (1987) reported higher dissolution of jet black NiO
powder (dissolution half time: 0.8 year) compared to grey or green
NiO powder (dissolution half time longer than 11 years) exposed in
rat serum, and even less dissolution in renal cytosol and water.

3.4.5. Comparison between NiO and Ni powders
When comparing similar particle sizes, the release from nickel

oxide powders was generally significantly lower compared with
nickel metal powders, an effect observed in this study and also evi-
dent from the study of Oller et al. (2009).

3.4.6. Comparison to massive nickel metal samples
When comparing the release of nickel from nickel metal pow-

ders in ALF (this study) with release of nickel from massive
abraded nickel metal sheet exposed in ALF (Herting et al., 2008),
more nickel was released from massive sheet compared to the
powder at similar exposure conditions, 16.8 lg/cm2/h compared
with 0.5–15.5 lg/cm2/h, Table 4. This is most probably an effect
of freshly abraded surfaces of the massive metal sheets, whereas
the powder was exposed in its as-received condition with aged
surface oxides. However, the time dependence was different for
massive sheet, with decreasing nickel release rates over time,
while the nickel powders investigated in this study revealed
increasing rates over time and/or showed a significant increase
after 6 h of exposure (N 36). This indicates that powder particles
that are dissolved, and hence reduced in size, can become more ac-
tive with time.

3.5. Comparison to literature findings for nickel-containing alloys

When comparing the release of nickel from nickel-containing
alloys, Table 5, to the release from pure nickel metal, it was evident
that both surface properties and galvanic corrosion properties (in
the case of Cu75Ni25) play a more important role for the nickel re-
lease than the bulk content. All studies on nickel-containing (9–
10 wt.%) stainless steel, both as powders and massive sheet, indi-
cate that stainless steel releases very low amounts of nickel, de-
spite its relatively high nickel metal content. For example,
reported release rates of nickel from powders and massive sheet
of stainless steel exposed in ALF are in the range of 0.003–
0.005 lg Ni/cm2/h, after 24 h (Table 5), which corresponds to
0.03–0.05 lg Ni/cm2/h when normalizing to their bulk alloy nickel
content. Corresponding release rates of nickel from the nickel me-
tal powders of this study are 0.4–3.5 lg/cm2/h (Table 4). In con-
trast, from the Cu75Ni25 alloy, used in coins, more nickel (factor
10–50) was released into ASW when compared both to massive
nickel metal (also used in coins) (Lidén and Carter, 2001), and to
nickel metal powders (this study), Tables 4 and 5. This is most
probably due to galvanic effects, since de-alloying of less noble
alloying elements (nickel in this case) is a known phenomenon
for copper alloys (Marshakov, 2002).

3.6. Implications for nickel-induced toxicity

While skin irritation induced by nickel metal and nickel oxide
particles seem to be solely related to released soluble nickel spe-
cies, i.e. the bioaccessible fraction (Flint, 1998; Lidén and Carter,
2001; Lidén et al., 2008; Midander et al., 2007), the respiratory tox-
icity of nickel metal and inorganic nickel compounds is assumed to
be related to the bioavailability of two-valent nickel ions at target
extracellular or intracellular sites (Goodman et al., 2011). For local
effects, these sites can be the respiratory cells after inhalation (ex-
tra and/or intracellular levels) or the dermal cells after skin expo-
sure. For systemic effects (e.g., kidney effects), the target sites



Table 4
Dissolved percentage of total nickel content or – where not available – release rate of nickel from nickel and green nickel oxide powders, in dependence of exposure time periods and solutions. Note the difference in surface area and
particle sizes (refer to footnotes)!.

DI water (pH
6.3)

Ammonium citrate
(pH 4.4)

Citric acid
(pH 2.1)

Interstitial fluid
(pH 7.4)

Alveolar fluid
(pH 7.4)

Cell culture
medium

DMDM + 10%
FBS

Fresh water
medium (pH 6.0)

Artificial sweat, ASW (pH 6.5) Artificial lysosomal fluid, ALF
(pH 4.5)

Ni metal powders, dissolved percentage of nickel content
0.5 h 1.7%b; 1.0%c 4%b; 1.8%c

1 h 0.18%a 0.52%a 0.81%a 0.14%a 0.16%a

2 h 1.1%b; 0.4%c 17%b (4.9 lg/cm2/h); 0.9%c

(0.045 lg/cm2/h)
6 h 1.5%b; 0.7%c 41%b; 0.9%c

12 h 0.21%d

24 h 0.18%a 4.01%a 43.8%a 0.16%a 0.23%a �0.4%e 0.3%f 2.2%b (0.09 lg/cm2/h); 0.6%c

(0.01 lg/cm2/h)
88%b (15.5 lg/cm2/h); 24%c

(0.7 lg/cm2/h)
1 week 87%g

NiO powders, dissolved percentage of nickel content
0.5 h 0.02%h <LODh

1 h
2 h �38%i 0.02%h 0.09%h

6 h 0.003%h 0.03%h (0.01 lg/cm2/h)
12 h �45%i

24 h 0.1%j; 0.03%k;
0.31%l

0.55%j 0.63%j 0.07%j 0.05%j �50%i �0.05%k;
�5.4%l

0.01%h (0.0017 lg/cm2/h) 0.04%h (0.005 lg/cm2/h)

Ni metal (massive forms)
24 h 16.8 lg/cm2/hm

1 week 0.01–0.04 lg/cm2/hn

Abbreviations: LOD – limit of detection; DMDM – DMEM, Dulbecco’s modified Eagle’s medium; FBS – fetal bovine serum; SEM – scanning electron microscopy; BET – Brunauer Emmet Teller method (specific surface area); ASW –
artificial sweat; ALF – artificial lysosomal fluid; DI – deionized.

a Particle mean diameter: 1.26 lm (based on SEM), N36 (the same as in this study), BET 2.15 m2/g, loading 2 g/L; 37 �C, (Oller et al., 2009).
b this study, Ni powder N13; median diameter: 2.4 lm (based on number%)–4.9 lm (based on volume%), BET 1.05 m2/g, loading 0.1 g/L, 37 �C in ALF, 30 �C in ASW.
c This study, Ni powder N36; median diameter: 1.5 lm (based on number%)–3.1 lm (based on volume%), BET 2.15 m2/g, loading 0.1 g/L, 37 �C in ALF and 30 �C in ASW.
d BET 0.43 m2/g, loading 0.2 g/L, 30 �C, (Midander et al., 2007).
e <100 nm Ni: 4.4 m2/g, loading 5 lg/cm2, 37 �C, (Pietruska et al., 2011).
f BET 0.43 m2/g, 20 �C, loading 0.1 g/L, (Skeaff et al., 2011).
g BET 0.43 m2/g, loading 0.2 g/L, 37 �C, (Hedberg et al., 2010a).
h this study, NiO (N46) powder, median diameter 0.3 lm (based on number%)–17.3 lm (based on volume%), BET: 0.25 m2/g, loading 0.1 g/L, 37 �C in ALF and 30 �C in ASW.
i <100 nm NiO powder: 75 m2/g, loading 5 lg/cm2, 37 �C, (Pietruska et al., 2011).
j Particle mean diameter: 3.5 lm (based on SEM); ID: N9, 2.62 m2/g, loading 2 g/L; 37 �C, (Oller et al., 2009).
k BET 3.44 m2/g, loading 10 g/L, 37 �C, (Horie et al., 2009).
l BET > 6 m2/g, loading 10 g/L, 37 �C, (Horie et al., 2009).

m Abraded Ni metal, 37 �C, (Herting et al., 2008).
n 30� (Lidén and Carter, 2001).
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Table 5
Dissolved percentage of total nickel content or – where not available – release rate of nickel from stainless steel powders, a massive Cu75Ni25 alloy, and massive stainless steel
grades, in dependence of exposure time periods and solutions. Note the difference in surface area and particle sizes (refer to footnotes)!.

Artificial sweat, ASW (pH 6.5) Artificial lysosomal fluid, ALF (pH 4.5)

Stainless steel powders (316L)
24 h <0.0004 lg/cm2/ha 0.005 lg/cm2/hb

1 week <0.00006 lg/cm2/ha 0.9%c

Cu75Ni25 (coins)
24 h 1.5–2.5 lg/cm2/hd

1 week 0.19–0.27 lg/cm2/he; 0.5–0.8 lg/cm2/hd

Stainless steel (massive forms)
8 h 0.001–0.002 lg/cm2/hf; 0.009 lg/cm2/hg

24 h 0.003 lg/cm2/hg

Abbreviations: BET – Brunauer Emmet Teller method (specific surface area); ASW – artificial sweat; ALF – artificial lysosomal fluid.
a AISI 316L powder <4 lm, Ni content 10 wt.%, BET 0.7 m2/g, loading 0.1 g/L, 30 �C, (Hedberg et al., 2010b).
b AISI 316L powder <4 lm, Ni content 10 wt.%, BET 0.7 m2/g, loading 0.1 g/L, 37 �C, (Hedberg et al., 2011).
c AISI 316L powder <4 lm, BET 0.7 m2/g, loading 0.1 g/L, 37 �C, (Hedberg et al., 2010a).
d 30 �C, (Lidén et al., 2008).
e 30 �C, (Lidén and Carter, 2001).
f AISI 304, Ni content 9 wt.%, 37 �C, (Herting et al., 2006).
g AISI 316L, as-received, Ni content 10 wt.%, 37 �C.
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may be particular cells within that organ. Bioaccessibility of re-
leased nickel in synthetic biological fluids can be used as a surro-
gate to estimate bioavailability. The bioaccessibility results from
this study provide therefore information regarding biological
effects of nickel metal and oxides.

Both extra and intracellular dissolution may contribute to respi-
ratory toxicity of Ni-containing particles after inhalation. Based on
the relative nickel release results in ALF (as representative of the
intracellular cell environment), nickel metal powders are predicted
to be more cytotoxic to the respiratory tract compared with nickel
oxide powders. These results are consistent with in vivo results
from repeated inhalation exposure studies conducted in rats
(NTP, 1996; Oller et al., 2008). One of the nickel metal powders
(N36) investigated in this study was also (without any modifica-
tion) tested in a rat inhalation study and revealed a toxicity LOAEC
value of 4 mg/m3 in a 28 day study, and a LOAEC value of 1 mg/m3

in a 13 week study (Oller et al., 2008). The same nickel oxide pow-
der (high calcining temperature, green) investigated in this study
(N46) resulted in a LOAEC of 30 mg/m3 (NOAEC = 10 mg/m3) in a
16 day study, and a LOAEC of 5 mg/m3 in a 13 week study (NTP,
1996). In the NTP study, the NiO powder (N46) was milled to gen-
erate an appropriate size animal aerosol.

For carcinogenicity, however, the nickel release is only one of
many factors that determine tumor induction (Goodman et al.,
2011; Muñoz and Costa, 2012). A recent review describing the bio-
availability model, explains why NiO particles show carcinogenic-
ity in contrast to nickel metal particles (Goodman et al., 2011). A
substance must necessarily fulfil a number of factors to cause can-
cer: (i) the particles must be sparingly soluble (highly soluble par-
ticles may be highly toxic, but will not cause cancer, since they are
dissolved before they can be endocytosed) (Dunnick et al., 1995;
Goodman et al., 2011; Miura et al., 1989; Oller et al., 1997), (ii)
the particle size must be smaller than 4–5 lm to be endocytosed
(Costa et al., 1981; Muñoz and Costa, 2012; Evans et al., 1982),
(iii) the intracellular dissolution of the particles must be sufficient
(not too high or low) to allow nickel ions to reach the nucleus with-
out causing cell death (Goodman et al., 2011), and (iv) the in vivo
clearance time of the particles must be sufficiently long (Goodman
et al., 2009, 2011). The combination of these factors appears suffi-
cient to yield respiratory tumors in the rat inhalation studies with
nickel oxide (a milled version of the same NiO sample studied in
this study) but not with nickel metal (same sample studied in this
study). It is clear then that in the case of nickel, the nickel ion re-
lease, by itself, cannot predict carcinogenic outcome.
In a recent review (Muñoz and Costa, 2012), endocytosis mech-
anisms of nickel-containing powder particles were discussed. The
authors suggest that macropinocytosis and/or clathrin mediated
endocytosis is the uptake mechanism for insoluble nickel particles
and not phagocytosis, as previously thought. The importance of
different particle characteristics and surface properties, i.e. particle
size, surface charge, bulk and surface structure (crystallinity), was
underlined (Abbracchio et al., 1982).

Therefore, the mechanisms for respiratory nickel toxicity and
carcinogenicity are different, as evident by the opposite profile dis-
played by nickel metal powders and oxides: higher toxicity and
negative respiratory carcinogenicity for nickel metal and lower
toxicity and positive respiratory carcinogenicity for nickel oxide
in animal studies. The in vivo results are consistent with observed
differences in physico-chemical properties, i.e. particle size distri-
bution and bioaccessibility (released nickel fraction), described
and highlighted in this paper.
4. Concluding remarks

This investigation clearly shows significant differences in parti-
cle characteristics, surface composition and release of nickel from
nickel metal powders with thin outer surface oxides (shells) com-
pared with release of nickel from a powder of bulk nickel oxide.
This emphasizes that release data from nickel compounds (e.g.,
NiO) cannot be used to assess the behavior of nickel metal (Ni).
Chemical dissolution primarily governs the release process of nick-
el oxide, whereas also electrochemical dissolution processes (i.e.,
corrosion) take place for the nickel metal powders. Generated re-
sults suggest that the relative Ni release from nickel metal and
nickel oxide powders will be the results of the interplay between
the thickness and composition of the oxide layer on the nickel me-
tal particles, the particle size, the surface area and the nature of the
particles themselves, all influenced by the process of manufactur-
ing of the material (e.g., calcining temperature, etc.).

More nickel was released from the nickel metal powder (N13,
88% after 24 h in ALF) with an outer thin surface oxide predomi-
nantly composed of non-stoichiometric nickel oxide, probably
Ni2O3, compared with the nickel metal powder (N36, 25% release
after 24 h in ALF) with a thicker surface oxide primarily composed
of NiO and to some extent Ni2O3. The N13 powder also displayed
increasing release rates based on the real (recalculated) surface
area when exposed in ALF, an effect not observed in ASW and
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possibly related to the presence of complexing agents such as citric
acid in ALF, in addition to the lower pH of ALF. In the case of Ni
(N36) particles immersed into ALF, a significant increase in nickel
released was observed after 24 h (21-fold compared with previous
exposure time points) that may be explained by stable defects in
the passive surface oxide. This effect has not been observed for
massive nickel metal sheet in the literature.

Observations in this study show an enhancement of released
nickel in solutions of reduced pH and increased concentration of
complexing agents such as citric acid in ALF, an effect also ob-
served in the literature in the presence of e g. chlorides, other salts,
amino acids and proteins. Large variations in nickel release ob-
served between different powders reported in the literature are
highly dependent on size, particle concentration, solution and
hence extent of agglomeration. The release of nickel, in particular
from alloys, is non-proportional to the bulk alloy composition. Sur-
face oxide characteristics and composition as well as particle char-
acteristics and solution chemistry governs the release process.

Any toxicological assessments or bioaccessibility investigations
of metal powders require in-depth knowledge and understanding
of particle characteristics in solution and changes in surface reac-
tivity and composition with time. Lack of data precludes any reli-
able comparisons between literature data and the assessment of
potential hazards and risks.
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