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Abstract: Bioaccessibility of metals from substances and alloys is increasingly used as part of the
assessment to predict potential toxicity. However, data are sparse on the metal bioaccessibility
from nanoparticle (NP) size metal substances. This study examines nickel ion release from metallic
nickel and nickel oxide micron particles (MPs) and NPs in simulated biological fluids at various
timepoints including those relevant for specific routes of exposure. The results suggest that MPs
of both metallic nickel and nickel oxide generally released more nickel ions in acidic simulated
biological fluids (gastric and lysosomal) than NPs of the same substance, with the largest differences
being for nickel oxide. In more neutral pH fluids (interstitial and perspiration), nickel metal NPs
released more nickel ions than MPs, with nickel oxide results showing a higher release for MPs
in interstitial fluid yet a lower release in perspiration fluid. Various experimental factors related
to the particle, fluid, and extraction duration were identified that can have an impact on the
particle dissolution and release of nickel ions. Overall, the results suggest that based on nickel
release alone, nickel NPs are not inherently more hazardous than nickel MPs. Moreover, analyses
should be performed on a case-by-case basis with consideration of various experimental factors
and correlation with in vivo data.

Keywords: nickel; metal; oxide; nanomaterial; nanoparticle; in vitro; bioelution; bioaccessibility

1. Introduction

Generally, metal toxicity is associated with the ionic form of inorganic metallic sub-
stances that is absorbed and accessible to target tissues (locally or systemically) [1,2].
This is identified as the bioavailable fraction. However, for many metals, information on
bioavailability is not readily available and in vitro alternatives have been developed to
conservatively estimate the dissolved metal ion fraction that could possibly be available for
absorption and/or interaction at systemic and/or local levels (i.e., “bioaccessible” fraction).
The bioaccessible fraction can be determined for different exposure routes, primarily the
oral, inhalation, and dermal routes, where test material is submerged in simulated bio-
logical fluids relevant for the specified exposure route (gastric, lysosomal, interstitial, and
perspiration fluids, respectively).

Several studies have evaluated the bioaccessibility of nickel from different nickel
substances in simulated biologically relevant fluids, with reported nickel ion release ranging
from 0.01% to 100%, depending on the specific nickel test substance, biological fluid,
concentration (or loading) of the test substance in the biological fluid, and duration of the
bioelution assay [3–7]. Many studies have also evaluated the bioaccessibility of nickel from
soil [8–10] and various alloys, such as stainless steels [7,11–13].
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Specific examples of the utility and importance of nickel bioaccessibility data are
documented and actively in use as part of legislature and/or standardized methods. For
example, in 1994, the European Commission put in place a regulation to limit dermal expo-
sure to nickel-containing articles in direct and prolonged contact with the skin (e.g., jewelry,
clothing fasteners, etc.) based on a nickel-release limit [14] and resulted in the development
of a standardized method (EN 1811:1998) for measuring nickel release [15]. Additionally,
the Classification, Labelling and Packaging (CLP) Regulation (EC) No 1272/2008 is used to
classify alloys for dermal nickel sensitization based on the same nickel-release limit [16]. In
2012, Henderson et al. reported a strong association between gastric bioaccessibility data
for nickel compounds and acute toxicity data for oral routes of exposure [3]. These and
other data on nickel compounds have been used to support read across and grouping. Sim-
ilar approaches have also been applied to other metals [17,18]. More recently, though not
specific to nickel, a bioaccessibility protocol for oral routes of exposure underwent ECVAM
Scientific Advisory Committee (ESAC) validation [19]. These examples and the volume
of published bioaccessibility data for nickel and other metals have proven to be a reliable,
practical, and cost-effective addition to weight-of-evidence approaches for predicting the
relative toxicity of nickel substances via various exposure routes, for grouping and read
across between inorganic nickel substances, as a well as to aid in the classification of matrix
materials like alloys that have limited available toxicity data [3,7].

Most of the published bioaccessibility and toxicity data for nickel substances are based
on micron-sized (hereon referred to as micron particles (MPs)) nickel particles [3–7,11].
However, bioaccessibility data for nano-sized particles (1–100 nm; hereon referred to as
nanoparticles (NPs)) of nickel substances are sparse [20]. Data for NPs are especially
important because there is concern that NPs may be more hazardous than larger MPs of
the same substance due to the unique size-dependent properties (e.g., greater surface area
for ion release, ability to penetrate deeper into the lungs, potential increased bio-reactivity
with proteins and other biological molecules, etc.) [21–23].

NPs are increasingly used in consumer products and drug delivery systems, raising
questions regarding the health and safety of nanomaterials in general. With various
regulatory initiatives to replace, reduce, and refine animal research by using alternative
methods to estimate potential toxicity, it is pertinent to consider how nickel bioaccessibility
for NPs compares to that of MPs of the same substances.

The present paper compares the bioaccessibility of nickel ions (Ni2+) from metallic
nickel and nickel oxide NPs to those from larger MPs of these two nickel substances.
Metallic nickel and nickel oxide NPs are on the market for use and are the most commonly
available and most often studied nickel substances in published NP research. Commercially
available 20 nm and 80 nm engineered nickel NPs were evaluated to represent two NP sizes
within the nano spectrum (1–100 nm). This research is aimed at discerning differences in
bioaccessibility in four simulated biological fluids between the NPs and MPs for two nickel
substances, and between the two nickel NP sizes, to identify potential key properties of
the particles and experimental conditions that may influence nickel release for each nickel
substance tested.

2. Materials and Methods
2.1. Test Substances

Metallic nickel and nickel oxide powders were evaluated as 20 nm diameter, 80 nm
diameter, and larger MPs (1.3 and 15 µm diameter for metallic nickel and nickel oxide,
respectively). The CAS number, supplier (source), purity, nickel content (calculated based
on 100% purity), surface area, and hydrodynamic diameter (particle size in aqueous fluid)
of each nickel test substance are provided in Table 1. The densities of metallic nickel and
nickel oxide particles at 25 ◦C are reported as 8.9 and 6.7 g/cm3, respectively [24].
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Nickel oxide can be produced at either a high (≥850 ◦C; nickel oxide green) or low
(<550 ◦C; nickel oxide black) calcining temperature, with the low calcining nickel oxide
black known to exhibit more chemical reactivity [25] and release more nickel ions in
simulated gastric fluid [3] compared to nickel oxide green. Nickel oxide black MPs and
nickel oxide NPs were tested in this study. The nickel oxide NPs were not specified as green
or black by the manufacturer or product information available at the time of purchase.
However, the nickel oxide NPs could be presumed to be black nickel oxide as green nickel
oxide powders are heated above a certain very high temperature below which all other
nickel oxide powders are considered black.

All test substances were stored at ambient temperature in sealed glass bottles and the
NPs were stored in sealed amber glass bottles topped with nitrogen.

2.2. Physical and Chemical Characterization of Nickel NPs

CS Consulting (affiliated with Baylor University, Waco, TX, USA) conducted the
physical and chemical characterization of the nickel NPs, with some comparable analyses
evaluated in the simulated biological fluids conducted by RTI International (Research
Triangle Park, NC, USA). CS Consulting measured the NP surface area, particle size,
zeta potential, dispersity index, reactive oxygen species, and agglomeration/aggregation
status in water and/or phosphate-buffered saline (PBS) [26]. Additionally, RTI noted some
preliminary observations during early method development analyses for NP particle size,
zeta potential, and dispersity index in the four simulated biological fluids [27]. RTI captured
images and noted visual observations of the metallic nickel and nickel oxide particles in
various fluids, including the simulated biological fluids (see Supplementary Materials,
Table S3).

Particle Size. Dynamic light scattering (DLS) was used to determine the average
particle size of the nickel NPs in water as hydrodynamic particle size. Serial dilutions of
the 1000 ppm stock solution (20 mg nickel nanoparticle in 20 mL water) were prepared,
with 1 mL of the suspension transferred to a cuvette (Malvern Cuvette Pack with Stoppers,
ZEN0118, Malvern, Westborough, MA, USA) that was placed in a dynamic light scattering
spectrometer (Malvern Zetasizer Nano ZS Dynamic Light Scattering Spectrometer, Malvern,
Westborough, MA, USA) for analyses (~380–390 nm absorbance and 1.9648 refractive index).
In Table 1, the average diameter for nickel NP suspensions at 100 ppm (0.1 g/L) are reported.
The average diameters for nickel MPs were obtained from historical data as previously
measured by Particle Technology Labs (Downers Grove, IL, USA) using DLS with a Malvern
Mastersizer laser diffractor. Metallic nickel MPs were measured in canola oil and nickel
oxide MPs were measured in Isopar G, an organic solvent.

BET Surface Area. The Brauner, Emmet, and Teller (BET) method was used to measure
the surface area of dry nickel NPs. The BET analyzer (Gemini 2375, Micromeritics Inc.,
Norcross, GA, USA) dried the NPs with nitrogen gas at a temperature of 77 K, where the
saturation pressure for the nickel NPs was measured in a calibrated test tube (with stopper)
containing at least 100 mg of the NP. The amount of gas adsorbed on the surface of the NP
was used to calculate the surface area. The NP surface areas are reported in Table 1. The
surface areas for the MPs were obtained from historical data as previously measured using
the same technique by Particle Technology Labs (Downers Grove, IL, USA).

Additional physical and chemical characteristics that are highly recommended for
nanomaterial research [28–30] were determined for the NPs as shown in Table 2, and details
regarding the methods used are provided. These characteristics are not typically considered
for larger MPs, and thus were not evaluated in this study.
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Table 1. Identification and general information on the metallic nickel and nickel oxide particles tested.

Test Substance
(Sample ID) CAS Number b Supplier

(Lot #) Purity c Nickel Content d Surface Area e

(m2/g)

Hydrodynamic Diameter
Particle Size f in Water

(µm)

Metallic nickel NPs; 20 nm
(N169-RTI) 7440-02-0 Miyou (Suzhou, China)

(FNIN-20) >99% 100% 27.0 0.503 ± 0.009 (n = 2)

Metallic nickel NPs; 80 nm
(N170-RTI) 7440-02-0 Miyou

(FNIN-80) >99% 100% 8.0 0.854 ± 0.081 (n = 2)

Metallic nickel MPs; micron
(N36F.1-PTL) 7440-02-0 Sumitomo (Tokyo, Japan)

(10206) >97% 100% 2.58 1.26 g (0.77–1.84) (n = 1)

Nickel oxide NPs; 20 nm
(N167-RTI) 1313-99-1 Nanoshel, LLC (Wilmington, DE, USA)

(NS6130-03-337) 99.9% 78.6% 74.0 0.210 ± 0.095 (n = 4)

Nickel oxide NPs; 80 nm
(N168-RTI) 1313-99-1 Nanoshel, LLC

(NS6130-03-336) 99.99% 78.6% 50.0 0.838 ± 0.187 (n = 4)

Nickel oxide (black a) MPs;
micron

(N105-PTL)
1313-99-1 Umicore (Brussels, Belgium)

(4800282) 96.4% 78.6% 96.1 15.6 g (2.21–28.59) (n = 1)

a Nickel oxide black has a calcining temperature < 550 ◦C. b CAS number was provided by supplier. c Purity information was provided with the Certificate of Analysis provided by
supplier. d Nickel content as calculated, based on molecular weight based on 100% purity. e Surface area as measured with BET gas absorption on dry samples. The effective surface area
of the particles in aqueous suspension was not measured and is unknown. f Particle diameter (d0.5) was measured with Malvern in water (unless otherwise noted) using dynamic light
scattering. For the NPs, the standard deviations are provided. For the MPs, values in parentheses represent d (0.1) and d (0.9) of the particle size distribution. g Particle diameters of the
MPs were obtained from historical data. Metallic nickel MPs were measured in canola oil and nickel oxide (black) MPs were measured in Isopar G, an organic solvent.
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Table 2. Commonly recommended physical characterizations important for nanomaterial research.

NP Shape

ROS a

(nM)
Zeta Potential b

(mV)
Dispersity Index c

(Unitless) Agglomeration/Aggregation d

Status in Water
Scanning Electron

Micrographs e
in Water
(n = 6)

in Water
(n = 6)

in PBS
(n = 3)

in Water
(n = 4)

in PBS
(n = 3)

Metallic nickel
(20 nm) Spherical 37.8 ± 5.81 −40.6 ± 2.21 −5.53 ± 0.734 0.780 ± 0.153 0.936 ± 0.061 Aggregated

Metallic nickel
(80 nm) Spherical 40.1 ± 6.27 −32.8 ± 1.33 −6.59 ± 1.33 0.892 ± 0.169 0.678 ± 0.078 Aggregated

Nickel oxide
(20 nm)

Rectangular
prism 23.8 ± 5.74 −14.6 ± 0.78 −3.87 ± 0.754 0.735 ± 0.034 0.859 ± 0.15 Agglomerated

Nickel oxide
(80 nm)

Rectangular
prism 23.3 ± 4.72 −19.0 ± 0.57 −2.86 ± 1.11 0.423 ± 0.093 0.478 ± 0.037 Agglomerated

Mean ± standard deviation. a Reactive oxygen species (ROS) is a measure of surface reactivity. Hydrogen peroxide, with ROS measured at 25 nM, was used as the positive control. b

Zeta potential indicates a greater likelihood for aggregation/agglomeration for values between −61 and +61. c Dispersity index is a measure of particle size distribution, with higher
values indicating a wider distribution. d The dispersity index was measured before (values shown) and after a mechanical force (10 min bath sonication) was applied [26]; a significant
difference in dispersity indices before and after sonication suggests agglomeration (clusters of weakly bonded particles and/or aggregates) and a minimal difference suggests aggregation
(dense clusters of strongly bonded or fused particles). e The metallic nickel NPs comprised ~400–500 nm aggregates, composed of various-sized nm particles. The nickel oxide NPs
comprised ~200–300 nm agglomerates, mainly composed of small < 50 nm particles.
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Reactive Oxygen Species (ROS). The OxiSelect™ In Vitro ROS/RNS Assay Kit (Green
Fluorescence, Cell BioLabs, San Diego, CA, USA) was used to measure ROS, a measure
of surface reactivity (also referred to as the reduction/oxidation (REDOX) potential), in
96-well plates. Briefly, the wells contained 50 µL of the NP sample suspended in water
followed by 50 µL of the dichlorodihydrofluorescin catalyst (DCF-DiOxyQ, Part No. 234704,
Cell BioLabs, San Diego, CA, USA). The 96-well plate was shaken in a microplate reader at
room temperature for 5 min, followed by 100 µL of 2′,7′-dichlorofluorescin diacetate (DCFH,
1 mM solution in DMSO, Part No. 23402, Cell Biolabs, San Diego, CA, USA) added to each
well, and the plate was incubated in the dark for 30 min. ROS fluorescence was measured
at 480 nm excitation and 530 nm emission (Synergy H1 Hybrid Multi-Mode Reader, BioTek,
Winooski, VT, USA), with background light subtracted (measured at 530 nm) and hydrogen
peroxide (8.821 M solution, Part No. 234102, Cell BioLabs, San Diego, CA, USA) used as
a positive control with ~25 nM ROS. High ROS values, such as those observed for the
positive control, indicate that the sample has a greater affinity for electrons and a higher
tendency to undergo oxidation (release of electrons), while lower ROS values indicate a
lower affinity for electrons and a higher tendency to undergo reduction (accept electrons).
The ROS analyses of the nickel NPs are reported in Table 2.

Zeta Potential. The zeta potential is a measure of surface charge, which also affects the
surface reactivity, and can be measured in aqueous suspension with DLS. Serial dilutions
of the 1000 ppm stock solution (20 mg nickel NP in 20 mL water or PBS) were prepared and
1 mL was added to a cuvette (Malvern Cuvette Pack with Stoppers, ZEN0118, Malvern,
Westborough, MA, USA) that was placed in a light scattering spectrometer (Malvern Zeta-
sizer Nano ZS Dynamic Light Scattering Spectrometer, Malvern, Westborough, MA, USA)
for analyses (~380–390 nm absorbance and 1.9648 refractive index). Zeta potential values
between −61 and +61 mV indicate the sample is likely to aggregate/agglomerate, while
values above +61 or below −61 indicate stable suspensions and resistance to aggrega-
tion/agglomeration. The zeta potential values for nickel NP suspensions at 100 ppm are
reported in Table 2.

Dispersity Index. DLS was used to determine the dispersity index, an estimate of the
width of the particle size distribution, for the nickel NPs in water and PBS. Serial dilutions
of the 1000 ppm stock solution (20 mg nickel NP in 20 mL water or PBS) were vortexed
for 30 s and added to a cuvette (Malvern Cuvette Pack with Stoppers, ZEN0118, Malvern,
Westborough, MA, USA) that was placed in a light scattering spectrometer (Malvern
Zetasizer Nano ZS Dynamic Light Scattering Spectrometer, Malvern, Westborough, MA,
USA) for analyses (~380–390 nm absorbance and 1.9648 refractive index). Dispersity index
values range from 0 to 1, where a value of 0.0 indicates the sample is monodispersed and
values above 0.2 indicate polydispersion or a wider particle size distribution. Differences in
dispersity indices due to sample preparation (e.g., sonication prior to analysis) can suggest
distinctions between agglomeration and aggregation, where if sonication has a minimal
effect on dispersity index values, it suggests more strongly bonded particles (aggregates)
rather than weakly bonded particles (agglomerates). The dispersity index analyses for
nickel NP suspensions at 100 ppm are reported in Table 2.

Shape and Aggregation/Agglomeration Imaging. Visualization of the aggregates
and/or agglomerates of nickel NPs was conducted with transmission electron microscopy
(TEM) (in water) and scanning electron microscopy (SEM) (dried). For TEM, a drop
of 1000 ppm stock solution (20 mg nickel NP in 20 mL water) was placed on paraffin
film, covered with a copper TEM grid (Lacey Carbon Film, Copper LC200-Cu, Electron
Microscopy Sciences, Hatfield, PA, USA) for 5 min and imaged with TEM (JOEL JEM-
1010 transmission electron microscope, Peabody, MA, USA) at 60 kV. For SEM, a drop of
1000 ppm stock solution (20 mg nickel NP in 20 mL water) of the nickel NP was dried on an
adhesive carbon tab mounted onto an aluminum specimen mount (Aluminum Specimen
Mounts, Electron Microscopy Sciences, Hatfield, PA, USA). Once dry, the specimen mount
was observed for particle shape as well as aggregation/agglomeration, then imaged with
SEM (FEI Focused ION Bean Scanning Electron Microscope Versa 3D, Hillsboro, OR, USA)
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at 30 kV under a high vacuum. The shape and images of aggregation/agglomeration are
reported in Table 2.

Further, optical microscopy (OM) was used to capture images of the nickel particles
in water and PBS, as well as the simulated biological fluids. Nickel particle suspensions
at a concentration of 200 ppm (or 0.2 g/L) in glass flasks were gently hand shaken for
~10–15 s followed by hand inversion three times. Immediately after suspension preparation,
digital photos of flasks containing the suspensions were captured with a cellphone camera.
Approximately 10 µL of the sample was taken from the middle of the suspension and drop
cast onto a microscopy glass slide, then covered with a microscope coverslip to prevent
induced particle agglomeration due to liquid evaporation. The glass slides were transferred
to the optical microscope (Olympus BX51, Olympus Life Science, Tokyo, Japan) for digital
imaging, and the images of the suspensions were captured with a digital camera attached
to the optical microscope (BestScope BHC3-1080P PLUS HDMI Digital Microscope Camera,
Beijing, China). The samples were imaged within 5–10 min after sample preparation to
minimize time-induced particle agglomeration. After a whole-slide sample survey under
microscopy, approximately 10–15 representative optical microscopy images from the glass
slide were taken for each sample. A summary table noting visual observations can be found
in Supplementary Materials, Table S3.

2.3. Bioelution Assay

As described in many other bioaccessibility publications, the bioelution assay mea-
sures nickel release in simplified simulated biological fluids. It is important to note that
these simulated biological fluids do not reflect the complexity of the in vivo environment.
However, relative metal release in these simplified fluids can be validated with in vivo data
to predict relative toxicity as part of a weight-of-evidence approach [3,7,31–34].

The simulated biological extraction fluids represent different routes of potential expo-
sure, with gastric fluid corresponding to oral exposure, perspiration fluid corresponding to
dermal exposure, and both lysosomal and interstitial fluids corresponding to inhalation
exposure. The fluid composition, fluid pH, and duration of the extraction procedure for
each of these fluids are provided in Table 3.

Figure 1 summarizes the bioaccessibility assay. Detailed experimental conditions
and fluid compositions were based on Henderson et al. (2014) [34], with modifications
for the processing of the extraction fluid to isolate the released nickel ions in preparation
for Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) analyses. RTI
International (Research Triangle Park, NC, USA) conducted the bioaccessibility assays as
well as some initial method development to address NP testing.

Extraction Solutions. The simulated biological fluids were freshly prepared with
analytical grade chemicals (according to the fluid compositions in Table 3) just prior to
initiating the bioaccessibility assays. The loading concentration of the nickel particles of
0.2 g/L was achieved by 20 mg of the nickel test substance being weighed into a 250 mL
acid-washed Erlenmeyer flask, followed by the addition of 100 mL of one of the simulated
biological fluids, performed in triplicate for each fluid and type of sample (i.e., each size
and nickel substance) for a total of nine flasks for each nickel substance for each fluid. A
control flask was also prepared that only contained simulated biological fluid for each of
the four fluids. To simulate real-life exposure, no attempts were made to interfere with the
natural agglomeration/aggregation tendency of the NPs in the test fluids. The solutions
were gently swirled by hand and the pH was checked (and adjusted if needed). Additional
pH stabilization for the interstitial fluid required CO2 bubbling for 3–5 min while adjusting
to the desired pH, followed by CO2 purging for 2–3 min to fill the flask headspace (with
replenishment of headspace CO2 for the 72 h extraction timepoint at 24 h). Once at the
appropriate pH, the flasks were sealed with a glass stopper. The glass stopper was covered
with parafilm and the entire flask was covered with aluminum foil.
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Figure 1. Brief summation of the bioelution test used in this study.

Extraction. The light-protected flasks were placed in a pre-heated (37 ◦C for gastric,
interstitial, and lysosomal fluids; 30 ◦C for perspiration fluid) Fisherbrand™ Isotemp™
Shaking Water Bath (Fisher Scientific, Waltham, MA, USA) set to agitate at 100 oscillations
per minute (1 inch stroke length) in the dark to minimize light interference for 2 (1 h shaking
+1 h no shaking), 24, or 72 h, as indicated in Table 3. The time points were chosen based
on previous studies and existing methods [7,32,34–37]. The 2 h extraction for simulated
gastric fluid correlates to the average transit time of food in the stomach [7,34]. The 24
and 72 h extractions for simulated interstitial and lysosomal lung fluids are relevant for
poorly soluble particles which remain in the lung longer and may slowly dissolve in the
interstitium or inside macrophages [7,34,37]. The 24 h extraction for simulated perspiration
fluid correlates to particles not usually remaining on the skin longer than 24 h due to daily
washing. The longer 72 h time point, less relevant for dermal exposure, was included as
it relates to conservative dermal exposure for items potentially worn for prolonged times
(e.g., rings) and beyond the typical exposure duration of 2–4 days for determining dermal
sensitization via patch testing.

Sampling and Ion Separation. At the end of the final extraction period, the tempera-
ture and pH were measured and recorded for each flask prior to sampling. In preparation
for ICP-OES analyses, duplicate 15 mL aliquots (averaged prior to statistical analysis) were
collected at a depth of 2/3 up from the bottom of each flask. Preliminary method devel-
opment for the measurement of metal ion release from NPs included testing of different
filters (or none) and speeds of centrifugation followed by scanning electron microscopy
and energy-dispersive X-ray spectroscopy (SEM/EDX) to detect the presence of particles
in the filtrate and supernatant after particle removal (see Supplementary Materials). This
was conducted for each of the simulated biological fluids. The methods that resulted in
no particles being present in the filtrate or supernatant were used in this study for the
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corresponding fluids prior to ICP-OES analyses to separate non-dissolved particles from
released nickel ions. Studies with the same composition of gastric fluid have shown that
a dissolved NIST Standard Reference Material containing nickel carried through the 2 h
protocol and filtered (0.2 µm filter) showed 100% recovery [38]. This is an indication that
the measurements of nickel in filtrates, and similarly in supernatant, are a reliable repre-
sentation of the released nickel ions. For gastric solutions with NPs, 5 mL was centrifuged
at 3400× g for 6 min, then filtered through a 0.2 µm filter. For lysosomal, interstitial, and
perspiration solutions with NPs, filtration with a 0.2 or 0.45 µm filter was very problematic
as particle agglomeration/aggregation made it difficult to push the solutions through the
filters. Therefore, an approach that did not include filtration yet separated non-dissolved
particles from released nickel ions was implemented, with SEM-EDX qualitatively con-
firming particle–ion separation. For these three fluids, 10 mL was ultracentrifuged at
52,900× g for 60 min, then 5 mL of the supernatant from ultracentrifugation was collected
and further centrifuged at 3400× g for 6 min. Following the second centrifugation, the
supernatant was collected.

Table 3. Simulated biological fluid compositions (based on Henderson et al. [34]) and extrac-
tion period.

Simulated Biological Fluid Composition Fluid-Specific Extraction Period

Gastric
□ Hydrochloric acid (concentrated HCl, 36.5% m/m), 5.9 mL
□ Ultrapure DI water to 1 L
□ Adjust to pH 1.5 w/1 N NaOH

2 h

Lysosomal

□ Sodium chloride, 3.210 g/L
□ Sodium hydroxide, 6.000 g/L
□ Citric acid, 20.800 g/L
□ Calcium chloride, 0.097 g/L
□ Sodium phosphate heptahydrate, 0.179 g/L
□ Sodium sulphate, 0.039 g/L
□ Magnesium chloride hexahydrate, 0.106 g/L
□ Glycine, 0.059 g/L
□ Sodium citrate dihydrate, 0.077 g/L
□ Sodium tartrate dihydrate, 0.090 g/L
□ Sodium lactate, 0.085 g/L
□ Sodium pyruvate, 0.086 g/L
□ Formaldehyde, 1 mL
□ Ultrapure DI water to 1 L
□ Adjust to pH 4.7 ± 0.2 w/2 N HCl or 1 N NaOH

24 and 72 h

Interstitial

□ Magnesium chloride hexahydrate, 0.2033 g/L
□ Sodium chloride, 6.0193 g/L
□ Potassium chloride, 0.2982 g/L
□ Dibasic sodium phosphate (anhydrous), 0.1420 g/L
□ Sodium sulfate (anhydrous), 0.0710 g/L
□ Calcium chloride dihydrate, 0.3676 g/L
□ Sodium acetate trihydrate, 0.9526 g/L
□ Sodium bicarbonate, 2.6043 g/L
□ Sodium citrate dihydrate, 0.0970 g/L
□ Ultrapure DI water to 1 L
□ Adjust to pH 7.4 ± 0.2 w/2 N HCl or 1 N NaOH

24 and 72 h

Perspiration

□ Sodium chloride, 5.0 g/L
□ Urea, 1.0 g/L
□ Lactic acid, 1.06 g/L
□ Ultrapure DI water to 1 L
□ Adjust to pH 6.5 ± 0.5 w/2 N HCl or 1 N NaOH

24 and 72 h
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For all extraction solutions with MPs, a commonly reported protocol was used for
sample preparation, where 10 mL aliquots were filtered through a 0.2 µm filter using a
syringe [34]. All collected samples of all fluids and sizes tested were acidified with 0.1 mL
of concentrated nitric acid (HNO3, 67–70%) in polypropylene tubes and stored at room
temperature in the dark for up to one month until released nickel ions could be measured
(µg Ni/mL) with ICP-OES.

Inductively coupled plasma optical emission spectrometry (ICP-OES) analyses. Nickel
ions were measured in the processed samples with ICP-OES, with the initial output reported
as µg Ni/mL. The results were further expressed based on sample mass as well as sample
surface area (to compare different size samples of the same substance) using the following
calculations:

Results expressed based on mass of substance added:

µg Ni/g = µg Ni/mL (accountfordilutionfactor)× f inal f luid volume (100 mL)
mass o f Ni test substance added (g)

Results expressed based on surface area of substance added:

µg Ni/m2 =
µg Ni/g test substance

substance sur f ace area (m2/g)

2.4. Statistics

To evaluate the nickel ion releases among the 20 nm NP, 80 nm NP, and MP samples,
the ICP results were compared by calculating p-values using the base R functions for an
ANOVA paired with a post hoc Tukey’s HSD analysis. Statistical calculations were based
on n = 3 (bioelution tests were conducted in triplicate, see Figure 1, with duplicate ICP-OES
measurements for each individual sample averaged before statistical analysis).

3. Results
3.1. Physical Characterization

Hydrodynamic particle size measurements of the NP samples in water indicated
agglomeration or aggregation for the metallic nickel and nickel oxide NPs, with sizes at
least 10-fold greater than the primary particle size of the NPs (see Table 1, which presents
results with 100 ppm dilution; the average particle size is dependent on the concentration,
where the particle size is significantly reduced with further dilutions [26]). Similarly, large
hydrodynamic particle size measurements were noted in preliminary method development
analyses with the metallic nickel and nickel oxide NPs in the four simulated fluids [27].
Data for metallic nickel and nickel oxide MPs are included from previous particle size
analyses in canola oil and Isopar G (organic solvent), respectively [39,40], and may not
necessarily reflect particle size in other fluids. However, large particles (≥1 µm) were
observed for both metallic nickel and nickel oxide MP and NP samples in the simulated
fluids via optical microscopy (Supplementary Materials, Table S3).

The specific surface area was higher for the nickel oxide particles compared to the
metallic nickel particles for all sizes tested, as reported in Table 1. However, both metallic
nickel and nickel oxide NPs showed high surface reactivity as measured by ROS, with
values similar to the positive control, and with metallic nickel having higher reactivity than
nickel oxide (see Table 2).

The zeta potential of the nickel NPs evaluated in this study fell within the −61 to
+61 mV range (indicative of agglomeration or aggregation), with lower values (more
negative) in water than in PBS, and lower values for metallic nickel than nickel oxide in
both fluids (see Table 2). In PBS, a very narrow zeta potential range was observed for all
NP test substances, regardless of size, compared to the same analyses in water. Additional
dilutions (0.1, 1, 10, and 1000 ppm) in water [26] and preliminary method development of
zeta potential measurements in each of the four simulated biological fluids [27] are also
consistent and within the −61 to +61 mV range.
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The dispersity indices indicated highly polydispersed particle size distributions for
both metallic nickel and nickel oxide NPs, with similar values in water and PBS for each size
of the same nickel substance (see Table 2). These results are consistent with the overall dis-
persity indices measured in the four different simulated fluids during preliminary method
development, with a few exceptions, indicative of a much narrower particle size distribu-
tion [27]. Additional dilutions (0.1, 1, 10, and 1000 ppm) in water, even if sonicated prior to
analyses, also indicated polydispersion [26]. The dispersity index values for metallic nickel
nanoparticles were very similar whether the samples were sonicated prior to analysis or
not, suggesting aggregated (dense clusters of strongly bonded or fused particles) particles,
whereas values for nickel oxide nanoparticles differed significantly if sonicated, suggesting
agglomerated (clusters of weakly bonded particles and/or aggregates) particles [26].

In all, the measured zeta potentials and dispersity indices are consistent with both
TEM and SEM analyses which depict spherical aggregated metallic nickel NPs and cubic or
rectangular agglomerated nickel oxide NPs (SEM images presented in Table 2). This is con-
sistent with the visible precipitation and optical microscopy observations of both metallic
nickel and nickel oxide particle suspensions in various fluids (Supplementary Materials,
Table S3).

3.2. Bioaccessibility

The ICP-OES analyses were conducted with samples from bioaccessibility testing
of three different-sized metallic nickel and nickel oxide particles: two NPs (20 nm and
80 nm diameter) and an MP (1–15 µm diameter) for each substance. Nickel (2+) ion release
from these particles was measured in four simulated biological fluids (as µg Ni/mL) and
reported based on the mass of the substance (µg Ni/g) (Figures 2–5 and Supplementary
Materials, Tables S5–S8), surface area of the substance (µg Ni/m2), and % nickel released
from the substance (Supplementary Materials, Table S4). The nickel ion release patterns for
µg/mL and % nickel released are very similar to the µg Ni/g data, which are highlighted
and further discussed below (Figures 2–5 and Supplementary Materials, Tables S5–S8). The
results reported based on surface area were provided for additional information. How-
ever, specific surface area measurements in the non-aqueous environment (performed
on dry particles) likely differ from the “effective” surface areas of NPs measured in sim-
ulated biological fluids where the extent and effect of aggregation/agglomeration may
impact the available surface area. The results and discussion below refer to mass nickel
released (µg Ni/g), with the µg Ni/mL, µg Ni/m2, and % nickel released provided as
Supplementary Materials in Table S4.

3.2.1. Nickel Release in Simulated Gastric Fluid

Overall, more nickel was released from metallic nickel particles than nickel oxide
particles in gastric fluid (Figure 2; Supplementary Materials, Table S5). For both metallic
nickel and nickel oxide in gastric fluid, a similar pattern of nickel ion release was observed,
whereas the MPs demonstrated a statistically significant (p < 0.05) higher release of nickel
ions per gram of sample compared to the two NPs of the same substance. In the case of
nickel oxide, MPs showed a >12-fold increase in release compared to the NPs. In addition,
the 20 nm and 80 nm NPs, for both metallic nickel and nickel oxide, released similar levels
of nickel ions (no statistically significant difference) for the two NPs of each substance.

3.2.2. Nickel Release in Simulated Lysosomal Fluid

Overall, the amount of nickel released increased over time in simulated lysosomal
fluid, with more nickel released from metallic nickel particles than nickel oxide particles
(Figure 3; Supplementary Materials, Table S6). Metallic nickel results showed that both
NPs released more nickel ions than MPs at the earlier 24 h extraction (with up to a 4-fold
difference). However, the opposite was shown at the later 72 h extraction time point, with
the MPs releasing more (statistically significant) nickel ions than the two NPs.
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For nickel oxide, the MPs demonstrated a statistically significant higher release of
nickel ions compared to the two NPs at both time points (Figure 3B; Supplementary
Materials, Table S6), but no significant difference was observed between the two NPs.
Approximately 3- and 6-fold less nickel was released from nickel oxide NPs than nickel
oxide MPs after extraction at 24 and 72 h in lysosomal lung fluid, respectively.

Figure 2. Nickel ion release in simulated biological gastric fluid. (A) Nickel ion release from
metallic nickel; (B) nickel ion release from nickel oxide. Numbers in parentheses indicate the fold
difference in release between different particle sizes, with * denoting p < 0.05. Error bars represent
95% Confidence Intervals.

Figure 3. Nickel ion release in simulated biological lysosomal fluid. (A) Nickel ion release from
metallic nickel; (B) nickel ion release from nickel oxide. Numbers in parentheses indicate the fold
difference in release between different particle sizes, with * denoting p < 0.05. Error bars represent
95% Confidence Intervals.
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Figure 4. Nickel ion release in simulated biological interstitial fluid. (A) Nickel ion release from
metallic nickel; (B) nickel ion release from nickel oxide. Numbers in parentheses indicate the fold
difference in release between different particle sizes, with * denoting p < 0.05. Error bars represent
95% Confidence Intervals.

Figure 5. Nickel ion release in simulated biological perspiration fluid. (A) Nickel ion release from
metallic nickel; (B) nickel ion release from nickel oxide. Numbers in parentheses indicate the fold
difference in release between different particle sizes, with * denoting p < 0.05. Error bars represent
95% Confidence Intervals.

3.2.3. Nickel Release in Simulated Interstitial Fluid

In simulated interstitial fluid, the amount of nickel released increased over time for all
particle sizes (Figure 4; Supplementary Materials, Table S7). For metallic nickel, the results
show that both the 20 nm and 80 nm metallic nickel NPs released more (approximately 2- to
4-fold) nickel ions than the MPs at both extraction time points, where the larger 80 nm NPs
demonstrated the highest release with a statistically significant difference from the MPs
(>3-fold difference). The 80 nm metallic nickel NP also released significantly more nickel
ions than the smaller 20 nm NPs at both extraction time points (Figure 4A; Supplementary
Materials, Table S7).

Nickel oxide results showed statistically significant more nickel release from the MPs
than from both NPs, with no difference between the 20 nm and 80 nm NPs. A 2-fold
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difference was observed at the later time point between the MP and two NPs. (Figure 4B;
Supplementary Materials, Table S7).

3.2.4. Nickel Release in Simulated Perspiration Fluid

For metallic nickel, the NPs demonstrated a statistically significant higher release
of nickel ions than the MPs at the 24 h time point (>2-fold difference) (Figure 5A;
Supplementary Materials, Table S8). A similar pattern was observed at 72 h, though
this timepoint is not as relevant for dermal exposure (Supplementary Materials, Figure
S10A). Similarly, for nickel oxide, the NPs released more nickel ions than the MPs at
24 h, with statistical significance observed between the 80 nm NPs and the MPs. At a
later, less relevant time point (72 h), the opposite trend was exhibited with MPs releasing
more nickel ions than the NPs (Supplementary Materials, Figure S10B). Although there
were some instances of statistically significant differences between the nickel oxide NPs
and MPs, the differences between the nickel oxide particle sizes at 24 h were <1.5-fold
(Figure 5B).

4. Discussion

In general, adverse health effects associated with metal-containing substances (includ-
ing those containing nickel) are considered to be associated with the bioavailability of metal
ions to intracellular target areas [1,2]. Bioavailability is, in turn, dependent on metal release,
referred to as bioaccessibility when measured in synthetic body fluids. Therefore, it makes
sense that the relative bioaccessibility of metal substances in simulated biological fluids can
be used as an estimate of relative bioavailability. This has already been reported for MPs of
nickel metal-containing materials for the oral and inhalation routes of exposure as well as
for other metal-containing materials [7,10,11,17,41–43]. For the dermal route of exposure,
classification of nickel-containing alloys as dermal sensitizers under the Classification,
Labelling and Packaging (CLP) Regulation (EC) No 1272/2008 is based on the absolute
bioaccessibility (release) of nickel in simulated perspiration fluid, setting a precedent for the
use of bioaccessibility data for classification. This regulation uses absolute bioaccessibility
(release rate) in a standardized protocol to compare to a nickel release limit that has been
derived by measuring nickel release associated with clinical patch test reactivity [44].

For other routes of exposure and endpoints lacking data to support release limits
associated with toxicity thresholds, assessing the relative bioaccessibility of different forms
or sizes of the same metal-containing substance can be helpful, as long as the metal ion is
associated with the observed toxicity. Fewer bioaccessibility and standardized toxicity test
data are available for nano forms of nickel substances. The research presented in this paper
aimed to (1) compare nickel ion release from nickel NPs and nickel MPs for each substance
and simulated fluid (bioaccessibility) and (2) identify potential physical and/or chemical
drivers for differences observed in results.

4.1. Nickel Ion Release

Nickel release from various particle sizes of metallic nickel and nickel oxide were
measured in different simulated biological fluids relevant for the main three routes of
exposure: oral (gastric fluid), inhalation (lysosomal and interstitial fluids), and dermal
(perspiration fluid). As mentioned earlier, the analyses presented in this study were
conducted without extensive dispersion or sonication protocols that can result in particle
deagglomeration. Rather, this study reflects the true nature of NPs (to agglomerate or
aggregate) as it pertains to true-to-life human exposure scenarios.

The results in gastric fluid show that both metallic nickel and nickel oxide NPs are less
bioaccessible than their larger MP counterparts. However, the relative difference between
the metallic nickel MPs and NPs was <1.5-fold, whereas with nickel oxide the MPs released
>12-fold more nickel than nickel oxide NPs. Our nickel oxide MP releases were comparable
to those reported by Henderson et al. (2012) [3], while our metallic nickel MP releases
were 4-fold lower than those reported by Heim et al. [7] and Wang et al. [43] at 2 and 4 h,
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respectively. While absolute releases can be comparable or differ between studies of a
particular particle size, relative differences between MPs and NPs of the same substance
would be of more value when comparing studies to assess the commonly held view that
due to their inherent physical properties (e.g., smaller particle size, larger surface area, etc.),
NPs are expected to release more metal ions than MPs.

In lysosomal fluid, the metallic nickel MPs showed a 12-fold higher nickel release at
72 h than at 24 h. Heim et al. (2020) tested the same type of metallic nickel MPs in lysosomal
fluid and reported the same phenomenon, with a 16-fold increase in release between 24
and 72 h [7]. The high nickel ion release from metallic nickel MPs observed in our study at
later timepoints was reported in other studies with different metallic nickel MPs and/or at
different time points, including Latvala et al. (2016), Mazinanian et al. (2013), and Wang
et al. (2020) [4,20,43]. Additionally, at 24 h, the metallic nickel NPs released more nickel
ions than the metallic MPs, whereas at 72 h, metallic nickel MPs released significantly more
nickel ions than the NPs. Latvala et al. (2016) tested two different metallic nickel MPs and
one NP at 24 h where, comparable to our study, the NP released more nickel than one of
the MPs and released a similar amount as the other MP [20].

For nickel oxide particles in lysosomal fluid, the results were similar to gastric fluid
and consistently showed that the larger MPs released more nickel ions than the nickel oxide
NPs (3- and 6-fold less nickel release after extraction at 24 and 72 h, respectively). Latvala
et al. (2016) reported a higher release for nickel oxide NPs [20], in comparison with our
results. For nickel oxide (black) MPs, comparable bioaccessibility data are not available
in the published literature. As previously mentioned, future studies reporting relative
differences between MP and NP bioaccessibility could be very informative.

Interestingly, for both the interstitial and perspiration fluids, the overall nickel releases
were lower compared to the gastric and lysosomal fluids. Additionally, in most instances,
the metallic nickel NPs released more nickel ions compared to the metallic nickel MPs in
both fluids, with large differences of 2- to 4-fold. However, for nickel oxide, the releases
from NPs and MPs in these two fluids demonstrated opposing trends: the nickel oxide NPs
released fewer nickel ions in interstitial fluid (compared to the MPs, with a 2-fold difference
at the later time point), while releasing more nickel ions than MPs in perspiration fluid. Ad-
ditionally, for metallic nickel MPs in interstitial fluid, the Heim et al. (2020) study reported
similar nickel ion release (less than 2-fold difference) to our study at 24 h, though they
reported much greater (4.8-fold) nickel ion release than our data at 72 h [7]. For perspiration
fluid, nickel releases from metallic nickel MPs in our study were comparable with those
reported in Wang et al., 2020 [43], although the exposure times differed. Mazinanian et al.
(2013) reported much lower (<0.2% of initial content) nickel releases for metallic nickel MPs
in interstitial fluid, yet a similar release for the same metallic nickel MPs used in our study
(while reporting a higher release for a different metallic nickel MP) in perspiration fluid [4].
A similar comparison with nickel oxide (black) MPs and metallic nickel or nickel oxide NPs
is not possible due to the limited published data in interstitial or perspiration fluids.

The differences in the overall nickel release as well as the observed patterns for gastric
and lysosomal fluids versus the observed patterns for interstitial and perspiration fluids,
suggest that nominal particle size (NP and MP) and surface area are not the only driving
forces contributing to nickel ion release. Other physicochemical characteristics of the
particles as well as characteristics of the simulated biological fluids may help explain some
of the unexpected differences observed with the metallic nickel and nickel oxide particles
in the four simulated biological fluids.

4.2. Potential Physical and Chemical Drivers of Nickel Release

Metal release through oxidation and dissolution can be a complex process affected
by characteristics of both the particle (e.g., size, chemical composition, surface reactivity,
agglomeration, etc.) and the aqueous fluid in which it is tested (e.g., fluid composition,
fluid pH, etc.) [5,45,46]. The potential influence of some of these factors is reviewed below.
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4.2.1. Surface Area

Nickel ion release results per surface area were corrected for BET-measured specific
surface area (see Supplementary Materials, Table S4). If only the specific surface area drives
nickel release, the results corrected by surface area would be expected to be similar across
different size particles/surface area of a given nickel substance (if produced by the same
method) and particles with a larger specific surface area would be expected to release
more nickel ions. Additionally, for particles that agglomerate (weakly bound particles),
the resulting external surface area is expected to be similar to the sum of the surface areas
of the individual particles. However, this did not always hold true in our studies. For
example, the nickel oxide MPs unexpectedly had a much larger reported specific surface
area than the nickel oxide NPs, which would suggest that the nickel oxide MPs would
release more nickel ions, but this was not observed at the 24 h timepoint in perspiration
fluid. Additionally, metallic nickel NPs exhibited a larger specific surface area compared to
the metallic nickel MPs; thus, greater nickel ion release would be expected from the NPs.
However, this was not the case for the metallic nickel particles in gastric fluid or at the later
timepoint in lysosomal fluid. This suggests that specific surface area (measured by BET) is
not the only factor driving nickel ion release, at least in some fluids.

Although other studies have discussed the potential importance of considering particle
surface area in relation to nanoparticle dissolution and toxicity [11,46–51], most often, the
specific surface area of the particle rather than the effective surface area of the particle is
discussed. Unlike the BET specific surface area, which measures dry particles, the effective
surface area is measured in a biologically relevant fluid and should more accurately reflect
the particle surface area specific to the particular aqueous environment or simulated
biological fluid. Attempts to obtain the effective surface area (as well as hydrodynamic
particle diameter) in the four simulated biological fluids were unsuccessful due to various
technical issues, (e.g., instability of particle suspensions, sample preparation/manipulation,
pH of fluids, etc.). This calls for further exploration into the suitability and/or criteria for
correcting metal releases based on the BET specific surface area when comparing releases
of different nickel substances as well as the development of modified techniques specific
for NPs. This is particularly important in cases with expected agglomeration and/or
aggregation, such as NP size substances.

4.2.2. Agglomeration/Aggregation

Effective surface area is affected by agglomeration and aggregation. In general, NPs
have a natural tendency to agglomerate and aggregate, as observed from the hydrodynamic
particle sizes measured in water (and preliminary measurements in the simulated fluids).
The manufacturer’s size description is based on the individual primary particles in a dry
state, whereas the hydrodynamic size includes agglomerates/aggregates in fluid, rather
than individual primary particles. Thus, the hydrodynamic particle size is expected to
differ from the manufacturer’s size description of dry individual (or primary) particles
because particle size measurements in fluid are impacted by the type or content of the
particles, concentration of particles in the fluid, physicochemical properties of the particles,
and the fluid pH, all of which can affect the natural tendency of NPs to agglomerate or
aggregate. If agglomerated or aggregated NPs reach sizes similar to MPs, some similarities
may be expected in terms of nickel release. However, this was not a general trend we
observed, although there were a few scenarios that seemed to align with this notion. In
most scenarios, we did not observe significant differences in nickel release between the
80 nm and 20 nm NPs, even though they are at different ends of the spectrum in terms of
NP size available on the market, and theoretically, the larger 80 nm NPs could agglomerate
or aggregate to a size more reflective of MPs.

The tendency of nickel NPs to agglomerate or aggregate to different extents in aqueous
fluids likely depends on various particle and fluid characteristics, as reflected in the zeta
potential, dispersity index, and electron microscopy observations in water and/or PBS
(also observed in preliminary method development measurements in the four simulated
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biological fluids [27]). This behavior could impact the release of nickel ions in certain
fluids. Optical microscopy observations of both metallic nickel and nickel oxide particles
in the fluids tested here showed a small variation in the size of the agglomerates and/or
aggregates with no consistent trend for a particular fluid or a particular type of particle.
Therefore, the data reported in Table 2 (zeta potential and dispersity index) obtained in
water and PBS may be representative of data (Supplementary Materials, Table S3) for most
of the particle sizes and fluids. Nevertheless, the agglomerates and/or aggregates observed
via optical microscopy for both sizes of the metallic nickel and nickel oxide NPs in various
fluids (see Supplementary Materials, Table S3) appeared to be in the micron size range,
comparable to the respective MPs evaluated in this study.

4.2.3. Surface Reactivity

Differences in nickel release could be due to several particle-specific factors, includ-
ing characteristics of the surface oxidic layer (e.g., passivation, which refers to a thicker,
less reactive surface layer) and/or concentration overpotential (essentially, the impact
of ligand–metal interactions on nickel ion release) in simulated biological fluids and cell
media [11,13,20,37,52,53]. Another point to keep in mind is that for the same substance, the
production method of the MPs can differ from the method used to generate NPs and that
can also affect surface characteristics as well as metal release. Generally, smaller particles
have a higher surface-to-volume ratio (surface area), which can increase particle surface
energy and possibly increase biological reactivity [28]. High surface reactivity, as measured
by ROS, was noted for all of the NPs (see Table 2) and would suggest that NPs are more
reactive and could dissolve faster, releasing more nickel ions than larger MPs. However,
our in vitro bioaccessibility results do not suggest an overall high surface reactivity of NPs
across all fluids when compared to MPs. In this study, we only collected surface reactivity
data for the NPs and only in water. It is unclear how or if the ROS results for the NPs
would differ if analyzed in the four simulated biological fluids and how the ROS results for
the MPs would compare.

4.2.4. Potential Influence of Simulated Biological Fluid Characteristics

Overall, the acidic fluids had the most nickel release, with gastric fluid (pH 1.5) and
lysosomal fluid (pH 4.7) releasing the most nickel ions (higher dissolution), followed
by significantly lower releases from interstitial (pH 7.4) and perspiration (pH 6.5) fluids.
Although higher bioaccessibility in acidic fluids was observed for all particles, stronger
effects were observed for the metallic nickel particles (compared to nickel oxide particles)
as well as the larger MPs (compared to the NPs).

Latvala et al. (2016) reported very high (68–100%) nickel ion release from metallic
nickel powder in artificial lysosomal fluid compared to the very low amount (1–3%) released
in cell culture media, further supporting the impact of the fluid or media tested [20]. Other
researchers have also observed higher nickel release in the mildly acidic lysosomal fluid;
the higher release in this fluid could be due to the interaction of the citric acid rather than
only the pH of the solution [7,37,43,54]. However, this explanation does not apply to the
high nickel releases observed in gastric fluid. Some research suggests that for gastric fluid,
the pH alone could be the primary or driving factor [3].

Lundborg et al. (1984, 1985) further supports the potential impact of environmental pH
on metal ion release, reporting that more manganese ions were dissolved from manganese
dioxide in cell culture medium containing alveolar macrophage lysosomes (a low pH
environment) compared to cell-free culture medium (a neutral pH environment) [55,56].
Various fluid components such as pH, composition (e.g., citric acid), or even the presence
of certain cell types in culture media could impact dissolution (or metal ion release). How
these factors interact with each other as well as with nickel substances (complexation), such
as the impact of pH on surface reactivity (oxidic layer passivation, ROS, etc.), should be
further explored with regard to metal ion release.
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4.3. Predictability of In Vivo Toxicity of Nickel Oxide and Metallic Nickel Based on Observed
Nickel Release Results

Metal releases in simulated fluids cannot be used in isolation to predict absolute
in vivo metal bioavailabilities and/or toxicities. These data, however, can be useful for
assessing relative toxicities between substances of the same metal when toxicity is known to
be associated with metal ion release (e.g., for grouping and read across, for assessing metal
release matrix effects in alloys, etc.). These assessments are valid when existing in vivo data
demonstrate a consistent relationship between metal release and bioavailability and/or
toxicity. Below, predictions of relative acute toxicity of various forms of nickel oxide and
metallic nickel, based on the in vitro metal release data generated here are compared to
existing in vivo data. Datagaps are identified when data are lacking.

4.3.1. Oral Route

Bioaccessibility in gastric fluid has been shown to strongly correlate with and predict
relative acute oral toxicity of various nickel-containing substances in the micron size
range [3]. If this holds true for nickel NPs, then our bioaccessibility results would predict
lower acute oral toxicity for nickel oxide MPs and NPs than metallic nickel MPs and NPs.
Considering our gastric bioaccessibility data (using the % nickel extracted as reported in
Supplementary Materials, Table S4) for nickel oxide and metallic nickel MPs and NPs and
the regression curve reported in Henderson et al. [3], the predicted acute oral toxicity LD50
would be approximately 5000 to 12,000 mg/kg bw for nickel oxide (black) and ~1300 to
3500 mg/kg for metallic nickel samples.

When looking at existing in vivo data, the acute oral LD50s for nickel oxide (black) in
rats was found to be 9990 mg/kg bw for MPs [57] and >5000 mg/kg for NPs [57], which
are within the range of the predicted values noted above (5000 to 12,000 mg/kg bw) based
on our bioaccessibility results. The same nickel oxide MP and NP samples were evaluated
in Lyons-Darden et al. 2023 [57] and in this paper. Published studies with other samples
of nickel oxide NPs indicated an LD50 >1000 and >2000 mg/kg for the Ali, 2019 [58] and
Dumala et al. 2017 [59] studies, respectively. For nickel oxide NP studies, the doses tested
were not high enough to calculate a specific LD50 value for comparison with the MP LD50.
However, considering the limited in vivo data available with various nickel oxide samples,
it is clear that the overall range (even the lowest value) of LD50s reported for nickel oxide
(black) MPs and NPs indicates low toxicity according to the Globally Harmonized System
of Classification and Labelling of Chemicals (GHS) criteria and suggests that nano-specific
toxicity effects are not significant, if present at all. Therefore, this supports that a metal
release range within gastric fluid could be used to estimate relative in vivo acute toxicities
of various particle sizes of nickel oxide powders.

Although there are no acute toxicity studies with the same metallic nickel metal sam-
ples tested in our study, a recent study with other metallic nickel NPs (primary diameter
of 40 nm according to manufacturer) reported an LD50 of 1600 mg/kg bw [60]. Unfortu-
nately, we lack gastric bioaccessibility data for that sample, and more than one data point
is needed to assess if a potential relationship exists between metal release and the in vivo
acute toxicity of metallic nickel for the oral route.

In general, our results show that nickel oxide MPs and NPs release less nickel than
metallic nickel in gastric fluid and these findings are consistent with the limited available
in vivo data showing very low acute oral toxicity for nickel oxide. Nano-specific effects
increasing the acute oral toxicity of nickel oxide nanoforms are not apparent in vivo. Similar
evaluations were not possible for metallic nickel due to the lack of published data.

4.3.2. Inhalation Route

Interstitial fluid corresponds to fluid in the lower region of the lungs [34,37]. All the
particles we tested are of a size expected to reach (to some extent) the alveolar region of
the lung if inhaled. It is important to remember that while metal ion bioavailability after
inhalation contributes significantly to systemic toxicity, local effects in the respiratory tract
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can also be induced by the particles themselves. Heim et al. (2020) reported that cobalt
release in interstitial fluid appeared to correlate better with the acute inhalation toxicity of
cobalt-containing alloys (micron size range) than cobalt release in lysosomal fluid [7]. With
this in mind, our 24 h interstitial fluid bioaccessibility data suggest that nickel oxide MPs
and NPs may have similar acute inhalation toxicity, with a <1.5-fold difference in release
between these samples. This is consistent with the results from our recently published
acute inhalation studies in rats [57], with the same nickel oxide (black) samples tested here.
The study reported an LC50 > 8.30 mg/L and >5.42 mg/L, respectively, for nickel oxide
MPs and NPs following a 4 h exposure. The nickel oxide MP and NP doses tested in vivo
were not high enough to calculate definitive LC50s; however, the values reported suggest
very low toxicity for both nickel oxide MPs and NPs according to the GHS classification
criteria. The in vivo data do not indicate increased toxicity of the nickel oxide nanoforms,
ruling out nano-specific toxic effects.

Similarly, our 24 h bioaccessibility data in interstitial fluid predict similar acute
toxicity for metallic nickel MPs and 20 nm NPs, since the NPs released only 2-fold more
nickel ions in interstitial fluid than MPs; a higher toxicity may be expected for the 80 NPs
that released ~5-fold more nickel ions than MPs. However, with limited availability of
in vivo OECD guideline acute inhalation studies for metallic nickel NPs, correlations
between acute inhalation toxicity and interstitial fluid bioaccessibility data cannot be made
at this time.

Lysosomal fluid represents the medium that the particles encounter upon uptake into
macrophages present in the lungs. Rats, in particular, are susceptible to toxicity effects
secondary to impaired macrophage particle clearance after repeated exposures to high
concentrations of poorly soluble particles. Lysosomal fluid could be considered more
closely linked and possibly predictive of long-term lung toxicity effects after repeated
inhalation exposure to poorly soluble particles. Unfortunately, long-term toxicity studies
with nickel oxide (black) MPs and NPs as well as metallic nickel NPs are lacking. In
their absence, no firm conclusions can be made on the correlation between bioaccessibility
results in lung fluids and in vivo chronic toxicity. We should also consider that nickel
release is only one parameter that contributes to chronic inhalation toxicity of particulates,
and that particle-related effects are also possible. Thus, other evidence, such as short-term
in vivo toxicity studies, need also to be considered to predict chronic toxicity using a
weight-of-evidence approach.

4.3.3. Dermal Route

For the dermal route of exposure, classification of nickel-containing alloys as dermal
sensitizers under the European Union Classification, Labelling and Packaging (CLP) Regu-
lation ((EC) No 1272/2008), is based on the absolute release (bioaccessibility) of nickel per
surface area (cm2) in a standardized simulated perspiration fluid (EN 1811:2011+A1) [61].
This release value is compared with the release limit of 0.5 µg/cm2/week (derived from
the nickel release level that correlated with nickel allergic dermatological symptoms in
humans) [44]. This use of metal release for classification sets a precedent for the use of
release in data for classification.

In perspiration fluid, nickel release expressed as µg/m2 (data provided as additional
Supplementary Materials, Table S4) from metallic nickel NPs was lower at both time points
than from the MPs. For nickel oxide, the opposite was true. However, it is not clear how
these values compare to the release limit and symptoms in humans since this limit was
derived using massive forms of metallic nickel and alloys and the standardized test is for
168 h (1 week).

When expressed as percent nickel released, as shown for the other fluids in this
paper, both metallic nickel and nickel oxide NPs released more than their corresponding
MPs at 24 h. Observations at a later 72 h time point (aligned with patch test exposures
typically lasting 2–5 days to determine dermal sensitization; data provided as additional
Supplementary Materials, Tables S4 and S6) exhibited different bioaccessibility trends for
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metallic nickel and nickel oxide particles. The percent nickel release results for metallic
nickel align with research that suggested potentially greater in vitro dermal absorption for
a metallic nickel NP compared to an MP in a similar study with lower pH conditions [62].
With nickel substances (micron size) generally regarded as dermal sensitizers [4], it is
predicted that nickel NPs would also take on this classification if they are in direct and
prolonged contact with the skin.

4.4. Future Studies and Data Gaps

Based on the present results in the four simulated biological fluids, we made prelimi-
nary predictions of the toxicity of nickel NPs. However, some of our results have prompted
the need for further exploration of various contributing factors to nickel bioaccessibility
from NPs and to the correlation between in vitro nickel release and in vivo effects.

While most of the specific particle characteristics for the NPs were evaluated in either
water or PBS, a qualitative examination of particle behavior in the four simulated biological
fluids evaluated in this study indicate that none of the simulated fluids show consistently
large differences in particle behavior from those observed in water or PBS. This could be
further explored with observations at later timepoints to match the bioaccessibility data
(e.g., 2, 24, or 72 h) and determine if significant differences in particle behavior (e.g., agglom-
eration or aggregation) occur over time. For some quantitative particle characteristics, it is
unclear if the results would differ if measured in the simulated biological fluids evaluated
in this study. The hydrodynamic particle size, a determinant of the strength or degree
of agglomeration, could be included in a comprehensive investigation of the impact and
factors related to particle agglomeration or aggregation in the simulated biological fluids,
which could be important for the interpretation of bioaccessibility results. Similarly, this
study includes the BET specific surface area, typically measured in a non-aqueous environ-
ment. However, measuring the “effective surface area” in specific biological fluids could be
more relevant if correcting the results based on surface area. Another particle characteristic
for further analysis is surface reactivity. It is specifically noted that surface reactivity (as
measured by ROS) was only collected for the NPs in water, though obtaining results in the
simulated biological fluids could also be informative. Technical issues prevented us from
collecting reliable particle characteristic results (e.g., hydrodynamic particle size, effective
surface area, surface reactivity) in the four biological fluids, suggesting the need for further
method developments.

Bioaccessibility in gastric fluid has been shown to strongly correlate and predict the
acute oral toxicity of MPs of inorganic nickel substances [3]. Other studies have also
evaluated the bioaccessibility of metal MPs and metal-containing alloys as a suitable option
to reduce animal studies [7,17,34,41,43]. Additionally, efforts are ongoing to approve a
draft OECD gastric metal release test guideline specifically for metal-containing alloys and
inorganic metal substances. However, the use of relative bioaccessibility as a predictor of
relative toxicity for NPs has yet to be fully investigated. Although there are a number of
published animal toxicity studies with metallic nickel and nickel oxide NPs that look at
endpoints such as inflammation and reactive oxygen species [63], there are few published
OECD guideline (or other guideline) acute (with mortality as the primary toxicity endpoint)
and no long-term guideline toxicity animal studies to effectively assess these predictions
for metallic nickel or nickel oxide (black) NPs.

5. Conclusions

Although there is still more work to do, our research shows that metal bioaccessibility
not only depends on an NP’s inherent physical–chemical characteristics, but that fluid
characteristics and experiment variables must be considered when interpreting the results.
Importantly, our bioaccessibility data for both metallic nickel and nickel oxide NPs in
gastric fluid, as well as nickel oxide NPs in both lysosomal and interstitial fluids, suggest
that in certain environments, the NPs are not likely to release more nickel ions and therefore
are not predicted to be more hazardous than their larger MP counterparts. Existing in vivo
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oral and inhalation relative toxicity data obtained with the same nickel oxide MPs and
NPs are consistent with the predictions of low acute toxicity based on bioaccessibility data
in gastric and lung fluids, in that nano-specific toxicity effects did not appear to result
in increased acute toxicity. This work contributes to the body of research supporting the
general and regulatory acceptance of bioaccessibility data as part of a weight-of-evidence
toxicity assessment of inorganic substances.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano14100877/s1. A description of the method development for
selecting a separation method and confirming particle and ion separation is provided. Table S1 is a
summary of the different methods tested for particle–ion separation. Table S2 is a summary of the
final particle–ion separation method chosen for each particle–fluid combination. Figure S1 describes
the experimental procedures for particle–ion separation. Figures S2–S5 are representative SEM images
and EDX spectra showing the results for two of the particle–ion separation methods for two different
fluids (lysosomal and perspiration). Figures S6–S9 show representative SEM images and EDX spectra
of residue substance after extraction solution evaporation of gastric, interstitial, lysosomal, and
perspiration fluids, respectively. Table S3 is a summary of visual observations and optical microscopy
for the nickel particles in various fluids. Table S4 is a comparison of the bioaccessibility results
reported as µg/mL, µg/g, µg/m2, and % nickel extracted. Table S5 is a table presenting the nickel
ion release (µg Ni/g sample) in gastric fluid. Table S6 is a table presenting the nickel ion release
(µg Ni/g sample) in lysosomal fluid. Table S7 is a table presenting the nickel ion release (µg Ni/g
sample) in interstitial fluid. Table S8 is a table presenting the nickel ion release (µg Ni/g sample) in
perspiration fluid. Figure S10 presents nickel ion release per gram of substance (based on mass) at
72 h in simulated biological perspiration fluid.

Author Contributions: Conceptualization, formal analysis, methodology (bioelution), writing, and
review: T.L.-D., K.E.H. and A.R.O.; methodology (nanoparticle characterization, bioelution, particle–
ion separation), investigation, and review: L.H. (Li Han) and L.H. (Laura Haines); methodology
(nanoparticle characterization) and review: C.M.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors wish to thank Elizabeth T. Middleton of NiPERA for her contribution
to the statistical analysis.

Conflicts of Interest: Authors Lyons-Darden and Heim are (and author Oller was previously)
employed by the funding organization, NiPERA Inc. Authors Han and Haines of RTI International
conducted the bioaccessibility study and some additional physicochemical analyses. Author Sayes of
CS Consulting and Baylor University conducted the initial physicochemical analyses. The authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

References
1. Goyer, R.; Clarkson, T. Toxic effects of metals. In Cassarett and Doull’s Toxicology: The Basic Science of Poisons, 5th ed.; Klaassen, C.,

Ed.; McGraw-Hill: New York, NY, USA, 1996; pp. 691–736.
2. Tokar, E.; Boyd, W.; Freedman, J.; Waalkes, M. Toxic effects of metals. In Casarett and Doull’s Toxicology: The Basic Science of Poisons,

8th ed.; Klaassen, C., Ed.; McGraw-Hill Education, LLC: New York, NY, USA, 2013; pp. 981–1030.
3. Henderson, R.G.; Cappellini, D.; Seilkop, S.K.; Bates, H.K.; Oller, A.R. Oral bioaccessibility testing and read-across hazard

assessment of nickel compounds. Regul. Toxicol. Pharmacol. 2012, 63, 20–28. [CrossRef] [PubMed]
4. Mazinanian, N.; Hedberg, Y.; Odnevall Wallinder, I. Nickel release and surface characteristics of fine powders of nickel metal and

nickel oxide in media of relevance for inhalation and dermal contact. Regul. Toxicol. Pharmacol. 2013, 65, 135–146. [CrossRef]
5. Midander, K.; Pan, J.; Wallinder, I.O.; Heim, K.; Leygraf, C. Nickel release from nickel particles in artificial sweat. Contact Dermat.

2007, 56, 325–330. [CrossRef] [PubMed]
6. Oller, A.R.; Cappellini, D.; Henderson, R.G.; Bates, H.K. Comparison of nickel release in solutions used for the identification of

water-soluble nickel exposures and in synthetic lung fluids. J. Environ. Monit. 2009, 11, 823–829. [CrossRef]

https://www.mdpi.com/article/10.3390/nano14100877/s1
https://www.mdpi.com/article/10.3390/nano14100877/s1
https://doi.org/10.1016/j.yrtph.2012.02.005
https://www.ncbi.nlm.nih.gov/pubmed/22369872
https://doi.org/10.1016/j.yrtph.2012.10.014
https://doi.org/10.1111/j.1600-0536.2007.01115.x
https://www.ncbi.nlm.nih.gov/pubmed/17577373
https://doi.org/10.1039/b820926j


Nanomaterials 2024, 14, 877 22 of 24

7. Heim, K.E.; Danzeisen, R.; Verougstraete, V.; Gaidou, F.; Brouwers, T.; Oller, A.R. Bioaccessibility of nickel and cobalt in synthetic
gastric and lung fluids and its potential use in alloy classification. Regul. Toxicol. Pharmacol. 2020, 110, 104549. [CrossRef]
[PubMed]

8. Dutton, M.D.; Vasiluk, L.; Ford, F.; Perco, M.B.; Taylor, S.R.; Lopez, K.; Bolger, G.T.; Gopalapillai, Y.; Hale, B. Towards an exposure
narrative for metals and arsenic in historically contaminated Ni refinery soils: Relationships between speciation, bioavailability,
and bioaccessibility. Sci. Total Environ. 2019, 686, 805–818. [CrossRef]

9. Vasiluk, L.; Dutton, M.D.; Hale, B. In vitro estimates of bioaccessible nickel in field-contaminated soils, and comparison with
in vivo measurement of bioavailability and identification of mineralogy. Sci. Total Environ. 2011, 409, 2700–2706. [CrossRef]
[PubMed]

10. Dutton, M.D.; Thorn, R.; Lau, W.; Vasiluk, L.; Hale, B. Gastric bioaccessibility is a conservative measure of nickel bioavailability
after oral exposure: Evidence from Ni-contaminated soil, pure Ni substances and Ni alloys. Environ. Pollut. 2021, 268 Pt A, 115830.
[CrossRef]

11. Wang, X.; Herting, G.; Wei, Z.; Odnevall Wallinder, I.; Hedberg, Y. Bioaccessibility of nickel and cobalt in powders and massive
forms of stainless steel, nickel- or cobalt-based alloys, and nickel and cobalt metals in artificial sweat. Regul. Toxicol. Pharmacol.
2019, 106, 15–26. [CrossRef]

12. Hillwalker, W.E.; Anderson, K.A. Bioaccessibility of metals in alloys: Evaluation of three surrogate biofluids. Environ. Pollut. 2014,
185, 52–58. [CrossRef] [PubMed]

13. Hedberg, Y.; Mazinanian, N.; Odnevall Wallinder, I. Metal release from stainless steel powders and massive sheets--comparison
and implication for risk assessment of alloys. Environ. Sci. Process. Impacts 2013, 15, 381–392. [CrossRef]

14. European Union (EU). Nickel Directive: European Parliament and Council Directive 94/27/EC of 30 June 1994: Amending for
the 12th time Directive 76/769/EEC on the approximation of the laws, regulations and administrative provisions of the Member
States relating to restrictions on the marketing and use of certain dangerous substances and preparations. Off. J. Eur. Commun. L
1994, 188, 1–2.

15. EN 1811:1998; Reference Test Method for Release of Nickel from Products Intended to Come into Direct and Prolonged Contact
with the Skin. European Comission for Standardisation (CEN): Brussels, Belgium, 1998.

16. European Commission (EC). Regulation (EC) No 1272/2008 of the European Parliament and of the Council of 16 December
2008 on Classification, Labelling and Packaging of Substances and Mixtures, Amending and Repealing Directives 67/548/EEC
and 1999/45/EC, and Amending Regulation (EC) No 1907/2006. ANNEX VI. Harmonised Classification and Labelling for
Certain Hazardous Substances. 2008. Available online: https://eurlex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:
02008R1272-20170101&from=EN (accessed on 1 May 2019).

17. Danzeisen, R.; Williams, D.L.; Viegas, V.; Dourson, M.; Verberckmoes, S.; Burzlaff, A. Bioelution, bioavailability, and toxicity of
cobalt compounds correlate. Toxicol. Sci. 2020, 174, 311–325. [CrossRef]

18. Lombaert, N.; Mackie, C.; Verougstraete, V.; Brouwers, T.; Van Assche, F.; Oller, A. Use of bioelution as a screening tool for
characterisation of substances. Am. J. Anal. Chem. (Online) 2018, 9, 134–149. [CrossRef]

19. Eskes, C.; Corsini, E.; Hanley, V.; Karadjova, I.; Kopp-Schneider, A.; Suh, M.; Alves, P.; Clewell, R.; Cotgreave, I.; Navas, J.; et al.
ESAC Opinion on the Scientific Validity of the Bioelution Test Method; Viegas Barroso, J., Ed.; EUR 30281 EN; Publications Office of the
European Union: Luxembourg, 2020; ISBN 978-92-76-20004-8. [CrossRef]

20. Latvala, S.; Hedberg, J.; Di Bucchianico, S.; Möller, L.; Odnevall Wallinder, I.; Elihn, K.; Karlsson, H.L. Nickel release, ROS
generation and toxicity of Ni and NiO micro- and nanoparticles. PLoS ONE 2016, 11, e0159684. [CrossRef]

21. Bakand, S.; Hayes, A. Toxicological considerations, toxicity assessment, and risk management of inhaled nanoparticles. Int. J. Mol.
Sci. 2016, 17, 929. [CrossRef] [PubMed]

22. Frohlich, E. Cellular targets and mechanisms in the cytotoxic action of non-biodegradable engineered nanoparticles. Curr. Drug
Metab. 2013, 14, 976–988. [CrossRef] [PubMed]

23. Nel, A.; Xia, T.; Madler, L.; Li, N. Toxic potential of materials at the nanolevel. Science 2006, 311, 622–627. [CrossRef]
24. Haynes, W.M. CRC Handbook of Chemistry and Physics: A Ready-Reference Book of Chemical and Physical Data, 96th ed.; CRC Press:

Boca Raton, FL, USA, 2015.
25. Zatka, V. Verifying the composition of certain commercial nickel compounds. Regul. Toxicol. Pharmacol. 1991, 13, 87–98. [CrossRef]
26. CS Consulting. Nickel Nanoparticle Detection and Characterization Project (Unpublished Study Report); CS Consulting: Baylor, TX,

USA, 2017.
27. RTI International. Preliminary Method Development Observations of Zeta Potential, Dispersity Index, and Electron Microscopy for Nickel

Metal and Nickel Oxide Nanoparticles in Gastric, Lysosomal, Interstitial, and Perspiration Fluids (Unpublished Method Development
Observations); RTI International: Research Triangle Park, NC, USA, 2019.

28. Oberdorster, G.; Maynard, A.; Donaldson, K.; Castranova, V.; Fitzpatrick, J.; Ausman, K.; Carter, J.; Karn, B.; Kreyling, W.; Lai, D.;
et al. Principles for characterizing the potential human health effects from exposure to nanomaterials: Elements of a screening
strategy. Part. Fibre Toxicol. 2005, 2, 8. [CrossRef]

29. Sayes, C.M.; Warheit, D.B. Characterization of nanomaterials for toxicity assessment. Wiley Interdiscip. Rev. Nanomed. Nanobiotech-
nol. 2009, 1, 660–670. [CrossRef]

30. Powers, K.W. Research Strategies for Safety Evaluation of Nanomaterials. Part VI. Characterization of Nanoscale Particles for
Toxicological Evaluation. Toxicol. Sci. 2006, 90, 296–303. [CrossRef]

https://doi.org/10.1016/j.yrtph.2019.104549
https://www.ncbi.nlm.nih.gov/pubmed/31811877
https://doi.org/10.1016/j.scitotenv.2019.05.164
https://doi.org/10.1016/j.scitotenv.2011.03.035
https://www.ncbi.nlm.nih.gov/pubmed/21531008
https://doi.org/10.1016/j.envpol.2020.115830
https://doi.org/10.1016/j.yrtph.2019.04.017
https://doi.org/10.1016/j.envpol.2013.10.006
https://www.ncbi.nlm.nih.gov/pubmed/24212234
https://doi.org/10.1039/C2EM30818E
https://eurlex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02008R1272-20170101&from=EN
https://eurlex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02008R1272-20170101&from=EN
https://doi.org/10.1093/toxsci/kfz249
https://doi.org/10.4236/ajac.2018.93012
https://doi.org/10.2760/023005
https://doi.org/10.1371/journal.pone.0159684
https://doi.org/10.3390/ijms17060929
https://www.ncbi.nlm.nih.gov/pubmed/27314324
https://doi.org/10.2174/1389200211314090004
https://www.ncbi.nlm.nih.gov/pubmed/24160294
https://doi.org/10.1126/science.1114397
https://doi.org/10.1016/0273-2300(91)90043-U
https://doi.org/10.1186/1743-8977-2-8
https://doi.org/10.1002/wnan.58
https://doi.org/10.1093/toxsci/kfj099


Nanomaterials 2024, 14, 877 23 of 24

31. Henderson, R.G.; Durando, J.; Oller, A.R.; Merkel, D.J.; Marone, P.A.; Bates, H.K. Acute oral toxicity of nickel compounds. Regul
Toxicol. Pharmacol. 2012, 62, 425–432. [CrossRef] [PubMed]

32. ASTM (American Society for Testing and Materials). Standard test method for determining extractability of metals from art
materials. In ASTM, Annual Book of ASTM Standards; ASTM: Philadelphia, PA, USA, 2014; Volume 06.02, p. D5517-14.

33. Verougstraete, V.; Danzeisen, R.; Viegas, V.; Marsh, P.; Oller, A. A tiered approach to investigate the inhalation toxicity of cobalt
substances. Tier 1: Bioaccessibility testing. Regul. Toxicol. Pharmacol. 2022, 129, 105124. [CrossRef]

34. Henderson, R.G.; Verougstraete, V.; Anderson, K.; Arbildua, J.J.; Brock, T.O.; Brouwers, T.; Cappellini, D.; Delbeke, K.; Herting, G.;
Hixon, G.; et al. Inter-laboratory validation of bioaccessibility testing for metals. Regul. Toxicol. Pharmacol. 2014, 70, 170–181.
[CrossRef]

35. Stopford, W.; Turner, J.; Cappellini, D.; Brock, T. Bioaccessibility testing of cobalt compounds. J. Environ. Monit. 2003, 5, 675–680.
[CrossRef]

36. US EPA. SW-846 Test Method 1340: In Vitro Bioaccessibility Assay for Lead in Soil. 2017. Available online: https://www.epa.
gov/hw-sw846/sw-846-test-method-1340-vitro-bioaccessibility-assay-lead-soil (accessed on 29 October 2023).

37. Innes, E.; Yiu, H.H.P.; McLean, P.; Brown, W.; Boyles, M. Simulated biological fluids—A systematic review of their biological
relevance and use in relation to inhalation toxicology of particles and fibres. Crit. Rev. Toxicol. 2021, 51, 217–248. [CrossRef]
[PubMed]

38. Brouwers, T.; (BioXQ bv, Hasselt, Belgium). Metal Release Study in Simulated Gastric Fluid. Personal communication, 2023.
39. Particle Technology Labs (PTL). Malvern Mastersizer Histogram Report: Nickel Metal (N36-PTL). PTL Sample File: 4968 (Unpublished

Sample Analysis Report); Particle Technology Labs: Downers Grove, IL, USA, 2002.
40. Particle Technology Labs (PTL). Malvern Mastersizer Analysis Report: Nickel Oxide Black (N105.11-PTL). PTL ID: 87590 (Unpublished

Sample Analysis Report); Particle Technology Labs: Downers Grove, IL, USA, 2011.
41. Delbeke, K.; Baken, S.; Simbor, L.P.; Rodriguez, P.H.; Brouwers, T.; Verougstraete, V.; Binks, S.; Oller, A.; Danzeisen, R.; Gilles,

M. Copper alloys’ metal migration and bioaccessibility in saliva and gastric fluid. Regul. Toxicol. Pharmacol. 2020, 117, 104754.
[CrossRef]

42. Stockmann-Juvala, H.; Hedberg, Y.; Dhinsa, N.K.; Griffiths, D.R.; Brooks, P.N.; Zitting, A.; Wallinder, I.O.; Santonen, T. Inhalation
toxicity of 316L stainless steel powder in relation to bioaccessibility. Hum. Exp. Toxicol. 2013, 32, 1137–1154. [CrossRef] [PubMed]

43. Wang, X.; Odnevall Wallinder, I.; Hedberg, Y. Bioaccessibility of nickel and cobalt released from occupationally relevant alloy and
metal powders at simulated human exposure scenarios. Ann. Work Expo. Health 2020, 64, 659–675. [CrossRef]

44. Menné, T.; Brandup, F.; Thestrup-Pedersen, K.; Veien, N.K.; Andersen, J.R.; Yding, F.; Valeur, G. Patch test reactivity to nickel
alloys. Contact Dermat. 1987, 16, 255–259. [CrossRef] [PubMed]

45. Bierkandt, F.S.; Leibrock, L.; Wagener, S.; Laux, P.; Luch, A. The impact of nanomaterial characteristics on inhalation toxicity.
Toxicol. Res. 2018, 7, 321–346. [CrossRef] [PubMed]

46. Teeguarden, J.G.; Hinderliter, P.M.; Orr, G.; Thrall, B.D.; Pounds, J.G. Particokinetics in vitro: Dosimetry considerations for
in vitro nanoparticle toxicity assessments. Toxicol. Sci. 2007, 95, 300–312. [CrossRef] [PubMed]

47. Duffin, R.; Tran, L.; Brown, D.; Stone, V.; Donaldson, K. Proinflammogenic effects of low-toxicity and metal nanoparticles in vivo
and in vitro: Highlighting the role of particle surface area and surface reactivity. Inhal. Toxicol. 2007, 19, 849–856. [CrossRef]
[PubMed]

48. Noël, A.; Truchon, G.; Cloutier, Y.; Charbonneau, M.; Maghni, K.; Tardif, R. Mass or total surface area with aerosol size distribution
as exposure metrics for inflammatory, cytotoxic and oxidative lung responses in rats exposed to titanium dioxide nanoparticles.
Toxicol. Ind. Health 2017, 33, 351–364. [CrossRef] [PubMed]

49. Schmid, O.; Stoeger, T. Surface area is the biologically most effective dose metric for acute nanoparticle toxicity in the lung.
J. Aerosol. Sci. 2016, 99, 133–143. [CrossRef]

50. Utembe, W.; Potgieter, K.; Stefaniak, A.B.; Gulumian, M. Dissolution and biodurability: Important parameters needed for risk
assessment of nanomaterials. Part. Fibre Toxicol. 2015, 12, 11. [CrossRef] [PubMed]

51. Warheit, D.B.; Reed, K.L.; Sayes, C.M. A role for nanoparticle surface reactivity in facilitating pulmonary toxicity and development
of a base set of hazard assays as a component of nanoparticle risk management. Inhal. Toxicol. 2009, 21 (Suppl. S1), 61–67.
[CrossRef] [PubMed]

52. Hahn, A.; Fuhlrott, J.; Loos, A.; Barcikowski, S. Cytotoxicity and ion release of alloy nanoparticles. J. Nanopart Res. 2012, 14, 1.
[CrossRef]

53. Hedberg, Y.; Hedberg, J.; Liu, Y.; Wallinder, I.O. Complexation- and ligand-induced metal release from 316L particles: Importance
of particle size and crystallographic structure. Biometals 2011, 24, 1099–1114. [CrossRef]

54. Hedberg, Y.; Midander, K. Size matters: Mechanism of metal release from 316L stainless steel particles is governed by size-
dependent properties of the surface oxide. Mater. Lett. 2014, 122, 223–226. [CrossRef]

55. Lundborg, M.; Eklund, A.; Lind, B.; Camner, P. Dissolution of metals by human and rabbit alveolar macrophages. Br. J. Ind. Med.
1985, 42, 642–645. [CrossRef] [PubMed]

56. Lundborg, M.; Lind, B.; Camner, P. Ability of rabbit alveolar macrophages to dissolve metals. Exp. Lung Res. 1984, 7, 11–22.
[CrossRef] [PubMed]

57. Lyons-Darden, T.; Blum, J.L.; Schooley, M.W.; Ellis, M.; Durando, J.; Merrill, D.; Oller, A.R. An assessment of the oral and
inhalation acute toxicity of nickel oxide nanoparticles in rats. Nanomaterials 2023, 13, 261. [CrossRef] [PubMed]

https://doi.org/10.1016/j.yrtph.2012.02.002
https://www.ncbi.nlm.nih.gov/pubmed/22333739
https://doi.org/10.1016/j.yrtph.2022.105124
https://doi.org/10.1016/j.yrtph.2014.06.021
https://doi.org/10.1039/b302257a
https://www.epa.gov/hw-sw846/sw-846-test-method-1340-vitro-bioaccessibility-assay-lead-soil
https://www.epa.gov/hw-sw846/sw-846-test-method-1340-vitro-bioaccessibility-assay-lead-soil
https://doi.org/10.1080/10408444.2021.1903386
https://www.ncbi.nlm.nih.gov/pubmed/33905298
https://doi.org/10.1016/j.yrtph.2020.104754
https://doi.org/10.1177/0960327112472354
https://www.ncbi.nlm.nih.gov/pubmed/23690226
https://doi.org/10.1093/annweh/wxaa042
https://doi.org/10.1111/j.1600-0536.1987.tb01448.x
https://www.ncbi.nlm.nih.gov/pubmed/3621926
https://doi.org/10.1039/c7tx00242d
https://www.ncbi.nlm.nih.gov/pubmed/30090585
https://doi.org/10.1093/toxsci/kfl165
https://www.ncbi.nlm.nih.gov/pubmed/17098817
https://doi.org/10.1080/08958370701479323
https://www.ncbi.nlm.nih.gov/pubmed/17687716
https://doi.org/10.1177/0748233716651560
https://www.ncbi.nlm.nih.gov/pubmed/27256293
https://doi.org/10.1016/j.jaerosci.2015.12.006
https://doi.org/10.1186/s12989-015-0088-2
https://www.ncbi.nlm.nih.gov/pubmed/25927337
https://doi.org/10.1080/08958370902942640
https://www.ncbi.nlm.nih.gov/pubmed/19558235
https://doi.org/10.1007/s11051-011-0686-3
https://doi.org/10.1007/s10534-011-9469-7
https://doi.org/10.1016/j.matlet.2014.02.034
https://doi.org/10.1136/oem.42.9.642
https://www.ncbi.nlm.nih.gov/pubmed/4041393
https://doi.org/10.3109/01902148409087905
https://www.ncbi.nlm.nih.gov/pubmed/6510375
https://doi.org/10.3390/nano13020261
https://www.ncbi.nlm.nih.gov/pubmed/36678015


Nanomaterials 2024, 14, 877 24 of 24

58. Ali, A.A. Evaluation of some biological, biochemical, and hematological aspects in male albino rats after acute exposure to the
nano-structured oxides of nickel and cobalt. Environ. Sci. Pollut. Res. Int. 2019, 26, 17407–17417. [CrossRef] [PubMed]

59. Dumala, N.; Mangalampalli, B.; Chinde, S.; Kumari, S.I.; Mahoob, M.; Rahman, M.F.; Grover, P. Genotoxicity study of nickel oxide
nanoparticles in female Wistar rats after acute oral exposure. Mutagenesis 2017, 32, 417–427. [CrossRef] [PubMed]

60. Shipelin, V.A.; Shumakova, A.A.; Trushina, E.N.; Mustafina, O.K.; Masyutin, A.G.; Kolobanov, A.I.; Sokolov, I.E.; Gmoshinski, I.V.;
Khotimchenko, S.A.; Nikityuk, D.B. Peroral toxicological assessment of two-dimensional forms of nickel nanoparticles sized
between 20 and 120 nm. Nanomaterials 2022, 12, 3523. [CrossRef] [PubMed]

61. EN 1811:2011+A1; Test Method for Release of Ni from All Post Assemblies Which Are Inserted into Pierced Parts of the Human
Body and Articles Intended to Come into Direct and Prolonged Contact with the Skin. European Comission for Standardisation
(CEN): Brussels, Belgium, 2015.

62. Crosera, M.; Adami, G.; Mauro, M.; Bovenzi, M.; Baracchini, E.; Larese Filon, F. In vitro dermal penetration of nickel nanoparticles.
Chemosphere 2016, 145, 301–306. [CrossRef]

63. More, S.L.; Kovochich, M.; Lyons-Darden, T.; Taylor, M.; Schulte, A.M.; Madl, A.K. Review and evaluation of the potential health
effects of oxidic nickel nanoparticles. Nanomaterials 2021, 11, 642. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11356-019-05093-2
https://www.ncbi.nlm.nih.gov/pubmed/31020524
https://doi.org/10.1093/mutage/gex007
https://www.ncbi.nlm.nih.gov/pubmed/28387869
https://doi.org/10.3390/nano12193523
https://www.ncbi.nlm.nih.gov/pubmed/36234651
https://doi.org/10.1016/j.chemosphere.2015.11.076
https://doi.org/10.3390/nano11030642

	Introduction 
	Materials and Methods 
	Test Substances 
	Physical and Chemical Characterization of Nickel NPs 
	Bioelution Assay 
	Statistics 

	Results 
	Physical Characterization 
	Bioaccessibility 
	Nickel Release in Simulated Gastric Fluid 
	Nickel Release in Simulated Lysosomal Fluid 
	Nickel Release in Simulated Interstitial Fluid 
	Nickel Release in Simulated Perspiration Fluid 


	Discussion 
	Nickel Ion Release 
	Potential Physical and Chemical Drivers of Nickel Release 
	Surface Area 
	Agglomeration/Aggregation 
	Surface Reactivity 
	Potential Influence of Simulated Biological Fluid Characteristics 

	Predictability of In Vivo Toxicity of Nickel Oxide and Metallic Nickel Based on Observed Nickel Release Results 
	Oral Route 
	Inhalation Route 
	Dermal Route 

	Future Studies and Data Gaps 

	Conclusions 
	References

