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A B S T R A C T

Exposure to metal oxide nanomaterials potentially occurs at the workplace. We investigated the toxicity of two
Fe-oxides: Fe2O3 nanoparticles and nanorods; and three MFe2O4 spinels: NiZnFe4O8, ZnFe2O4, and NiFe2O4

nanoparticles. Mice were dosed 14, 43 or 128 μg by intratracheal instillation. Recovery periods were 1, 3, or 28
days. Inflammation – neutrophil influx into bronchoalveolar lavage (BAL) fluid – occurred for Fe2O3 rods (1
day), ZnFe2O4 (1, 3 days), NiFe2O4 (1, 3, 28 days), Fe2O3 (28 days) and NiZnFe4O8 (28 days). Conversion of
mass-dose into specific surface-area-dose showed that inflammation correlated with deposited surface area and
consequently, all these nanomaterials belong to the so-called low-solubility, low-toxicity class. Increased levels
of DNA strand breaks were observed for both Fe2O3 particles and rods, in BAL cells three days post-exposure. To
our knowledge, this is, besides magnetite (Fe3O4), the first study of the pulmonary toxicity of MFe2O4 spinel
nanomaterials.

1. Introduction

Fe2O3, and M-Fe2O4 spinel nanomaterials (M= e.g. Nix,Zn1-x), are
relatively low cost-materials and have several technically interesting
physicochemical properties, which make them widely used in different
industrial productions. The Fe2O3 polymorphs hematite (α-Fe2O3) and
maghemite (γ-Fe2O3) and MFe2O4 spinels generally have photocatalytic
and photoelectron-catalytic properties (AlSalka et al., 2019). Maghe-
mite and MFe2O4 spinels also show paramagnetic to superparamagnetic
(NiFe2O4 and ZnFe2O4) behaviour (Phumying et al., 2013). Conse-
quently applications of MFe2O4 spinels include magnetic resonance
imaging enhancement (Bárcena et al., 2008), magnetic recording media
(Kubo et al., 1982), gas sensing (Gopal Reddy et al., 2000), electro-
chemical sensing (Hosni et al., 2018), photo-catalysis (Hosni et al.,

2018), as well as in environmental remediation and biomedical appli-
cations (Ito et al., 2005; Latorre and Rinaldi, 2009; Prasad et al., 2017).
Fe2O3 and MFe2O4 are also strong colorants with Fe2O3 being listed as
one of the most used nanomaterials used in Europe (100,000–1,000,000
metric tonnes per year) with uses in coating products, fillers, putties,
plasters, modelling clay, non-metal-surface treatment products and
metal surface treatment products (ECHA, 2019).

Due to the wide-spread use and relative high production volumes of
Fe2O3 and MFe2O3 polymorphs, there is high risk of human inhalation
exposure (Ding et al., 2017; Ham et al., 2015; Koponen et al., 2015;
Martin et al., 2015; Xing et al., 2015). Even-though Fe2O3 and iron
spinels are considered low-soluble low toxicity materials, their catalytic
properties and presence of Ni and Zn, and Fe trigger a need for elabo-
rate knowledge of their toxicity. In addition, Fe-oxides and -spinels may
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occur in different shapes such as fibres. Low-solubility high-aspect ratio
nanomaterials have raised concern due to their potential asbestos-like
properties (Poland et al., 2008). The pulmonary toxicity of iron oxide
particles (Fe2O3) has been extensively studied. In these inhalation stu-
dies no-observed-adverse-effect concentrations were between 0.1 and
32mg/m3 (Pauluhn, 2012, 2009; Pauluhn and Wiemann, 2011;
Srinivas et al., 2012; Lijuan et al., 2010; Zhou et al., 2003); in in-
tratracheal instillation studies no-observed-adverse-effect levels of
Fe2O3 were 0.8 and 2mg/kg bw by (Pirela et al., 2013; Zhu et al.,
2008). In contrast, the toxicological knowledge on MFe2O4 nanoma-
terials is sparse. Toxicity in vitro has been reported (Al-Qubaisi et al.,
2013; Aziz et al., 2018; Tomitaka et al., 2009); but apart from that,
current hazard assessments of such MFe2O4 polymorphs have to be
based on the assessment of pulmonary toxicity of each element sepa-
rately. Fe, Ni and Zn. Ni compounds are classified as carcinogenic to
humans by IARC (IARC, 2012); and their pulmonary toxicity has been
reported in several investigations (Dunnick et al., 1995; Horie et al.,
1985; Johansson et al., 1992; NTP, 1996; Oller et al., 2008). Likewise,
the pulmonary toxicity of ZnO particles has been addressed
(Adamcakova-Dodd et al., 2015; Chen et al., 2015; Chuang et al., 2014;
Conner et al., 1988; Hadrup et al., 2019a, 2019b; Ho et al., 2011;
Jacobsen et al., 2015; Larsen et al., 2016)

To address the knowledge gap on the hazard of MFe2O4 nanoma-
terials and role of their different toxic elements and thereby strengthen
the scientific basis for potential read-across, we compared the pul-
monary toxicity of: αFe2O3 particles (20−60 nm in diameter); αFe2O3

rods (outer diameter: 40−150 nm, length 250−600 nm); ZnFe2O4

particles (15−30 nm); NiFe2O4 particles (20−30 nm); NiZnFe4O8 par-
ticles (10−30 nm); and, included carbon black Printex 90 particles (CB)
(14 nm) as a positive control. These materials were administered to
mice by a single intratracheal instillation; after recovery periods of 1, 3,
or 28 days, pulmonary inflammation and levels of DNA strand breaks
were assessed.

2. Materials and methods

2.1. Materials

The nanomaterials were obtained from NanoAmor (Houston, TX,
USA) and were 1) αFe2O3 particle, diameter 20−60 nm (Fe2O3), 2)
αFe2O3 rod, diameter: 40−150 nm, length: 250−600 nm (Fe2O3 rod),
3) Ni0.5Zn0.5Fe2O4, diameter: 10−30 nm in diameter (NiZnFe4O8); 4)

ZnFe2O4, diameter: 15−30 nm; 5) NiFe2O4, diameter: 20−30 nm
(NiFe2O4) (Table 1). Carbon black Printex 90 particles (CB) served as a
reference particle enabling the benchmarking to previous studies
(Bourdon et al., 2012b; Halappanavar et al., 2015; Jacobsen et al.,
2011, 2007; Moller et al., 2015; Poulsen et al., 2017, 2016; Saber et al.,
2012b, 2016, 2012a, 2012c; Vesterdal et al., 2010). Printex-90 carbon
black (CB) nanoparticles were a gift from Evonik Degussa (Essen,
Germany). The diameter was 14 nm and the specific surface area was
295–338 m2/g (Jacobsen et al., 2008b; Saber et al., 2005). It was
composed of 99% C, 0.8% N, and 0.01% H, and the total content of
polycyclic aromatic hydrocarbons was 0.07mg/g (Jacobsen et al.,
2007).

2.2. Dispersion procedures

Nanomaterials were dispersed following the so-called ENPRA dis-
persion protocol using 0.2 μm filtered, γ-irradiated Nanopure Diamond
UV water (Pyrogens:< 0001 EU/ml, total organic carbon:< 3.0 ppb)
containing 2% mouse serum (Jensen and Kembouche, 2014). The
amount of particles was 2.56mg/mL, corresponding to at a dose of
128 μg/mouse after instillation of a 50 μL volume. The suspension was
then continuously sonicated on ice-bath for 16min by use of a Branson
Sonifier S-450D (Branson Ultrasonics Corp., Danbury, CT) equipped
with a 13 nm disruptor horn (Model number: 101-147-037, Branson
Ultrasonics Corp., Danbury, CT, USA). To obtain the two lowest doses
the highest dose was diluted 3- and 9 fold, respectively, and these lower
doses were re-sonicated 2min each. To assure particle homogeneity,
the suspension was administered to the animals within one hour.

2.3. Material characterisation

The hydrodynamic size distributions of the different nanomaterial
suspensions were determined via Dynamic Light Scattering (DLS) on a
Malvern Zetasizer Nano ZS (Malvern Instruments, UK). The data were
analysed in the Dispersion Technology Software v5.0 (Malvern
Instruments, UK). Size distributions were measured at 25 °C directly on
the instillation suspensions. For the calculation of hydrodynamic size,
the following values were used: Dispersion refractive index: 1.33;
Materials refractive index: 2.9; Viscosity 1.12 cP; Material absorption:
0.1. Crystalline phases were determined by the X-ray powder diffrac-
tion XRD method on a Bruker D8 Advanced diffractometer in reflection
mode with Bragg-Brentano geometry. The analysis were made using

Table 1
Physical chemical characterisation of nanomaterials.

Nanomaterials αFe2O3 particle αFe2O3 rod NiZnFe4O8 ZnFe2O4 NiFe2O4 Carbon black (CB)

NRCWE-Code NRCWE-018 NRCWE-019 NRCWE-020 NRCWE-021 NRCWE-022 Printex-90
Source NanoAmor NanoAmor NanoAmor NanoAmor NanoAmor Degussa‐Hüls
Stock # 2520TR 8004NJ 4115FY 5710FY 4110FY n/a
Size data [nm] 20-60a 40−130×250-600a 10-30a 15-30a 20-30a 14
DLS size (Z-average) [nm] 97 215 197 98 180 n/a
XRD phase hematite hematite isometric

magnetite
isometric
magnetite

isometric
magnetite

n/a

XRD-size [nm] 80 72 12 10 16 14 nm (Jacobsen et al., 2008a, 2008b;
Saber et al., 2005)

Relative density; δ [g/cm3] 5.24a 5.3b ∼5.2a ∼5.1a 5.368a n/a
BET SSA [m2/g] 27.7 27.4 104 87.7 86.9 229-338 (Jacobsen et al., 2008b; Saber

et al., 2005)
BET-size= 6000/(BET x δ) [nm] 40.9 41.3 11.1 13.4 12.9 n/a
TGA<110 °C [wt%] 1.97c 2.19c 3.03c n/a 3.04c n/a
Water loss [wt%] Oven method 1.02c 2.28c 2.74c n/a 2.61c n/a
LOI> 110 °C [wt%] Oven method 3.1c 3.12c 3.28c n/a 3.21c n/a
Total mass-loss [wt%] 4.12 5.4 6.02 5.5d 5.82c n/a
Chemical purity [wt%] 98a > 99a 98.5a 98.5a 98.5a n/a

n/a designates: not available. a) Information from vendor; b) Assumed value from webmineral.com c)(Clausen et al., 2019); d) Unpublished TGA-data data (10 °C/min;
room temperature to 1000 °C, not corrected for boyancy) generated by R. Birkedal at the National Research Centre for the Working Environment as part of the EU FP7
NANODEVICE project.
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CuKα1 X-rays (1.5406 Å) generated using a sealed Cu X-ray tube run at
40 kV and 40mA. The analyses were made in the stepping mode step-
ping 0.02 ° 2°per second and data were collected using a linear PSD
detector (Lynx-eye) with opening angle 3.3°. Crystallite sizes were
calculated by Rietveld refinement from the data using the Topas 4.1
software (Bruker, Bremen, Germany). The specific surface areas were
determined by the Brünauer Emmett and Teller (BET) analysis a com-
mercial service from Quantachrome (Germany) using a Quantachrome
Quadrasorb, resp. Quantachrome Autosorb-3 apparatus using nitrogen
at 77 K as multipoint BET after degassing at 300 °C.

2.4. Animal procedures and differential counting

All animal procedures complied with the EC Directive 86/609/EEC
and Danish law regulating experiments with animals (The Danish
Ministry of Justice, Animal Experiments Inspectorate permission 2006/
561–1123). Female C57BL/6 J BomTac mice, 7 weeks of age, and with
a bw of 19 ± 1.5 g were obtained from Taconic Europe (Ejby,
Denmark). Upon arrival the animals were randomised to cages con-
taining either control animals or cages containing nanomaterial ad-
ministered animals (n=6 per cage and n= 6 per treatment group).
Caging conditions were as previously described (Jacobsen et al., 2015).
Briefly, the animals had ad libitum access to food (Altromin no. 1324,
Christian Petersen, Denmark) and tap water. Housing was provided
using polypropylene cages with Enviro-Dri bedding (Brogaarden, Gen-
tofte, Denmark) and cage enrichment was MS wood blocks (Bro-
gaarden, Gentofte, Denmark) and hides (Mouse House, Scanbur, Karl-
slunde, Denmark). The room temperature was 20 ± 2 °C and the
humidity was 50 ± 20%. The animals were kept under a 12 h light:
12 h dark cycle (on from 6 a.m. to 6 p.m.). The mice were allowed one
week of acclimatisation, before being administered nanomaterials by
single intratracheal instillation as previously described (Jackson et al.,
2011). In brief, the mice were anaesthetised by 4% isoflurane inhala-
tion while placed on a heating plate. A volume of 50 μL particle sus-
pension (or vehicle control, 2% mouse serum in nanopure water) was
instilled followed by 150 μL air using an SGE glass syringe (250F-LT-GT,
MicroLab, Aarhus, Denmark). Subsequently, breathing was monitored
in order to assure that airways were not blocked. The doses were 14 μg/
mouse (0.7mg/kg bw), 43 μg/mouse (2.1mg/kg bw) and 128 μg/
mouse (6.4 mg/kg bw), except for CB for which the dose was 162 μg/
mouse (8.1 mg/kg bw). After an exposure period of 1, 3 or 28 days the
mice were euthanised using subcutaneous injection of Zoletil-Fentanyl.
Then the thorax was opened and macroscopic abnormalities such as
discolorations, ascites or bleeding were monitored. BAL was recovered
by flushing the lungs twice each using 1mL saline /25 g bw as described
in (Kyjovska et al., 2015a, 2015b; Wallin et al., 2017). The BAL fluid
was kept on ice until separation of fluid and cells by centrifugation at
400 x g at 4 °C for 10min. Cells were re-suspended in 100 μL HAM-F12
medium (Prod no. 21765037, Invitrogen, Carlsbad, CA, USA) with 10%
foetal bovine serum (Prod no. 10106169, Invitrogen, Carlsbad, CA,
USA). For comet assay, 40 μl of this resuspension was added 160 μL of
90% HAMF12, 10% FBS, 1% Dimethyl sulfoxide and stored at −80 °C
until analyses. For immune cell differential counting, 40 μL of the fresh
resuspension was collected on microscope slides by centrifugation, 55
xg, 4min using a Cytofuge 2 (StatSpin, Bie and Berntsen, Rødovre,
Denmark). Cells on the slides were fixed for 5min in 96% ethanol and
stained with May-Grünwald-Giemsa stain. Slides were randomized and
blinded before differentiation and counting of 200 cells per slide. The
number of neutrophils as well as the number of other cell types was
recorded. The total number of cells in the resuspension was measured
with a NucleoCounter NC-200 (Chemometec, Allerød, Denmark) Live/
Dead Assay. Due to a technical error in the Cytofuge 2, the differential
cell counts failed for a number of animals as there were insufficient cell
numbers on the slides. This resulted in the exclusion of a number of BAL
cell composition determinations per exposures group. Lung and liver
were recovered and snap frozen in liquid nitrogen and stored frozen

until comet assay.

2.5. Analysis of DNA strand break levels by comet assay

Levels of DNA strand breaks were assessed in BAL cells and lung and
liver tissue as tail percent DNA, measured by comet assay using the
IMSTAR Pathfinder system as previously described (Jackson et al.,
2013). Negative and positive controls included on all slides were A549
cells, exposed to 0 and 60 μM H2O2 respectively. These were included to
monitor day-to-day variation and efficacy of each individual electro-
phoresis.

2.6. Thermodynamic chemical reaction modelling to assess the potential
dissolution and redox activity of the of the Fe2O3 and the MFe2O4 spinel
nanomaterials in the airways

This modelling was done using the Geochemist Workbench® v.11
(Bethke and Yeakel, 2018). Calculations were made considering a low-
Ca Gambles solution (Guldberg et al., 2003) as a model for the lung
lining fluid. The NM concentrations used in the calculations were de-
rived considering the installed particle concentration and the liquid
volumes in the lung lining. In the lung, a total surfactant layer volume
of 13.4 μL was assumed considering a lung area of 670 cm3 and a 0.2 μm
thick surfactant layer. However, due to the 50 μL instillation volume, a
total of 13.4+50=63.4 μL assumed a in the lung for the first 24 h
after which, normal volume of 13.4 μL was assumed. Consequently, the
average instilled particle concentrations in the lung lining fluids during
instillation were on day 1: 0.2, 0.7 and 2.0 μg/μL and on day 2 to 28:
1.1, 3.2 and 9.6 μg/μL ignoring any uptake of nanomaterials by mac-
rophages. Calculations were made of the contribution of electrons (pE
= -Log([e]) to the lung-lining fluids and released elemental con-
centration in the lung lining fluid as function of dose. Mineral satura-
tion limits (Q/K) given as quantity (Q) over solubility product (K) were
calculated as function of dose to assess test material stabilities and the
potential for phase transformations. The thermodynamic data for the
calculations were taken from the Geochemist Workbench® v.11 data-
bases, except for NiZnFe4O8, that did not exist in the database. There-
fore, calculations for NiZnFe4O8 were made considering a 1:1 ratio of
NiFe2O4:ZnFe2O4 and should be considered indicative. In the calcula-
tions, pH and temperature was fixed to 7.4 and 37 °C, respectively and
the oxygen fugacity was set to 0.13. As a start for all calculations, the
test substances and Fe was set free to vary and Cl− to charge balance.
Finally, the initial element concentrations of test materials were set to
1e-9mmol/kg Gambles solution to allow calculations.

2.7. Statistical analysis

Physicochemical analyses were represented as ordinary arithmetic
averages and standard deviations as calculated following default
equations in MicroSoft Excel. Statistics in the animal study were cal-
culated using the Graph Pad Prism 7.02 software package (Graph Pad
Software Inc., La Jolla, CA, USA). Data were first tested for normality
using the Shapiro-Wilk test. The t-test and the ANOVA test are robust
against deviations from normality, therefore these were performed
unless the p value of the Shapiro Wilks test was very low (p < 0.001);
or unless the standard deviation was deemed very different. This was
done using the F test (for two sample comparisons) or Brown-Forsythe
test for three or more treatment groups (p < 0.001). The latter tests
were calculated because the t-test and the ANOVA are somewhat sen-
sitive to differences in standard deviation. In case of these described
deviations in normality or in standard deviations, non-parametric Mann
Whitney test (two groups) or Kruskall-Wallis (more than two groups)
was applied. The data were tested so that each particle type was tested
independently against the vehicle control. In order to assess differences
in-between groups in one-way ANOVA or Kruskall-Wallis test, multiple
comparisons post tests were applied. These were Holm-Sidak’s multiple
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Fig. 1. TEM images of the investigated nanomaterials.
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comparisons test (ANOVA) or Dunn’s multiple comparisons test
(Kruskall-Wallis test).

3. Results

3.1. Physical chemical characterisation

The two hematite and ferrite spinel materials were all confirmed by
X-ray diffraction analysis and average crystallite sizes calculated by
Rietveld refinement were in general agreement with the information
provided by the vendor (Table 1). Only the Fe2O3 particle had larger
XRD-size (80 nm) than the reported physical size. However, theoretical
spherical diameters – calculated from the specific surface areas and the
materials’ relative densities – were smaller and within reported size
ranges (Table 1). Regarding solubility, the levels of dissolved elements
in bio-durability assays were not significant for Fe in Fe2O3 particles
and Fe2O3 rods and for Fe, Ni and Zn in NiZnFe4O8 (data not shown).
Transmission electron microscopy (TEM) analysis confirmed the rod-
like morphology of the Fe2O3 rods and the approximately spherical
shape of the other nanomaterials (Fig. 1).

3.2. Neutrophil numbers in BAL

Total cell counts in BAL as well as cell distribution by cell type are
presented in Supplementary Materials (Table S1). At day 1 post-ex-
posure, Fe2O3 rods and NiZnFe4O8 at highest dose, and ZnFe2O4 and
NiFe2O4 at the two highest doses showed increased neutrophil numbers
(Fig. 2). With increasing recovery time the absolute number of neu-
trophils decreased, but statistically significant levels remained at 3 days
for the highest dose levels of ZnFe2O4 and NiFe2O4 (Fig. 2). At day 28
post-exposure, neutrophil influx into BAL fluid was elevated for Fe2O3

particles, NiZnFe4O8 and NiFe2O4 particles at highest dose (Fig. 2). At
all three time points, the positive control (162 μg CB) increased neu-
trophil numbers in BAL as previously reported (Bengtson et al., 2017;
Hadrup et al., 2017; Kyjovska et al., 2015a; Poulsen et al., 2016; Saber
et al., 2012a)(Fig. 2).

We wanted to compare these data with previously compiled BAL
neutrophil data from rats and mice instilled with nanoparticles (Schmid
and Stoeger, 2016). For this, we converted our neutrophil data from day
1 and 28 into 1) normalised neutrophil numbers and 2) normalised
lung-deposited-surface-area dose. According to the protocol described
by Schmid and Stoeger: the neutrophil numbers were divided by total
BAL cell counts, and the administered mass-dose was multiplied by the
mass-specific BET surface area of each material (Table 1), and subse-
quently normalised to lung weight (cm2/g lung; approximately 0.18mg
for C57BL/6 J mice (Schmid and Stoeger, 2016)). The study from
Schmid and Stoeger includes so-called low-solubility, low-toxicity (LSLT)
nanomaterials, which are inert nanomaterials; i.e. without specific
toxicity exerted by their elemental composition. These comprise: TiO2;
amorphous SiO2; and various types of soot particles - including Printex
90 and NIST SRM1650 Diesel Soot (Schmid and Stoeger, 2016). Since
the study by Schmid and Stoeger (2016) is limited to certain day-1-data,
we here included new LSLT neutrophil data at day 1 and 28 previously,
published by us. These data were from: a) Two types of TiO2 (rutile,
10 nm in primary diameter, 99m2/g, supplier: NanoAmor, NRCWE-
001; and NRCWE-001 modified to have negative surface charge; 84m2/
g; NRCWE-002) (Wallin et al., 2017)); b) Diesel soot (108m2/g; NIST
SRM1650) (Kyjovska et al., 2015a); and c) Carbon black CB (Printex
90) (Bourdon et al., 2012; Husain et al., 2013; Saber et al., 2012a).

Fig. 3A depicts the neutrophil cells, in percent of total BAL cells, as
function of the total deposited surface area of the included Fe- and
LSLT-nanomaterials at day 1. Almost all Fe-nanomaterials exhibited a
dose-response effect similar to that of the LSLT nanomaterials, except
for the Fe2O3 rods, which induced more inflammation than expected
from the deposited surface area and NiZnFe4O8, which induced less
inflammation than expected from the deposited surface area. At day 28,

three of the five nanomaterials, Fe2O3, NiFe2O4 and NiZnFe4O8 nano-
particles, showed statistically significantly elevated neutrophil influx
(relative to sham control) at the highest doses (Fig. 2); and the Fe2O3

nanoparticles were clearly above the 95% confidence level of the
neutrophil levels of LSLT nanomaterials (Fig. 3B) (26% neutrophils at
200m2/g). This indicates that at day 28, only the Fe2O3 nanoparticles
were more inflammogenic than expected for LSLT nanoparticles.

3.3. DNA damage

Increased DNA strand break levels were observed for Fe2O3 rods in

Fig. 2. Neutrophil numbers in BAL at 1, 3 and 28 days of nanomaterial ex-
posure. Fe2O3 particle, Fe2O3 rod, NiZnFe4O8, ZnFe2O4 or NiFe2O4 were ad-
ministered intratracheally to mice at 14, 43 or 128 μg/mouse. CB was ad-
ministered at 162 μg/mouse. One, three or twenty-eight days later BAL fluid
was collected and analysed for number of neutrophils by differential counting.
Data are mean and bars represent SD. ****, ***, ** and * designates p values
of< 0.0001,< 0.001,< 0.01 and<0.05 respectively of one way ANOVA with
Holm-Sidak’s multiple comparisons test in case of data approaching normality
and not having a highly different variation (details given in the methods sec-
tion), otherwise by Kruskall-Wallis test with Dunn’s multiple comparisons test.
In the case of CB ****, and *** designates p values of< 0.0001, and<0.001
respectively of t-test in case of data approaching normality and not having a
highly different variation (details given in the methods section), otherwise by
Mann Whitney test.
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BAL cells at day 3 for the two highest doses; and for the Fe2O3 particle
at highest dose (Fig. 4). No increases in DNA strand break levels were
observed for lung or liver tissue; and the benchmark reference material,
CB, did not affect levels of DNA strand breaks in any of the tissues
(Figs. 4, S1, and S2). Control samples resulted in the following values
for tail percent DNA (mean value ± SD)(not shown in the figure):
6.4 ± 1.9 (lung), 6.8 ± 2.1 (liver), 9.0 ± 3.7 (BAL) for the negative
controls and 41.2 ± 7.9 (lung), 32.3 ± 7.9 (liver) and 26.5 ± 8.6
(BAL) for the positive controls.

3.4. Modelled solubility, transformation and redox potential of the test
materials

Geochemist Workbench calculations using Gambles solution sug-
gested that αFe2O3 (hematite) was insoluble and did not change the
redox potential of the lung-lining fluid at any of the initial doses.
NiFe2O4, ZnFe2O4, and ZnNiFe4O8 were predicted to be partially un-
stable resulting in partial dissolution, phase transformation/re-pre-
cipitation and redox reactivity (Supplementary Table S2). According to
these calculations, ZnFe2O4, and ZnNiFe4O8 were the most reactive
materials (Supplementary Table S2). An increased reactivity over time
was predicted, caused by low-level dissolution of NiFe2O4 and ZnFe2O4

in both ZnFe2O4 and NiZnFe4O8 and re-precipitation as hematite

(Fe2O3) and/or smithsonite ZnCO3. The predicted low-level dissolution
of NiFe2O4 and relatively higher dissolution of ZnFe2O4 would result in
low-level release of Ni and Fe ions and a higher level of Zn ion release in
the lung lining fluid (Supplementary Table S2).

4. Discussion

The aim of the current investigation was to assess the toxicity of

Fig. 3. Nanomaterial induced effects on neutrophil numbers in BAL depending
on surface area dose. The Fe2O3 rod and Fe2O3, NiZnFe4O8, ZnFe2O4 and
NiFe2O4 nanoparticle data from 1d and 28d from Fig. 2 were normalised neu-
trophil influx (number of neutrophils per total cell count) and surface-area-dose
as described in the text. Data from the current study are presented as large open
symbols (black). A) For comparison, the 1-day data were depicted with pre-
viously published neutrophil data for instilled nanoparticles with low solubility
and low toxicity (LSLT) from (Schmid and Stoeger, 2016) and from our previous
studies (TiO2, Diesel NIST SRM1650 and Printex 90 from our previous studies;
(Bourdon et al., 2012; Husain et al., 2013; Kyjovska et al., 2015a; Saber et al.,
2012a)) It is evident, that based on the 1-day neutrophil response all of the Fe
materials tested here belong to the LSLT class. B) At 28 days post-exposure
Fe2O3 particles induced inflammation levels exceeding those of LSLT materials.
The solid and dashed lines represent the mean and±95% confidence levels of
the logistic curve fit of the LSLT data, respectively.

Fig. 4. Levels of DNA strand breaks in BAL fluid cells at 1, 3 and 28 days of
nanomaterial exposure.
Fe2O3 particle, Fe2O3 Rod, NiZnFe4O8, ZnFe2O4 or NiFe2O4 were administered
intratracheally to mice at 14, 43 or 128 μg/mouse. CB was administered at
162 μg/mouse. One, three or twenty-eight days later BAL fluid cells were pre-
pared and levels of DNA strand breaks measured as percent DNA in the tail by
comet assay. Data are mean and bars represent SD. ***, ** and * designates p
values of< 0.001,< 0.01 and<0.05 respectively of one way ANOVA with
Holm-Sidak’s multiple comparisons test in case of data approaching normality
and not having a highly different variation (details given in the methods sec-
tion), otherwise by Kruskall-Wallis test with Dunn’s multiple comparisons test.
In the case of CB, data were tested with t-test in case of data approaching
normality and not having a highly different variation, otherwise by Mann
Whitney test.
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αFe2O3 particles and rods; and ZnFe2O4, NiFe2O4, and NiZnFe4O8

particles, following a single intratracheal administration with follow-up
periods of 1, 3, and 28 days; measured endpoints were pulmonary in-
flammation and DNA strand breaks. Inflammation was assessed in
terms of neutrophil cell numbers in BAL and genotoxicity was assessed
as DNA strand break levels in the comet assay. We have previously
demonstrated that neutrophil influx is a sensitive marker of pulmonary
inflammation that correlates closely with expression of genes involved
in inflammatory pathways (Bourdon et al., 2012a; Hadrup et al., 2019a,
2019b; Halappanavar et al., 2019, 2011; Husain et al., 2015, 2013), as
well as with acute phase response gene expression (Saber et al., 2014,
2013). Similarly, increased DNA strand break levels in the comet assay
is a sensitive biomarker of DNA damage. We have previously found that
carbon black and diesel exhaust particles, which induce high levels of
DNA strand breaks in the comet assay, also increased the mutation
frequency in a murine lung epithelial cell line (Jacobsen et al., 2011,
2008a, 2007).

4.1. Pulmonary inflammation

All of the investigated Fe-based particles were inflammogenic in a
dose- and time- dependent manner, with only NiFe2O4 being in-
flammogenic at all the assessed time points (Fig. 2). At day 1, the Fe2O3

rod induced more inflammation than the Fe2O3 particle, even though
the two particles have the same specific surface area. However, at the
later time points, there was no apparent shape-related inflammation, as
is expected for high-aspect ratio nanomaterials. At day 3 and 28,
NiFe2O4 induced neutrophil levels that were similar to that of the po-
sitive control (162 μg CB Printex 90); albeit its surface-area-dose is
approximately three fold lower than that of CB (see Fig. 3). Recently,
(Schmid and Stoeger, 2016) have presented a meta-analysis of studies
on pulmonary neutrophil influx at day 1 after intratracheal instillation
including some twenty different nanomaterials. It was found that sur-
face area – not mass, volume or number - is by far the most relevant
dose metric of acute pulmonary inflammation. This confirms the results
of previous studies on bio-persistent nano- and micro-sized particles
(Oberdorster et al., 2005; Stoeger et al., 2009, 2007). Moreover, Schmid
and Stoeger identified a class of low-solubility, low-toxicity (LSLT) na-
nomaterials; a class often referred to as “inert materials without specific
toxicity”. This LSLT class included: a) six types of soot (including Printex
90 and Diesel soot NIST SRM1650), b) three types of TiO2 (including
P25), c) amorphous silica, and d) polystyrene nanoparticles. As seen on
Fig. 3A, the surface-area-dose-dependent neutrophil influx of the Fe2O3,
ZnFe2O4, and NiFe2O4 nanomaterials determined at day 1 in this study
were within (or just outside) the±95% confidence range of LSLT
particle-induced neutrophil influx as determined by Schmid and
Stoeger, whereas NiZnFe4O8 induced less inflammation than expected
from the specific surface area. This suggests that all these materials can
be classified in the same category as other biologically low reactive
(inert) low-solubility materials. On day 28, the Fe2O3 nanoparticles (not
rods) induced higher inflammogenicity than predicted from the specific
surface area of LSLT particles (Fig. 3B). However, low-level solubility,
leading to some release of Ni, Fe and Zn ions was predicted by solubility
modelling of the NiFe2O4, ZnFe2O4 and NiZnFe4O8 particles in the low-
Ca Gambles surrogate lung-lining fluids, whereas the Fe2O3 nano-
particles were predicted to be stable and insoluble (Table S2). Thus, the
inflammation observed for Fe2O3 particles at day 28 and not for Fe2O3

rods appears not to be due to toxicity of low levels of dissolved Fe,
because then the same response should be expected from both Fe2O3

nanomaterials. However, this observation relies on a single data point
(the highest dose at day 28). For Fe2O3 rods and NiFe2O4, and ZnFe2O4

particles, the observed neutrophil influx was similar to the levels ob-
served for LSLT particles. Although NiZnFe4O8 induced somewhat less
inflammation than predicted by the deposited surface area, NiZnFe4O8

could be grouped with the LSLT particles for practical reasons. More-
over, since the applied surface area dose for Fe2O3 rods (diameter:

40−150 nm; length: 250−600 nm) and Fe2O3 particles (20−60 nm) is
almost identical – and since only the Fe2O3 particles showed statisti-
cally significantly increased inflammation, the increased and potential
shape-specific toxicity observed for the relatively short and thick Fe2O3

nanorods at day 1 were not observed after 28 days. This is in general
agreement with results for carbon nanotubes, where enhanced and
persistent inflammation is mostly reported for thick and presumable
rigid long fibres (> 5 μm) (Knudsen et al., 2018; Poland et al., 2008;
Poulsen et al., 2016, 2015). Studies have shown that different sizes and
shapes of Fe2O3 result in activation of different toxicological mechan-
isms (Cai et al., 2018). Fe2O3 is also not fully stable in biological tissue
resulting in partial dissolution (Lartigue et al., 2013) and bio-
transformation from e.g., super-parametric maghemite into poorly-
magnetic iron species occur (Levy et al., 2011). Potentially, even the
crystalline polymorph of Fe2O3 (αFe2O3; hematite or γFe2O3; maghe-
mite) may play a role on its behaviour (Auffan et al., 2009).

Most of the literature on Fe-related particle toxicity has used mass as
the dose metric. In the next part, we compare our observations with
mass-based findings, even though surface area is likely the better dose
metric for prediction of inflammation. Rats inhaled 15−20 nm of Fe3O4

for 4 h and an increase in BAL neutrophils was measured at the only
tested dose 640mg/m3 (Srinivas et al., 2012). With a much lower mass
concentration, 0.09mg/m3 for 18 h, 72 nm Fe-based particles (likely
Fe2O3) did not affect BAL neutrophil numbers in rats (Zhou et al.,
2003). With a larger Fe3O4 particle, 300−600 nm, in a 13-week in-
halation study, neutrophils in BAL increased at 100mg/m3, but not at
50mg/m3 (Pauluhn, 2009). Fe3O4 with a mass median aerodynamic
diameter of 1.3 μm was investigated in a 13-week rat inhalation study.
The mass concentrations were 5, 17 or 52mg/m3. Neutrophils and
protein in BAL increased at the highest dose (Pauluhn, 2012). Rats in-
haled Fe3O4 with a median mass diameter of 1.4 μm and with mass
concentrations of 32 or 100mg/m3. BAL neutrophil numbers increased
at the highest dose (Pauluhn and Wiemann, 2011). Rats were exposed
to Fe2O3 (∼30 nm) as dry powder sprayed directly into both nasal
passages twice daily for 3 days. The daily dose was 8.5mg/kg bw; A
range of serum biochemical endpoints were affected; and severe da-
mage was observed in liver and lung tissues of Fe2O3 treated rats
(Lijuan et al., 2010). Concerning the intratracheal instillation model for
exposure, rats were given Fe2O3 particles of either 22 or 280 nm at 0.8
or 20mg/kg bw. Neutrophil numbers in BAL was increased across the
doses and sizes at both 1 and 7 days post exposure (Zhu et al., 2008).
Mice were intratracheally instilled with 0.2, 0.6 or 2mg/kg bw of
20 nm Fe2O3, no effect was seen on neutrophil numbers in BAL fluid
24 h later (Pirela et al., 2013). Iron oxide nanoparticles containing both
(Fe(II) and Fe (III)) (presumably magnetite; Fe3O4) were given to rats
by intratracheal instillation at 1 or 5mg/kg bw. Body weight gain was
decreased at both dose levels. The only pathological finding was weak
pulmonary fibrosis at both dose levels (Szalay et al., 2012). Using in-
tratracheal instillation, Sayes et al. found increased neutrophil numbers
in BAL in rat at 5mg/kg bw using carbonyl Fe (metallic Fe) of 561 nm
(BET surface area: 2.5 m2/g) at day 1 (Sayes et al., 2007). Rice et al.
found increased neutrophil numbers in BAL at 16 and 48 h at 0.06mg
Fe/kg bw, when rats were dosed with ferrous sulphate (likely FeSO4

dissolved into Fe) (Rice et al., 2001). FeSO4 did not induce neutrophil
influx at 0.06mg Fe/kg bw in rats at 4, 24, 48 or 96 h after instillation
(Wallenborn et al., 2008), or at even higher doses of 4.8 μg Fe/mouse
(0.16mg Fe/kg bw) at 1, 3, 7 or 14 days after instillation (Prieditis and
Adamson, 2002). Thus, altogether, pulmonary exposure to Fe – as
Fe2O3 or in other metallic, oxide or water-soluble forms – seems to
induce low levels of inflammation. Our no-observed-adverse-effect level
of 43 μg (∼2mg/kg bw) of the Fe2O3 materials is in line with those
observed previously (Pirela et al., 2013; Zhu et al., 2008). In addition,
our data shows that inflammation caused by pulmonary dosing of Fe2O3

particles and short and relatively thick nanorods can be predicted by
the deposited surface area of LSLT materials; consistent with the low
predicted solubility of Fe2O3 and the low inflammogenic potential of Fe
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ions. The fact that we only see moderately elevated effects at 28 days
relative to LSLT materials, and only at the highest applied dose, sug-
gests that Fe2O3 is not very inflammogenic.

To the best of our knowledge, literature on pulmonary toxicity is
currently not available for ZnFe2O4, NiFe2O4 and NiZnFe4O8 nanoma-
terials. Nonetheless, there are data on other particles containing either
Ni or Zn. Inhalation of Ni (dosed as NiCl2) at 0.6mg/m3 for 4 months, 5
days/week, 6 h/day in, rabbits, increased neutrophil numbers in BAL
(Johansson et al., 1992). In addition, intratracheal instillation of in-
soluble NiO nanoparticles in rats has been demonstrated to increase
neutrophils in BAL at 0.7 mg/kg bw at 24 h and 4 weeks after instilla-
tion (Cho et al., 2012); and a similar effect was observed with 0.5 mg/
kg bw (24 h after) and 0.16mg/kg bw (28 days) (Cho et al., 2010).
Increased neutrophils were also observed in rats at 24 h after instilla-
tion of 0.7mg/kg bw NiO nanoparticles and of 0.6mg/kg bw NiCl2 (Lee
et al., 2016). Thus, pulmonary exposure to both dissolved Ni ions and to
insoluble NiO nanoparticles cause inflammation. ZnO is likely dissolved
in vivo in lungs leading to release of Zn2+ as discussed in (Ho et al.,
2011) and shown in dissolution studies (Koltermann-Jülly et al., 2018).
Inhaled ZnO particles in different sizes cause neutrophil influx in BAL in
rat and mouse at 1–12mg/m3 (Adamcakova-Dodd et al., 2015; Chen
et al., 2015; Chuang et al., 2014; Conner et al., 1988; Ho et al., 2011;
Larsen et al., 2016). Pulmonary inflammation was also found in a range
of intratracheal studies with ZnO particles of different sizes and surface
coatings. Lowest-observed-adverse-effect levels were 0.3–1mg/kg bw
in rat and mouse at 24 h of exposure (Cho et al., 2012; Niels Hadrup
et al., 2019a, 2019b; Jacobsen et al., 2015; Warheit et al., 2009) Re-
garding later time points, 1 week to 3 months, no or low levels of in-
flammation have been observed with ZnO particles (Cho et al., 2011,
2010; Niels Hadrup et al., 2019a, 2019b; Warheit et al., 2009). Thus,
pulmonary exposure to ZnO and the subsequent release of Zn2+ causes
short-term inflammation.

Solubility is an important predictor of toxicity and experimentally
derived dissolution rates can usually be used to predict the pulmonary
biodurability and clearance (Koltermann-Jülly et al., 2018; Utembe
et al., 2015).The literature data suggest that exposure to both Ni- and
Zn-oxide and their dissolved ions induce pulmonary inflammation.
However, our modelling data suggested negligible solubility in the lung
lining fluid, and the observed inflammation induced by NiFe2O4,

ZnFe2O4 and NiZnFe4O8 particles was consistent with the level of in-
flammation predicted by the deposited surface area as predicted for
LSLT particles both 1 and 28 days post-exposure. Therefore, there is no
indication of solubility-related acute and short-term toxicity for these
particles.

4.2. Levels of DNA strand breaks

Increased levels of DNA strand breaks were only observed in BAL
fluid cells, not in lung or liver tissue. Increased levels of DNA strand
breaks were only observed on day 3, where the two types of Fe2O3

induced DNA strand breaks. Previously, magnetite particles with a
mass-specific BET surface area of 7m2/g have been reported to induce
tumours in rats at high dose (167mg/kg bw) during 131 weeks of ob-
servation (Pott et al., 1994). Magnetite (Fe3O4) contains both Fe2+ and
Fe3+ whereas Fe2O3 contains only Fe3+. Nevertheless, our data, taken
together with the Pott study, warrant more pulmonary genotoxicity
data on Fe2O3. Inhalation of dissolved Ni ions has induced adrenal
gland and adrenal medulla tumours and bronchial gland hyperplasia
when dosed to mice or rats in the range of 0.4–1.25mg/m3 in studies
ranging from 140 h to 3000 h (Dunnick et al., 1995; Horie et al., 1985;
NTP, 1996; Oller et al., 2008). Using intratracheal instillation, Pott
et al. reported formation of lung tumours in rats with NiO (likely in-
soluble), nickel subsulfide (these likely act as ions) as well as nickel
powder (size not reported). The lowest-observed-adverse-effect levels
were: NiO: 167mg Ni/kg bw, nickel subsulfide: 3mg Ni/kg bw, and
nickel powder: 20mg Ni/kg bw (Pott et al., 1987). NiO particles of

1000 nm at 100mg/kg bw were found to induce lung tumours at 131
weeks of exposure in rats (Pott et al., 1994). Notably, these doses are
much higher than those used in the current study, and thus an absence
of DNA damage of the Ni-containing phases in the current work are in
line with the literature.

ZnO particles of 13 and 36 nm did not induce increased levels of
DNA strand breaks at mass concentrations of 58 or 53mg/m3 in mice
after 1 h of inhalation; with estimated airway depositions of 78 μg and
17 μg, for the 13 and 36 nm particles, respectively (Larsen et al., 2016).
In addition, 8-Oxo-2′-dG formation caused by ZnO, 35 and 250 nm, was
investigated in rat after 6 h of inhalation. Increases were found at 12
(35 nm) and 45mg/m3 (250 nm), respectively (with no effects at 3.7
(35 nm) and 11.5mg/m3 (250 nm) (Ho et al., 2011). Regarding in-
tratracheal instillation, ZnO of 50 nm increased 8-Oxo-2′-dG levels at
33mg/kg bw in rats (Chuang et al., 2014); a dose 3 fold higher than our
highest dose (9mg/kg bw). Taking our own and literature data into
account, we conclude that more data are needed before it can be firmly
determined whether Zn has a pulmonary genotoxic and carcinogenic
potential.

Altogether, our data suggests that Fe2O3has a genotoxic potential,
but we observed no additional contribution to genotoxicity from the
short and relatively thick nanorod. Since DNA damage was observed for
both the Fe2O3 particle and for the corresponding rod, the rod shape did
not seem to contribute to the observed genotoxicity.

5. Conclusion

We assessed the pulmonary toxicity Fe2O3, ZnFe2O4, NiFe2O4 and
NiZnFe4O8 nanomaterials in mice. One day post-exposure, all the stu-
died nanomaterials were inflammogenic at or near levels predicted by
the deposited surface area of low solubility low toxicity (LSLT) parti-
cles. Both Fe2O3 nanomaterials induced genotoxicity in BAL cells at 3
days post-exposure. To our knowledge, besides magnetite (Fe3O4), this
is the first study of the pulmonary toxicity of M-Fe2O4 spinel nano-
materials.
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