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ABSTRACT

Inhalation exposure to iron oxide occurs in many workplaces and respirable aerosols occur during
thermal processes (e.g. welding, casting) or during abrasion of iron and steel products (e.g.
cutting, grinding, machining, polishing, sanding) or during handling of iron oxide pigments. There
is limited evidence of adverse effects in humans specifically linked to inhalation of iron oxides.
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This contrasts to oxides of other metals used to alloy or for coating of steel and iron of which
several have been classified as being hazardous by international and national agencies. Such
metal oxides are often present in the air at workplaces. In general, iron oxides might therefore be
regarded as low-toxicity, low-solubility (LTLS) particles, and are often considered to be nontoxic
even if very high and prolonged inhalation exposures might result in diseases. In animal studies,
such exposures lead to cancer, fibrosis and other diseases. Our hypothesis was that

Iron oxide materials;
superparamagnetic iron
oxide nanoparticles
(SPIONS); inhalation;
occupational safety; no
observed adverse effect

pulmonary-workplace exposure during manufacture and handling of SPION preparations might concentration (NOAEC)

be harmful. We therefore conducted a systematic review of the relevant literature to understand
how iron oxides deposited in the lung are related to acute and subchronic pulmonary
inflammation. We included one human and several in vivo animal studies published up to
February 2023. We found 25 relevant studies that were useful for deriving occupational exposure
limits (OEL) for iron oxides based on an inflammatory reaction. Our review of the scientific
literature indicates that lowering of health-based occupational exposure limits might be
considered.

1. Introduction (ECHA 2022; Kornberg et al. 2017; Quanjel et al.
2015; Riccelli et al. 2020; Sjogren et al. 2022).
However, in most cases the studied workers were

exposed to other hazardous exposures, and it is

Exposure by inhalation of respirable dusts of iron
oxides is frequent in many occupations, including

welding, foundry work, iron and steel manufacture
and iron-ore mining. Iron oxide may become aero-
solized by thermal processes (welding, casting) or
during abrasion (e.g. cutting, grinding, machining,
polishing, sanding) of iron and steel products. Also,
iron oxides are some of the most used pigments,
e.g. black magnetite, red hematite and yellow
goethite, and inhalable dusts may be generated in
some work processes. Epidemiological studies have
indicated that industry workers with high exposure
of iron oxides have higher incidence of lung disease,
including lung fibrosis and siderosis, asthma, chronic
obstructive pulmonary and cardiovascular disease

difficult to separate the effects of iron oxide of from
that of other co-exposures (ECHA 2022; Kornberg
et al. 2017; Morgan, Bell, and Jones 2020; Pease,
Ricker, and Birk 2016; Stokinger 1984).

Exposure of workers to iron oxide particles during
production and usage of nanoscale iron oxide for
(bio)medical and scientific research purposes is an
emerging issue. Associated health effects are related
to respirable dusts, i.e. with aerosol diameter less
than about five micrometer. At the nanoscale, some
iron oxide nanoparticles possess paramagnetic or
superparamagnetic properties that are used in bio-
medical applications. Recently, superparamagnetic
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iron oxide nanoparticles (SPIONs) have been pro-
posed as contrast agent in nuclear magnetic reso-
nance (NMR) in vitro diagnostics (e.g. COVID tests),
diagnostic imaging (e.g. contrast agent), for target-
ing drug delivery and hyperthermia therapy by the
aid of an external magnetic field for medical treat-
ment applications (Geppert and Himly 2021;
Valdiglesias et al. 2016). Nanosized iron oxides have
also been explored for dietary treatment of anemia
or as iron supplement, and for parenteral adminis-
tration when oral administration is ineffective.
However, in rare occasions intravenous administra-
tion of iron medicines caused serious allergic reac-
tions (EMA 2013; FDA 2018; Gomollén et al. 2014).
There is a growing number of IONP-based prod-
ucts used in products and for manufacturing. More
recently, IONPs have been produced for biomedical
and clinical applications, and there is not only an
increasing need to continuously evaluate the safety
for patients intentionally exposed to iron-based
medical treatments and diagnostics, but there is
also a need to assess the occupational risks resulting
from unintentional exposure to iron oxide. As an
inhalable dust, iron oxides might be classified as
low-toxicity low-solubility particles (Driscoll 1996;
Hartman and MAK Commission 2016; Monteiller
et al. 2007; Pott and Roller 2005; Pott et al. 1987),
sometimes referred to as biodurable- (Hartman and
MAK Commission 2016) or nuisance dusts (OSHA
2021). Several investigations indicate that the pul-
monary toxicity of low-toxicity low-solubility parti-
cles dusts is proportional to the total surface area
of the material deposited in the alveolar region of
the lung rather than mass (Cosnier et al. 2021;
Driscoll 1996; Donaldson et al. 2013; Henderson
et al. 1995; Hirano et al. 1994; Morimoto et al. 2016;
Oberdorster 1996; Osier and Oberdorster 1997)
Because iron is an essential element necessary
for many enzymatic and physiological processes its
occurrence and speciation in the mammalian organ-
ism is under strict metabolic control during intes-
tinal uptake, in circulation, in different tissues,
during recycling and excretion. Biochemical and
physiological mechanisms control the cell and sys-
temic availability preventing deficiency and overload
(Camaschella, Nai, and Silvestri 2020; Gao et al.
2019; Saito 2014). However, humans are probably
less adapted to deposition of large amounts of iron
species in the lung. If the antioxidative pathways
become overloaded due to excessive exposure, iron
oxide particles can accumulate in the lungs where
they have the potential to induce oxidative stress
and inflammation. A reason why iron metabolism

is so intricate is that iron is one of the transitional
metals that catalyze the Fenton reaction (Fenton
1894; Mgller and Wallin 1998) and uncontrolled iron
ion redox reactions produce harmful reactive oxy-
gen species. Iron may, thus, propagate disease
directly by producing reactive oxygen species in
tissues. However, reactive oxygen species and other
adverse effects may also be produced in an inflam-
matory response (Knaapen et al. 2004). Inflammation
is a complex process involving several cell types
and released cytokines/chemokines. Persistent pul-
monary inflammation is thought to be driving pro-
cesses leading to lung cancer, fibrosis, and other
chronic diseases (Balkwill and Mantovani 2001;
Knaapen et al. 2004; Virchow, Chance, and Goodsir
1860). However, there is still challenges to with asso-
ciating toxicological outcomes with inflammation
(Villeneuve et al. 2018).

In spite of being an essential element, excess
exposure to iron oxides has been related to dis-
ease, for example, genetically determined deficien-
cies in iron oxide metabolism may lead to
accumulation of iron in tissues, hemochromatosis
(Abbaspour, Hurrell, and Kelishadi 2014; Lieu et al.
2001). This has been proposed to cause cirrhosis,
hepatomas, diabetes, cardiomyopathy in carriers
of one of a few defective genes (OMIM 2023). The
condition can be alleviated by an iron-restricted
diet. Occupational exposure to iron oxides has
been proposed to pulmonary disease including
lung cancer (Toyokuni 2009).

Recently the WHO, International Agency for
Research on Cancer (IARC 2018) stated that welding
fumes are carcinogenic to humans (Group 1). This
was based on sufficient evidence for increased lung
cancer incidence in exposed humans. However,
there was insufficient evidence in animal experi-
ments. Although welding fumes contain many dif-
ferent chemicals, it is noteworthy that epidemiological
data failed to distinguish the risk of stainless-steel
welding, rich in carcinogenic nickel, chromium and
vanadium, from other welding processes containing
much less of these transition metals. ECHA’s
Committee for Risk Assessment (RAC) has provided
an opinion on occupational exposure limits for
fumes from welding and related processes (ECHA
2022), but the recommendations have not, at this
time, been adopted by the EU commission.

It is also important that iron species occur in
foods, urban air pollution, volcanic ashes and soils.
Inhalation exposure might therefore occur, e.g. in
urban air pollution and as long-distance transport of
dusts from volcanoes or wind erosion of desert sands.



2. Methods

In this review we chose to use infiltration of proin-
flammatory cells into the lung lining fluid as a sen-
sitive and relevant biomarker for adverse effects.
The hallmark of pulmonary inflammation is the
recruitment of polymorphonuclear neutrophiles
(PMN) and this is a key event in the adverse out-
come pathways of inhaled particles in the develop-
ment of lung diseases (Bos et al. 2019; Halappanavar
et al. 2023). The standard for determining infiltration
of inflammatory cells is by microscopic visual iden-
tification and counting of cells in bronchoalveolar
lavage (BAL) fluid or in induced sputum. Especially,
PMN in BAL is a valid and sensitive endpoint in
inhalation studies with poorly soluble particles, and
usually it is more sensitive than measurement of
cytokines and macrophages in BAL (Boots et al.
2021; Halappanavar et al. 2020; Poland et al. 2013;
Pauluhn 2011; Schulte, Kuempel, and Drew 2018).
It is a frequently reported response in rodent in
vivo studies (Boots et al. 2021) and sometimes
reported for humans (Lay et al. 1999).

Here we review the relevant literature to under-
stand how iron oxides deposited in the lung are
related to acute pulmonary inflammation. We sur-
veyed the literature on inflammation related to lung
deposition of a variety of iron oxide polymorphs to
calculate the no observed adverse effect concentra-
tion (NOAECs) and lowest observed adverse effect
concentration (LOAECs) for the acute inflammatory
response by pulmonary neutrophilia which we
believe is a relevant and sensitive endpoint: This
was for understanding the dose-response relation-
ships that can be related to workplace exposure
during manufacturing and handling of iron oxide
nanoparticle preparations.

3. Literature search strategy

A systematic literature search was performed using
Medline, Embase and Web of science to identify
relevant studies. The following search terms were
used: ferric oxide OR iron oxide OR ferrosoferric
oxide OR magnetite OR maghemite OR SPION¥)))
AND TS=((inhalation* OR inhaled OR instillation* OR
instilled OR aspiration* OR intratracheal OR
intra-tracheal)). Additional searches with search
terms with chemical names, polymorphs, color index
pigment names or food additive-names did not
result in any additional relevant hits. A variety of
iron oxide species and crystalline phases were
included. After removing duplicates, the search
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identified 1109 unique references (updated by
February 2023). A two-tiered approach was followed
for the systematic screening of literature between
a first-line reader and an unbiased referee of the
selected articles.

After screening titles and abstracts, 75 articles
were read in full length and assessed for eligibility
to determine dose response of infiltration of neu-
trophil cells by counting lung lavage cells. From the
screening of the reference lists and associated
archives five additional relevant reports were
included. We excluded studies:

1. Poorly described or irrelevant experimental
protocols

2. Reports with effects registered after three
days after last exposure, because of experi-
mental inconsistances in longer follow up
studies and uncertainties of the time course
of neutrophila after this time.

3. No data on neutrophil numbers in lavage

Animals were exposed to other chemicals

5. The chemical identity was uncertain

»

A total of 25 articles met the selection criteria
and were included in the review.

4, Evaluation criteria

Only studies on acute pulmonary inflammation,
measured as increased polymorphonuclear leuko-
cytes (PMNs) in bronchioalveolar lavage fluid (BALF),
were included. This sensitive determinant of acute
inflammation is thought to be an important driver
of pathological effects (Villeneuve et al. 2018).
Pulmonary exposure after inhalation, oropharyngeal
aspiration, or bolus intratracheal instillation were
considered. It has been suggested that the inflam-
matory effects are proportional to the dose depos-
ited in the alveolar region whether delivered by
inhalation or intratracheal instillation (Baisch et al.
2014; Costa et al. 2006; Gaté et al. 2019; Morimoto
et al. 2012, 2015, 2016). (In this review, we used
the calculated deposited dose as described by the
authors. For studies with administration by instilla-
tion and aspiration we assumed that the 50% of a
corresponding aerosol would have been deposited
in the alveolar region of the lung. This approxima-
tion is fair if the aerodynamic diameter is less than
one micrometer.) At large doses the response is
saturated and in our experience 0.6-1 million neu-
trophils (or close 100% of the cells) can maximally
be extracted from a mouse (unpublished data). We
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assumed that insoluble materials, that remain in the
lung for long times, may cause the same effects
whether they are administrated by inhalation or
bolus exposure (unlike chemicals that are metabo-
lized or distributed rapidly beyond the lung). Data
for determining the persistence of duration of infil-
tration of neutrophils were insufficient for determin-
ing inflammation at different time-points, therefore
only studies with post-exposure time of less than
3days (3h to 3days) were included (even if daily
exposures were repeated many times).

5. Estimation of no observed adverse effect
concentration (NOAEC) and lowest observed
adverse effect concentration (LOAEC)

To apply to risk assessment and risk management
in the workplace, it is important to determine the
safe exposure level in the workplace. This means
determining when adverse effects are under a
threshold-dose or one that causes minimal harm.
In this, it is necessary to understand how the health
effects are related to the dose. For most agents,
effects occur above a certain threshold dose. This
point of departure (POD) in the animal experiments
is the starting point for extrapolation by use of
Assessment/Uncertainty Factors to derive the refer-
ence human dose (e.g. Derived No Effect Level
(DNEL) or Occupational Exposure Limit (OEL)) that
is then used for the evaluation of the human risk
the agent might exert (ECHA 2016).

Historically, the NOAEC concentration approach
has been the standard for estimating the POD. It is
defined as the highest dose at which no (adverse)
effects were observed in the test animals (U.S. EPA,
1987). For those endpoints that show a dose-related
change in effect, the lowest dose that statistically
significantly differs from the negative control is the
LOAEC (Lowest Observed Adverse Effect Concen-
tration). For each endpoint, the dose below the
LOAEC is the endpoint-specific NOAEC (Bos et al.
2019; ECHA 2012, 2016).

NOAEC and LOAEC were calculated for individual
studies. If the NOAEC/LOAEC was not explicitly
reported in the publication, the NOAEC was reported
as the highest dose given that did not result in a
statistically significant increase in PMN (count or
percentage) from the control group. Similarly, the
LOAEC was reported as the lowest dose group that
did result in a statistically significant increase in
PMN (count or percentage) from the control group.

The resulting animal NOAEC/LOAEC was further
adjusted to estimate a human-worker equiva-
lent dose.

In inhalation studies, the exposure ranged from
3-6hours per day in rodents, which differs from
that for worker (assumed 8hours per day). Therefore,
a concentration-time inverse correction (time scal-
ing) must be applied.

For instillation studies, the NOAEC in rats/mice
(in mg/rodent or mg/kg bw/day was converted to
an inhalation corrected NOAEC

(mg/m?3) for 8 hours workday as Equation (1):

NOAEC worker 8h (@j
m3

NOAEC rat / mice (mg)

/)*W

minute volume (— ;

min 1000(—)
m3

*deposition rate

(M

For inhalation, we assumed that 50% of the dose
was deposited in the respiratory tract adding a fac-
tor of 0.5 as deposition rate when no other infor-
mation was available. For doses reported as mg/kg,
default weight of a rat (250g) was used (ECHA
2012). Standard respiratory volume (minute volume)
for a rat (2509) is 0.2L/min/rat (ECHA 2012) were
used providing an inverse correction factor of 0.048
(see Equation (2)):

NOAEC worker 8h [mj
m3

NOAEC rat (mg)
8['7)* 60(min)
j* min h )|, 05
TOOO(IJ
m3

o.2('_
min

_ NOAECrat (mg)
©0.048m3

(2)

For mice we used standard values of 25g (which
is typical for young C57BI/6 and other common
strains used in toxicological tests) and a minute
volume of 0.051/min (BAuA 2022), providing an
inverse correction factor of 0.012:

NOAEC



NOAEC worker 8h (@j
m3

NOAEC mouse (mg)
LD
0.05 [J L 0.5

min 1000 [')
m3

_ NOAEC mouse (mg)
- 0.012m3

(3)

6. Results and discussion
6.1. Inhalation

By applying the methodology and criteria presented
above, the Boolean search identified 7 relevant inha-
lation studies, as summarized in Table 1. Except for
the study from Pettibone et al. in mice, all studies
were performed in rats. This included 4 acute (Guo
et al. 2021; Présumé et al. 2015; Zhou et al. 2003),
2 sub-acute (Pettibone et al. 2008; Srinivas et al.
2012) 3 sub-chronic studies (Pauluhn 2011, 2012;
Sutunkova et al. 2016) and one study ranging from
4 to 39weeks (NTP 2020). The daily exposure time
ranged from 3 to 6 hours per day, which differs from

Table 1. Inhalation studies; key parameters and references.
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that of a worker (assumed 8hours per day). For all
studies a concentration-time correction was applied
to correct the NOAEC/LOAEC in rodents to the expo-
sure duration for workers (8h) (Table 1) as is the
standard for setting exposure limits.

In the three studies with acute exposure, no
effect of y-Fe,O; (Zhou et al. 2003) Fe;0, or mixed
iron oxides (Guo et al. 2021) or 24nm Fe,O,
(Présumé et al. 2015) were observed.

At a concentration of 0.5mg/m3 for 3 hours a day
for 3days, Guo et al. (2021) found no effect of Fe,0,
(19nm) or FeO mix on BALF neutrophils in rats
24 hours after last exposure. Similarly, inhalation
exposure of 0.09mg/m? Fe,0; (72nm) for 6h/d x
3days in whole body chambers did not affect BAL
neutrophil numbers in rats (Zhou et al. 2003). No
effect on PMN numbers was detected in C57BI mice
after 1 d after 1 and 4days of 3h inhalation of
330ug/m3 spark generated iron oxide (8 h Equivalent
NOAEC 123 ug/m3) (Présumé et al. 2015). In these
three acute studies the tested doses might have
been below detection threshold or the time span
was too short to detect any infiltration of PMNs.

At a much higher concentration, Srinivas et al.
(2012), exposed Wistar rats to Fe,O, (15-20nm) with
nose only inhalation (4h exposure) for up to two

Dosing regimen (exposure  Corrected NOAEC  Corrected LOAEC

Reference Species Agent, size method. Frequency, doses) (8hr, mg/md) (8 hr, mg/m?)
Zhou et al. (2003) Sprague-Dawley rat Y-Fe,0;, 72nm Inhalation, acute 0.07
(20-140nm) 6h/d x 3d
57 and 90 ug/m?
Guo et al. (2021) Sprague-Dawley Rat Fe;0,, Inhalation, acute 0.18
19+16nm 3h/d*3 d
47.6 and 487 ug/m?3
FeOx-mixture Inhalation, acute 0.19
3h/d*3 d
507.8 ug/m3
Présumé et al. (2015) C57Bl/6 24nm Fe,0, Inhalation, acute 1 d after 0.12
1 or 4days (3h a day)
Pettibone et al. (2008) male C57BL/6 mice Fe core+y-Fe,0;+ Inhalation, subacute 1.8
Fe;0,, 25nm (4h/d*5d/w *2 w)
3.55mg/m3
Srinivas et al. (2012) Wistar Rat Fe,0, 15-20nm Inhalation, subacute 320
4h x 1, 2 or 14d
640 mg/m3
Pauluhn and Wiemann Wistar Rat Magnetite Fe;0,, 6h/d*5d/w*4w inhalation, 44
(2011) 15-20nm 33 or 99 mg/m3, PMN
increased shortly after
both doses
Pauluhn (2012) Wistar rat Fe,0;, 1.3pum Inhalation, subchronic 3.8 12
6h/d*5d/w*13w
4.7,16.6 and 52.1mg/m3
Sutunkova et al. (2016) outbred rats Fe,0;, 14nm Inhalation, subchronic 0.75
4h/d*5d/w for
3months 1mg/m3
National Toxicology Sprague-Dawley Specular hematitite,  Inhalation 4w-subchronic 22.5 45
Program, report 91 (95% Fe,0,) 6h/d*5d/w
15, 30 and 60mg/m?
*4 w

16, 26 and 39 w 1
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weeks at the only tested dose of 640mg/m3. In
addition to a 5-fold increase in PMN in BAL, they
observed increased levels of pro-inflammatory cyto-
kines, as well as increased levels of LDH as an indi-
cator of membrane damage and acute cytotoxicity.
However, the excessive dose assessed in this study
is much greater than effective doses in other stud-
ies, and also the OELs for iron oxide (ECHA 2022)
and the value of this study for regulatory purposes
is therefore limited.

Pettibone et al. exposed C57BL/6 mice by whole
body inhalation of 3.55mg/m? nebulized iron core
with Fe;O, and Fe,O; nanoparticles (25nm) for
4h/day, 5days/week for 2weeks (Pettibone et al.
2008). There was statistically significant neutrophilia
one hour after last inhalation exposure. A LOAEC of
1.8mg/m?3 was derived.

Two inhalation studies (Pauluhn 2012 and NTP
2020) reported both a NOAEC and a LOAEC. In the
Pauluhn sub-chronic 13-weeks inhalation study Wistar
rats were exposed to iron oxide dust (Fe;O,, 1.3 um)
for 6h/day, 5days a week for 13weeks at measured
concentrations of 0, 4.7, 16.6, and 52.1mg/m3. Of
several endpoints, the most sensitive appeared to be
percent of PMN in BAL. No effect on PMN numbers
was detected at 4.7mg/m3 and the lowest effective
dose was 16.6mg/m3. Then with correction for a
human daily 8 working hours we derived the NOAEC
to be 3.8mg/m? and a LOAEC 13.2mg/m?.

It was reported by the National Toxicology
Programme (NTP 2020) of Sprague-Dawley rats that
were exposed by inhalation to 700-800nm of 15, 30
and 60mg/m? to specular hematite (95% Fe,0,)
6hours per day 5days a week. BAL was collected
from the right lung lobe male rats per exposure
group at 4, 16, 26, and 39weeks. At 4weeks a NOAEC
30mg/m?3 and LOAEC 60mg/m?3 (human NOAEC, 22.5
and LOAEC 45mg/m3) were derived. However, after
16 weeks and later a LOAEC of 30mg/m3 (human
LOAEC, 22.5mg/m?3) was derived.

Sutunkova et al. (2016) detected significant infil-
tration of PMN one day in rats after inhalation expo-
sure of three months inhalation exposure of 1 mg/m?3
of 14nm Fe,O,, providing a calculated LOAEC of
0.75mg/m?3,

With acute iron oxide exposures, no effects were
detected, perhaps because the concentrations were
below threshold. The derived NOAECs from the
acute studies were in rather narrow range from 0.07
to 0.2mg/m3. For subacute and subchronic studies
NOAECs ranged from 4-22mg/m? (this range was
restricted to 4-11mg/m3 however if longer expo-
sures were considered).

The weighted LOAEC values was between of
0.75-12mg/m3. Two studies seemed to adhere to
OECD test guidelines (Pauluhn 2012 and NTP 2020)
with limits of benchmark doses between 3.8 mg/m3
and of 12mg/m?3.

6.1.1. Instillation studies

By search methodology and criteria presented in
Methods section, we identified 17 bolus exposure
studies. In most studies intratracheal instillation was
used and just oropharyngeal aspiration was used.
The studies and their analysis are summarized in
Table 2. Interestingly, one study was in human vol-
unteers (Lay et al. 1999); eight studies were in rats
and seven in mice. Iron oxide materials were mostly
experimentally synthetized or provided as laboratory
chemical reagents. Only a few studies were using
industrial iron oxide pigments designed for paints.
In most studies, instillation was performed only
once. For all studies, the NOAEC in rat/mice (in mg/
rodent or mg/kg bw/day was converted to an inha-
lation corrected NOAEC (mg/m?3) for 8 hours workday.

In the single study in humans, bronchoscopy and
intrapulmonary instillation were used to assess the
response of the lung to an instilled burden of
respirable-micron-sized iron oxide particles, 5mg
Fe,O, particles (median diameter 2600 nm, geomet-
ric st. dev. 1300nm) were instilled in a subsegment
of lingula lobe of the lung in 34 volunteers (Lay
et al.1999). The same subsegment was lavaged on
day 1, 2, 4, 28 and 91. In the subsample of 10 per-
sons the number of neutrophils were increased on
day 1 but not in a subsample on day 2 or thereafter.
This part of the lung was calculated to represent
1.6m? of the total of 112m? of the human lung.
With an assumed respiratory volume of 10m3/8hours
(ECHA 2012) and a 50% deposition rate LOAEC will
be 35mg/m3.

In the same study, it was reported of male Fischer
rats that were instilled with three doses of the same
Fe,0, (Lay et al. 1999). Significant PMN numbers
were increased at the highest dose (4.83 mg/rat),
but not at the lower tested doses (0.16 and 1.61 mg/
rat). The calculated human equivalent NOAEC was
3.3mg/m3and the LOAEC 34 mg/m3.

Following to the outcome of Lay et al. (1999),
NOAEC and a LOAEC after bolus exposure could be
extracted in subsequent five studies. Beck-Speier
et al. (2009) instilled 500 or 1500 nm Fe,O, particles
in male Wistar-Kyoto rats. The number of neutrophils
in BALF in rats increased one day after instillation
of 4mg/kg 1 500nm but not 500nm Fe,O,



Table 2. Instillation and aspiration studies with key parameters

identified and their references.
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Reference

Species

Dosing regimen
(exposure method.

Corrected NOAEC

Corrected LOAEC

Antonini et al. (1996)

Wesselius et al.
(1996)
Lay et al. (1999)

Lay et al. (1999)

Zhu et al. (2008)
Beck-Speier et al.

(2009)

Demokritou et al.
(2010)

Katsnelson et al.
(2012)

Sutunkova et al.
(2016)

Ban et al. (2012)

Gustafsson et al.
(2015)

Billing et al. (2020)

Hadrup et al. (2020)

Falcone et al. (2018)

Cho et al. (2009)

Présumé et al. (2016)

Male CD/VAF rats

Sprague-Dawley rat

Fischer 344 Rats

Humans

Sprague Dawley rats

Wistar Kyoto

Male Sprague-Dawley
rat
outbred rats, f.

outbred rats

Balb/c mice, f.

Balb/c mice, f.

C57BL/6 mice, f.

C57BL/6 mice, f.

A/J mice

BALB/c, m.

C57BI/6 m.

Agent, size frequency, doses) (8hr, mg/m3) (8hr, mg/m3)
0.9um y-Fe, 0, Instillation 1 mg/rat PMN 5.2
increased 1 and 7 d
days after instillation
of
0.1 um Fe203 Instillation 12.5 (1) 260
mg/rat
Fe,0;, 2.6 um Instillation (1) 33 34
0.16, 1.61 and 4.83mg/
rat
Fe,0;, 2.6 pm Intrapulmonary 35
Instillation of 5mg/
person into a
subsegment of the
lingula lobe
Fe,0;, 22 or 280nm instillation (1) 4.2
0.8 and 20mg/kg
Fe,0;, 0.5pm Instillation (1) 21
1.3 and 4mg/kg
Fe,0;, 1.5pm Instillation (1) 6.8 21
1.3 and 4mg/kg
Fe,0;, 1.6 um Instillation (1) 1mg/kg 52
(aggregates of 2nm)
Fe,0,, 10,50,1000nm Instillation (1) 42
2mg/rat
Fe,0;, 14nm Instillation (1) 6.2
0.3 mg/rat
Fe,0;, 35, 147nm Instillation (1, 4) 21
0.25, 0.375 and 0.5mg/
mouse
a-Fe,0;, 30nm Instillation (1) 2.60 5.2
1.25 and 2.5 and
5mg/kg
Fe,0, or CoFe,0, with Instillation, 54 or 162 4.5
an iron to cobalt ratio Fe,0, ug/mouse 1d:
5:1, 3:1, 1:3, Co,0,, of 3d:
<40nm in diameter
Fe,0, (3 d) 45 14
a-Fe,0, particle, Instillation (1) 3.6 1
20-60 nm 0.7, 2.1, 6.4mg/kg
a-Fe,0, rods, Instillation (1) 3.6 1
40-150*250-600nm 0.7, 2.1, 6.4mg/kg
Fe,0, Oroparhyngeal aspiration 83
600+200 nm (5) of 1 or 2mg/kg
mouse on day 0, 7,
28 and 94 d. PMN
increase in lavage on
d 1, 7 but not 28 and
94 d
36nm Cy5.5-SPIONs Intratracheal instillation. 1.2 3.8
PMN increase after
1 d with 1.8 and
5.4 but not with
0.6 mg/kg
20-25nm Fe,0; or Fe;0  Oropharyngeal aspiration 4.2
of 5 or 50 pg/mouse,
PMN one day after a
single, or two or four
weekly aspirations
13.5

(Beck-Speier et al. 2009). The NOAEC for 500 nm
Fe,0, was then 21 mg/m?* and 6.6 mg/m? for 1500 nm
mg/m?3 Fe,0; The LOAEC for the 1500nm Fe,O; was
21 mg/m3.

In a study with female BALB/C mice 1.25, 2.5 and
5mg/kg 30nm a-Fe,0,, after one day neutrophilia
was detected with 2.5 and 5mg/kg but not with

1.25mg/kg (Gustafsson et al. 2015). These results
gave an adjusted NOAEC of 2.6 mg/m3 and LOAEC
of 5.2mg/m3.

Fe,O, (magnetite)was tested together with cobalt
ferrite materials in ratios 5:1, 3:1, 1:3, 0:1 Co;0,/
Fe;O, w/w (Billing et al. 2020). In cobalt ferrite Co
and and Fe are replaceable in the same crystal
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structure which also is paramagnetic. For all treat-
ment groups, there was a strong neutrophil influx,
except for low dose pure magnetite nanoparticles
which reached base level 3days after exposure. A
LOAEC for the magnetite of 4.5mg/m3 was derived
for day 1.

When 14, 43 and 128 g Fe,O; rods and spherical
particles were instilled in female C57/Bl6 mice neu-
trophilia was observed only one day after 128 g
Fe,O; rods and only after 28days with the 128 g
spheres (Hadrup et al. 2020). The resulting NOAEC
for spherical Fe,0; was then 3.6 mg/m3and and the
NOAEC 11 mg/m3.

Negatively charged polymer coated, 36 nm
Cy5.5-conjugated thermally cross-linked superpara-
magnetic iron oxide nanoparticles were instilled
intratracheally into the lungs of male BALB/c mice
at 0.6, 1.8 and 5.4mg/kg. PMN numbers were
increased 1day after instillation with 1.8 and 5.4mg/
kg but not with 0.6 mg/kg (Cho et al. 2009). A
NOAEC of 2mg/m3 and LOAEC 6 mg/m3 were derived.

In one study only NOAEC was reported, where 5
and 50 g 20-25nm Fe,O; or Fe;O, were adminis-
tered by oropharyngeal aspiration in male C57BI/6
mice. One day after 1, 2 or 4 repeated exposures
there was no change in the number of neutrophil
numbers in BALF (Présumé et al. 2016). A NOAEC
of 4.2mg/m? was derived.

In eight rodent studies, only a LOAEC was
reported (Antonini et al. 1996; Ban et al. 2012;
Demokritou et al. 2010; Falcone et al. 2018;
Katsnelson et al. 2012; Sutunkova et al. 2016;
Wesselius et al. 1996; Zhu et al. 2008).

Antonini et al. (1996) instilled 1mg 20-25nm
y-Fe203 iron oxide (4mg/kg rat) in male CD/VAF
rats and PMN numbers were increased 1 and 7 days
after instillation. A LOAEC of 5.2 mg/m?3 was derived.

Zhu et al. (2008) instilled 0.8 mg/kg bw and
20mg/kg 22 or 280nm Fe,O; in rats. Neutrophilia
in BALF was detected after all doses and for both
sizes after 1, 7 and 30days except 0.8mg/kg after
30days. A LOAEC of 4.2mg/m3 was derived.

Wesselius et al. (1996) instilled a very high dose
of 50mg/kg of 100nm Fe,O; 50mg/kg of 1in female
Sprague Dawley rats. Instillation of iron oxide
increased neutrophil numbers only on day 1. By a
dose of 50mg/kg, and 250g/rat the LOAEC was then
260 mg/m?3.

Katsnelson et al. (2012) instilled 2mg of 10, 50
or 1000nm Fe;0, in female rats (8 mg/kg) and ana-
lyzed the BALF cell composition on the next day.
Neutrophilia was detected for all sizes (50nm >
10nm > 1000 nm). The calculated LOAEC was then
42 mg/m?3.

Sutunkova et al. (2016) instilled rats with 0.3 mg
14nm Fe,O; per rat and detected influx of PMN
after 24 hours. The calculated LOAEC was then
6.2 mg/m?3,

Ban et al. (2012) instilled 250, 375 and 500 ug of
35nm or 147nm Fe,O; per female mouse for 4
times. After two days (of the last dose) the fraction
of PMN in BALF was increased at all doses. The PMN
fractions were greater for the 35nm than for the
147 nm particles. The calculated LOAEC was then
21 mg/m3.

Falcone et al. (2018) gave 1 and 2mg 600 nm
Fe,O, to A/J mice by oropharyngeal aspiration. With
repeated aspiration exposure on day 1, 7 and 28
mice were lavaged after 1, 7, 28 and 94days. PMN
numbers were not increased on day 28 and 94. The
calculated human LOAEC (a day after first aspiration
one day and a day after a second aspiration on day
seven) was 83 mg/m3.

Demokritou et al. (2010) instilled 1 mg y-Fe,05/kg
rat. The number of neutrophiles were increased
in lavages one day after instillation. A LOAEC of
5.2mg/m3 was derived.

In summary, instillation of a wide variety Fe,O,
and one Fe;0, (Katsnelson et al. 2012) particles were
instilled in mice and rats. LOAECs ranged from 4.2
to 260 mg/m3 with several LOAECs ranging from 5
to 10mg/m3. NOAEC ranged from 2.6 to 21 mg/m3.
The NOAEC of 21mg/m3 for 0.5um Fe,0; was
obtained in the same study with 1.5pum Fe,O; for
which a NOAEC of 6.8 mg/m3 was calculated.

Interestingly, data on neutrophil infiltration in
human subjects was calculated to give a LOAEC of
35mg/m?3 (Lay et al. 1999).

6.1.2. Inhalation vs. instillation

In two inhalation studies performed according in
principle by OECD guidelines both NOAEC and
LOAEC could be derived (NTP 2020; Pauluhn 2012).
The NOAEC values after four weeks of daily inhala-
tion were 4 or 22.5mg/m3. The corresponding
derived lowest LOAEC values from the same two
studies were 11 and 12 mg/m?3. From the other inha-
lation studies LOAEC values ranged from 0.5 to over
300 mg/m?3.

Most data from instillation experiments were
more consistent than inhalation data and a weight
of NOAEC values between of 2.5-3 and the lowest
LOAEC were 4-5mg/m3,

6.1.3. Chemical identity and speciation
We chose to include a wide variety of iron species
and crystalline phases. In many of the publications



it was not possible to deduce the crystalline phase.
Most studies were on trivalent (Fe(lll) iron oxides
but we included also data on mixed oxidation state
Fe,O, and even with particles reported to consist
of a core of metallic iron and a mixture of oxides
in the shell of the particles in oxidized iron particles
a gradient of magnetite and y-Fe,O; (maghemite)
toward the surface (Pettibone et al. 2008). In the
other inhalation study aerosols of iron oxide NPs
generated online by a spark generator with pure
iron (Sutunkova et al. 2016). Rats were exposed by
nose-only inhalation 4h a day, 5days a week. In
one study, Cho et al. (2009), instilled polymer
coated, Cy5.5-conjugated thermally cross-linked
superparamagnetic iron oxide nanoparticles with an
iron oxide content of 20%, We chose also to include
a comprehensive study of specular hematite
although it was only 95% pure (NTP 2020). Data
did not reveal any clear indications that one oxida-
tion state or one crystalline phase or even a com-
plex chemical composition was more potent than
the other, but perhaps too little data were available
and more research is needed for this conclusion,

6.1.4. Size and shape
The size of the particles reported in the 25 studies
varied greatly and the techniques of determining
primary particle size and agglomeration and aggre-
gation were also different. A few studies were on
parallel examinations of particles of different sizes.
Zhu instilled 22nm and 280nm Fe,O, in Sprague
Dawley rats. Neutrophilia was similar for the two
differently sized Fe,O, particles after 1, 7 and 30days
after an intratracheal instillation (Zhu et al. 2008).
Hadrup et al. examined two sizes of Fe,0; 80nm
rods and 72 nm spherical ones. Hadrup and cowork-
ers found larger numbers of neutrophils for rods on
day one than for the spherical particles but this was
reversed after day 28 (Hadrup et al. 2020). In the
study of Ban et al., 35nm nano-Fe,0O; were more
inflammatory than sub-micron (147 nm) at 250, 375
or 500 ug/mouse (Ban et al. 2012). Neutrophils rep-
resented 5-15% of BAL cells in mice treated with
submicron iron particles and 15-40% in mice treated
with nano-iron particles (Ban et al. 2012). Katsnelson
et al. instilled three sizes of Fe;0, (10, 50 and
1000nm) in rats. After one day neutrophilia was
greater for 50nm, than for the 10nm which was
greater than for the 1000nm Fe;O, (Katsnelson
et al. 2012).

Much of the instrumentation for determination
of nanoparticle size and agglomeration was devel-
oped and came into wide-spread use first during
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the last 10-15years. Therefore, there might inaccu-
racies in particle size and agglomeration state.

Perhaps like with ZnO particles, inflammation
seemed unrelated to to particle size. The toxicity of
ZnO seems to be driven by dissolution to Zn2* (Cho
et al. 2011; Donaldson et al. 2013; Yeh et al. 2012)
and ZnO is quite soluble in tissues and especially
in lysosomal fluid. ZnO-induced neutrophil influx
and blood levels of C-reactive protein for micro- and
nanozised ZnO particles were not associated with
particle size and hence deposited particle surface
area, but were more strongly related to the depos-
ited mass in human volunteers (Monsé et al.
2018, 2021).

In contrast to zinc oxides, iron oxides are slowly
dissolved in mammalian tissues (Jacobsen et al.
2015; Sohal et al. 2018; Sutunkova et al. 2016) but
the dissolution rates probably vary between differ-
ent iron species and crystalline phases.

We conclude that the available data indicate that
the size of iron oxide nanoparticles is not related
to pulmonary neutrophilia. This is also true for a
few solulble particles like ZnO nanoparticles. This
is in contrast to insoluble TiO, and carbon black for
which the literature indicates a strong relationship
between size (and surface area) (Cosnier et al. 2021;
Tran et al. 2000).

For some particulate materials, long fibers (more
than 5-15um long) are significantly more toxic than
spherical ones. In one study there was an indication
that Fe,O, rods were more inflammogenic than
spheres (Hadrup et al. 2020). However, there are too
few comparative studies to determine whether elon-
gated iron oxide particles are more inflammogenic
than short or spherical ones.

6.1.5. Exposure and resolution times

In many studies neutrophil infiltration was transient
and decreased rapidly on day one after instillation
or inhalation exposure (e.g. Lay et al. 1999). However,
in some instances, PMN numbers were reported to
be increased after exposure at times well beyond
the 1-3days we set as inclusion criterium, for exam-
ple, it should be noted that at 90 days after a single
instillation, a NOAEC of 2.08 mg/m? and LOAEC of
4,17 mg/m?3 could be calculated with a single instil-
lation of 10nm Fe,O; particles in ICR mice (Park
et al. 2015). At the highest dose tested (2mg/kg)
the particles were still present in the lung 90days
post-exposure and infiltration of neutrophils in the
lung, as well increased LDH, was detected. Also, on
day one after inhalation of specular hematite for
four weeks a NOAEC of 22.5mg/m3? was detected,
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whereas after 16, 26 and 39weeks of the same
exposure the LOAEC was of 11.2mg/m3.

Eight studies reported only a LOAEC, i.e. some
of these studies investigated only one single dose.
Only for two of the inhalation studies, the LOAEC
(1.78 mg/m?3) was lower than the bench mark dose
(BMD) span. In one of the studies, metallic iron
core particles were nebulized. The particles were
oxidized at the surface with a gradient of Fe,O,
(magnetite) and y-Fe,0, (maghemite). In the other
inhalation study, aerosols of iron oxide NPs were
generated online by a spark generator with pure
iron (Sutunkova et al. 2016). Rats were exposed
by nose-only inhalation 4h a day, 5days a week.
The LOAEC was calculated based on the effect
twenty-four days after three months of inhalation
to 0.75mg/m?3. It was stated that effects were ‘quite
similar’ after six and 12 months of exposure.
Considering the Sutunkova study a NOAEC of
0.75mg/m3 should be considered as the POD.

Finally, to evaluate the risks, an exposure estimate
should be either experimentally measured or
retrieved from the literature, and further compared
to the selected POD. This was indeed performed by
Cazzagon et al. (2022), where the authors assessed
exposure scenarios for each life cycle stage using
data from literature, inputs from industries and
results of a questionnaire distributed to healthcare
professionals. Then, exposure concentrations were
evaluated either from predictive exposure models
or monitoring campaigns designed specifically for
the study. The probabilistic risk assessment revealed
negligible risks for workers along the life cycle of
superparamagnetic iron oxide (magnetite) nanopar-
ticles used as contrast agent for the diagnosis of
tumor cells in all exposure scenarios, except for one
scenario when risk was considered acceptable only
after the adoption of specific risk management mea-
sures (Cazzagon et al. 2022).

The POD can be anywhere between zero and the
detectable effect size. However, in practice, this
point is typically overlooked, and the NOAEC is sim-
ply considered as a dose where the effect has been
shown to be zero. This is a major disadvantage of
the approach, since in some cases the detectable
effect size is not negligible, and biologically signif-
icant effects cannot be excluded. The detectable
effect size of a study depends on the number of
used test animals, which also influences the value
of the NOAEC. In practice the NOAEC tends to be
higher when fewer animals are used, which is con-
troversial, since less data points would add uncer-
tainty, which should normally be reflected by a

conservative approach (Hoffman and Hammonds
1994). Furthermore, the NOAEC can only be one of
the applied doses in a study, which implies that the
NOAEC strongly depends on the choice of dose
concentrations and number of animals per dose.
Therefore, by changing the study design the value
of the NOAEC is likely to change as well. The uncer-
tainty in each NOAEC value may be large, but it
cannot be assessed, which is another disadvantage
of the approach (Hoffman and Hammonds 1994).

Given the disadvantages of the NOAEC approach,
an alternative Benchmark Dose (BMD) method for
deriving a POD has been proposed by Crump (1984).
The BMD is defined as a dose level that is associated
with a pre-defined change in response (i.e. bench-
mark response) compared with the control (Crump
1984). The BMD is estimated from toxicity data by
fitting a dose-response model or a mathematical
function to the observations. To take the uncertain-
ties arising from experimental errors into account,
the lower confidence limit of the BMD (i.e. the
BMDL) is normally used as the POD. However, also
the BMD method is strongly dependent on study
design and number of data points. Both BMD and
LOAEC/NOAEC determination is hampered by too
few available data in the low dose area.

7. Conclusion

This review provides evidence of concordance in
POD values even though data come from a large
panel of iron chemical test protocols and test sys-
tems. It was our hypothesis that neutrophil influx
correlated with the dose deposited in the alveolar-
region of the lung after inhalation and bolus expo-
sure were similar. In regulatory toxicology, bolus
exposure by intratracheal instillation and aspiration
are usually not given the same attention as inhala-
tion by OECD guideline inhalation studies. We sug-
gest that PMN infiltration caused by materials
deposited in the lung and remain over time may
cause the similar effects whether they are adminis-
trated by inhalation over time or if administered by
bolus exposure. This is important because delivered
doses are much better controlled by bolus admin-
istration and the costs and work efforts are less. We
wanted to review all lung deposition data and bolus
exposures are more often reported. Inhalation stud-
ies are many times more time consuming and
expensive. Following the OECD guidelines may how-
ever mean that important mechanistic aspects are
missed. We do recognize that there also important



aspects that have to be considered when translating
bolus to inhalation exposure. One such is that the
deposited solid material should be relatively stable
in the lung and the critical effects should be related
to deposition and effects in the deep lung. Still
PODs we derived from bolus exposure are similar
to those derived from inhalation studies even if
duration of exposure and experimental design vary
considerably. Of seventeen studies, both NOAEC and
LOEL could be retrieved for six studies. For these
six studies the range between the NOAECs and the
LOAECs overlapped the BMD range between 3.9
and 7.3 mg/m3. Of the seventeen studies, three stud-
ies reported only a NOAEC and all these were lower
than the BMD range. Eight studies reported only a
LOAEC, i.e. some of these investigated only a single
dose. Only for two of the inhalation studies, the
LOAEC (1.78 mg/m3) was lower than the BMD span.
Twenty-four hours after three months of inhalation
the LOAEC was calculated to 0.75mg/m3. It was
stated that effects were ‘quite similar’ after six and
12 months of exposure. Considering the Sutunkova
study and all other studies a NOAEC of 0.75mg/m?3
should be considered as the POD.

In summary, from the evaluation of the literature
that the point of departure for the effect of infil-
tration of PMN into the lung appears to range from
a singular study from 0.75mg/m3 (Sutunkova et al.
2016) and several other studies a weight of the
span of POD may be in the range of 3-5mg/m?3. It
is also important that infiltration of PMN was
detected even after a single instillation of Fe,O; in
human lung at the calculated LOAEC of 35mg/m3.
This suggests that risk estimates and safe levels of
exposure in the workplace might need to be revised.
There is a need for more research in mice and rats
with different time points and other pathological
effects.

Superparamagnetic iron oxide nanoparticles
(SPIONs) become superparamagnetic when exposed
to an external magnetic field. This is utilized in med-
ical and clinical applications, including diagnostic
imaging, drug delivery and hyperthermia therapy.
However, as the use and manufacture of IONPs
expand there is a concern of the potential adverse
health effects induced by these materials.
Occupational exposure is of particular concern, as
workers may be exposed for longer time periods
and at higher exposure concentrations of IONPs
compared to end-users. This review was focused on
inflammation determined by neutrophil infiltration
determined by cellular composition in bronchiolar
lavage fluid and was motivated within the EU 2020
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project Safe-N-MedTech by the increasing adoption
of iron oxides nanoparticles in medical applications.
Theoretically, SPIONs may be released into air during
production and use workers may be exposed. Under
the conditions described above exposures were
estimated to be very low, less or much less than
100 ug/m3 because it was handled in very small
amounts in aqueous suspensions and we could not
identify any process were it was likely to be aero-
solized. We concluded that there was no risk was
for workers engaged in production or use of the
product (to be published, final report, EU Horizon
2020 project: Safety Testing in the Life-cycle of nan-
otechnology Nanotechnology-enabled Medical
Technologies for Health.)

We therefore searched the literature on the
inflammatory potential of different iron oxide spe-
cies or determine at what air concentrations there
is risk of health effects in exposed workers.

Although there is little evidence from epidemio-
logical studies that iron oxide-inhalation poses any
health risk to humans at current OELs this might
be due to that these studies focussed on other
agents (Kornberg et al. 2017; IARC 2018; Stokinger
1984). This raises the need for more research.

We were also interested in whether there were
indications that the inflammatory effect was differ-
ent after bolus deposition in the lung compared to
inhalation exposure. There was no indication that
IONPs pulmonary toxicity was different between in
vivo inhalation and instillation studies, although the
data may be too few for this conclusion and other
endpoints should be studied as well. As proposed
by Boots et al. (2021) it seems like the dose of
poorly solubility particles with low toxicity produces
the same short term inflammatory effect after bolus
delivery as after inhalation. However, in contrast to
some other more well studied materials, inflamma-
tion induced by iron oxides there seem to be not
correlated to surface area. In one study inflamma-
tion was greater for larger particles (Beck-Speier
et al. 2009) or in other the effect particle size was
inconsistent (Ban et al. 2012; Hadrup et al. 2020;
Katsnelson et al. 2012; Zhu et al. 2008). It might be
speculated that mice would be more sensitive to
iron oxides than rats. However, our review did not
provide evidence for that.

From the evaluation of the literature, we con-
clude that the POD for the effect of infiltration of
PMN into the lung appears to several studies range
between 3-5mg/m3. A singular inhalation study
indicates a POD of 0.75mg/m3 (Sutunkova et al.
2016). In a singular study with instillation of Fe,O,
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in human lung at the calculated LOAEC of 35mg/
m3 (No NOAEC was determined.) We evaluated only
a single sensitive and robust endpoint, neutrophilia,
as determinant of lung inflammation. We do recog-
nize that the studies reviewed here vary greatly in
design and quality. If data on other more relevant
endpoints such as chronic disease are available,
these should be given greater weight. Iron oxide
exposures are common and many people world-wide
are exposed. More data are needed. Especially epi-
demiological studies of workers with mixed expo-
sures and with careful source apportionment and
more rodent testing is needed. We think that a
careful revisiting of risk estimates and safe levels of
exposure to iron species in the workplace is
motivated.

Data sharing statement

The data that support the findings of this study are available
on request from the corresponding author, HW.

Disclaimer

The findings and conclusions in this report are those of the
authors and do not necessarily represent the official position
of the Norwegian, National Institute of Occupational Health
or the Danish, National Center for the Working Environment.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Funding

This review was undertaken in the framework of the EU proj-
ect Safe-N-Medtech project which has received funding from
the European Union’s Horizon 2020 Research and Innovation
Programme under Grant Agreement No. 814607.

ORCID

Ulla Vogel http://orcid.org/0000-0001-6807-1524
Hakan Wallin http://orcid.org/0000-0001-7716-0166
References

Abbaspour, N., R. Hurrell, and R. Kelishadi. 2014. “Review on
Iron and Its Importance for Human Health.” Journal of
Research in Medical Science 19: 164-174.

Antonini, J. M., G. G. Krishna Murthy, R. A. Rogers, R. Albert,
G. D. Ulrich, and J. D. Brain. 1996. “Pneumotoxicity and
Pulmonary Clearance of Different Welding Fumes after
Intratracheal Instillation in the Rat.” Toxicology and Applied

Pharmacology 140 (1): 188-199. https://doi.org/10.1006/
taap.1996.0212.

Baisch, B. L., N. M. Corson, P. Wade-Mercer, R. Gelein, A. J. Kennell,
G. Oberdérster, and A. Elder. 2014. “Equivalent Titanium
Dioxide Nanoparticle Deposition by Intratracheal Instillation
and Whole Body Inhalation: The Effect of Dose Rate on Acute
Respiratory Tract Inflammation.” Particle and Fibre Toxicology
11 (1): 5. https://doi.org/10.1186/1743-8977-11-5.

Balkwill, F., and A. Mantovani. 2001. “Inflammation and
Cancer: back to Virchow?” Lancet (London, England) 357
(9255): 539-545. https://doi.org/10.1016/50140-6736(00)
04046-0.

Ban, M., I. Langonné, N. Huguet, and M. Goutet. 2012. “Effect
of Submicron and Nano-Iron Oxide Particles on Pulmonary
Immunity in Mice!” Toxicology Letters 210 (3): 267-275.
https://doi.org/10.1016/j.toxlet.2012.02.004.

BAUA. 2022. Derivation of Occupational Exposure Limits for
Airborne Chemicals - Comparison of Methods and
Protection Level. https://www.baua.de/EN/Service/
Publications/Report/F2437.html

Beck-Speier, 1., W. G. Kreyling, K. L. Maier, N. Dayal, M. C.
Schladweiler, P. Mayer, M. Semmler-Behnke, and U. P.
Kodavanti. 2009. “Soluble Iron Modulates Iron Oxide
Particle-Induced Inflammatory Responses via Prostaglandin
E2 Synthesis: In Vitro and in Vivo Studies.” Particle and
Fibre Toxicology 6 (1): 34. https://doi.org/10.1186/1743-
8977-6-34.

Billing, A. M., K. B. Knudsen, A. J. Chetwynd, L. A. Ellis, S. V.
Y. Tang, T. Berthing, H. Wallin, I. Lynch, U. Vogel, and F.
Kjeldsen. 2020. “Fast and Robust Proteome Screening
Platform Identifies Neutrophil Extracellular Trap Formation
in the Lung in Response to Cobalt Ferrite Nanoparticles”
ACS Nano 14 (4): 4096-4110. https://doi.org/10.1021/acsna-
no.9b08818.

Boots, T. E., A. M. Kogel, N. M. Drew, and E. D. Kuempel.
2021. “Utilizing Literature-Based Rodent Toxicology Data
to Derive Potency Estimates for Quantitative Risk
Assessment.” Nanotoxicology 15 (6): 740-760. https://doi.
0rg/10.1080/17435390.2021.1918278.

Bos, P. M. J., I. Gosens, L. Geraets, C. Delmaar, and F. Cassee.
2019. “Pulmonary Toxicity in Rats following Inhalation
Exposure to Poorly Soluble Particles: The Issue of Impaired
Clearance and the Relevance for Human Health Hazard
and Risk Assessment.” Regulatory Toxicology and
Pharmacology: RTP 109: 104498. https://doi.org/10.1016/j.
yrtph.2019.104498.

Camaschella, C., A. Nai, and L. Silvestri. 2020. “Iron Metabolism
and Iron Disorders Revisited in the Hepcidin Era”
Haematologica 105 (2): 260-272. https://doi.org/10.3324/
haematol.2019.232124.

Cazzagon, V., E. Giubilato, L. Pizzol, C. Ravagli, S. Doumett,
G. Baldi, M. Blosi, et al. 2022. “Occupational Risk of
Nano-Biomaterials: Assessment of Nano-Enabled Magnetite
Contrast Agent Using the BIORIMA Decision Support
System.” Nanolmpact 25: 100373. https://doi.org/10.1016/].
impact.2021.100373.

Cho, W. S., M. Cho, S. R. Kim, M. Choi, J. Y. Lee, B. S. Han, S.
N. Park, M. K. Yu, S. Jon, and J. Jeong. 2009. “Pulmonary
Toxicity and Kinetic Study of Cy5.5conjugated
Superparamagnetic Iron Oxide Nanoparticles by Optical
Imaging.” Toxicology and Applied Pharmacology 239 (1):
106-115. https://doi.org/10.1016/j.taap.2009.05.026.


https://doi.org/10.1006/taap.1996.0212
https://doi.org/10.1006/taap.1996.0212
https://doi.org/10.1186/1743-8977-11-5
https://doi.org/10.1016/s0140-6736(00)04046-0
https://doi.org/10.1016/s0140-6736(00)04046-0
https://doi.org/10.1016/j.toxlet.2012.02.004
https://www.baua.de/EN/Service/Publications/Report/F2437.html
https://www.baua.de/EN/Service/Publications/Report/F2437.html
https://doi.org/10.1186/1743-8977-6-34
https://doi.org/10.1186/1743-8977-6-34
https://doi.org/10.1021/acsnano.9b08818
https://doi.org/10.1021/acsnano.9b08818
https://doi.org/10.1080/17435390.2021.1918278
https://doi.org/10.1080/17435390.2021.1918278
https://doi.org/10.1016/j.yrtph.2019.104498
https://doi.org/10.1016/j.yrtph.2019.104498
https://doi.org/10.3324/haematol.2019.232124
https://doi.org/10.3324/haematol.2019.232124
https://doi.org/10.1016/j.impact.2021.100373
https://doi.org/10.1016/j.impact.2021.100373
https://doi.org/10.1016/j.taap.2009.05.026

Cho, W. S., R. Duffin, S. E. Howie, C. J. Scotton, W. A. Wallace,
W. Macnee, M. Bradley, I. L. Megson, and K. Donaldson.
2011. “Progressive Severe Lung Injury by Zinc Oxide
Nanoparticles; the Role of Zn2+ Dissolution inside
Lysosomes.” Particle and Fibre Toxicology 8 (1): 27. https://
doi.org/10.1186/1743-8977-8-27.

Cosnier, F, C. Seidel, S. Valentino, O. Schmid, S. Bau, U. Vogel,
J. Devoy, and L. Gaté. 2021. “Retained Particle Surface
Area Dose Drives Inflammation in Rat Lungs following
Acute, Subacute, and Subchronic Inhalation of
Nanomaterials.” Particle and Fibre Toxicology 18 (1): 29.
https://doi.org/10.1186/512989-021-00419-w.

Costa, D. L., J. R. Lehmann, D. Winsett, J. Richards, A. D.
Ledbetter, and K. L. Dreher. 2006. “Comparative Pulmonary
Toxicological Assessment of Oil Combustion Particles
Following Inhalation or Instillation Exposure.” Toxicological
Sciences: An Official Journal of the Society of Toxicology 91
(1): 237-246. https://doi.org/10.1093/toxsci/kfj123.

Crump, K. S. 1984. “A New Method for Determining Allowable
Daily Intakes!” Fundamental and Applied Toxicology 4:
854-871.

Demokritou, P, R. Biichel, R. M. Molina, G. M. Deloid, J. D.
Brain, and S. E. Pratsinis. 2010. “Development and
Characterization of a Versatile Engineered Nanomaterial
Generation System (VENGES) Suitable for Toxicological
Studies.” Inhalation Toxicology 22 Suppl 2 (2): 107-116.
https://doi.org/10.3109/08958378.2010.499385.

Donaldson, K., A. Schinwald, F. Murphy, W.-S. Cho, R. Duffin,
L. Tran, and C. Poland. 2013. “The Biologically Effective
Dose in Inhalation Nanotoxicology.” Accounts of Chemical
Research 46 (3): 723-732. https://doi.org/10.1021/
ar300092y.

Driscoll, K. 1996. “Role of Inflammation in the Development
of Rat Lung Tumors in Response to Chronic Particle
Exposure” In Particle Overload in the Rat Lung and Lung
Cancer, edited by Mauderly J. L. and McCunney R. J.
Philadelphia: Taylor and Francis.

ECHA. 2016. REACH, Guidance on Information Requirements
and Chemical Safety Assessment. https://echa.europa.eu/
documents/10162/13632/information_requirements_
part_e_en.pdf/1da6cadd-895a-46f0-884b-00307c0438fd

ECHA. 2012. Guidance on Information Requirements and
Chemical Safety Assessment Chapter R. Characterisation of
Dose [Concentration]-Response for Human Health. https://
echa.europa.eu/documents/10162/13632/information_
requirements_r8_en.pdf/e153243a-03f0-44c5-8808-
88af66223258.

ECHA. 2022. Scoping Study Report for Evaluation of Limit
Values for Welding Fumes and Fumes from Other Processes
that Generate Fume in a Similar Way at the Workplace
2022. https://echa.europa.eu/documents

European Medical Agency (EMA). 2013. New Recommendations
to Manage Risk of Allergic Reactions with Intravenous
Iron-Containing Medicines. https://www.ema.europa.eu/
en/documents;

Falcone, L. M., A. Erdely, R. Salmen, M. Keane, L. Battelli, V.
Kodali, L. Bowers, et al. 2018. “Pulmonary Toxicity and
Lung Tumorigenic Potential of Surrogate Metal Oxides in
Gas Metal Arc Welding-Stainless Steel Fume: Iron as a
Primary Mediator versus Chromium and Nickel” PloS One
13 (12): e0209413. https://doi.org/10.1371/journal.
pone.0209413.

NANOTOXICOLOGY 13

FDA. 2018. US Food and Drug Administration, July-September
2018. Potential Signals of Serious Risks/New Safety
Information Identified by the FDA. https://www.fda.gov/
drugs/questions-and-answers-fdas-adverse-event-
reporting-system-faers/july-september-2018-potential-
signals-serious-risksnew-safety-information-identified-fda-a
dverse

Fenton, H. J. H. 1894. “LXXIIl.—Oxidation of Tartaric Acid in
Presence of Iron. Journal of the Chemical Society,
Transactions 65: 899-910. https://doi.org/10.1039/
CT8946500899.

Gao, G, J. Li, Y. Zhang, and Y. Z. Chang. 2019. “Cellular Iron
Metabolism and Regulation.” Advances in Experimental
Medicine and Biology 1173: 21-32. https://doi.
org/10.1007/978-981-13-9589-5_2.

Gaté, L., K. B. Knudsen, C. Seidel, T. Berthing, L. Chézeau, N.
R. Jacobsen, S. Valentino, et al. 2019. “Pulmonary Toxicity
of Two Different Multi-Walled Carbon Nanotubes in Rat:
Comparison between Intratracheal Instillation and
Inhalation Exposure.” Toxicology and Applied Pharmacology
375: 17-31. https://doi.org/10.1016/j.taap.2019.05.001.

Geppert, M., and M. Himly. 2021. “Iron Oxide Nanoparticles
in Bioimaging — An Immune Perspective.” Frontiers in
Immunology 12: 688927. https://doi.org/10.3389/fim-
mu.2021.688927.

Gomollén, F, Y. Chowers, S. Danese, A. Dignass, O. Haagen
Nielsen, P. L. Lakatos, C. W. Lees, et al. 2014. “Letter:
European Medicines Agency Recommendations for Allergic
Reactions to Intravenous Iron-Containing Medicines.”
Alimentary Pharmacology & Therapeutics 39 (7): 743-744.
https://doi.org/10.1111/apt.12648.

Guo, C,, R. J. M. Weber, A. Buckley, J. Mazzolini, S. Robertson,
J. M. Delgado-Saborit, J. Z. Rappoport, et al. 2021.
“Environmentally Relevant Iron Oxide Nanoparticles
Produce Limited Acute Pulmonary Effects in Rats at
Realistic Exposure Levels.” International Journal of Molecular
Sciences 22 (2): 556. https://doi.org/10.3390/ijms22020556.

Gustafsson, A., U. Bergstrom, L. Agren, L. Osterlund, T.
Sandstrom, and A. Bucht. 2015. “Differential Cellular
Responses in Healthy Mice and in Mice with Established
Airway Inflammation When Exposed to Hematite
Nanoparticles.” Toxicology and Applied Pharmacology 288
(1): 1-11. https://doi.org/10.1016/j.taap.2015.07.001.

Hadrup, N., A. T. Saber, Z. O. Kyjovska, N. R. Jacobsen, M.
Vippola, E. Sarlin, Y. Ding, et al. 2020. “Pulmonary Toxicity
of Fe203, ZnFe204, NiFe204 and NiZnFe408 Nanomaterials:
Inflammation and DNA Strand Breaks.” Environmental
Toxicology and Pharmacology 74: 103303. https://doi.
org/10.1016/j.etap.2019.103303.

Halappanavar, Sabina, Sybille van den Brule, Penny Nymark,
Laurent Gaté, Carole Seidel, Sarah Valentino, Vadim
Zhernovkov, et al. 2020. “Adverse Outcome Pathways as
a Tool for the Design of Testing Strategies to Support the
Safety Assessment of Emerging Advanced Materials at the
Nanoscale!” Particle and Fibre Toxicology 17 (1): 16. https://
doi.org/10.1186/512989-020-00344-4.

Halappanavar, S., M. Sharma, S. Solorio-Rodriguez, H. Wallin,
U. Vogel, K. Sullivan, and A. J. Clippinger. 2023. “Substance
Interaction with the Pulmonary Resident Cell Membrane
Components Leading to Pulmonary Fibrosis” In OECD
Series on Adverse Outcome Pathways, No. 33. Paris: OECD
Publishing. https://doi.org/10.1787/10372cb8-en


https://doi.org/10.1186/1743-8977-8-27
https://doi.org/10.1186/1743-8977-8-27
https://doi.org/10.1186/s12989-021-00419-w
https://doi.org/10.1093/toxsci/kfj123
https://doi.org/10.3109/08958378.2010.499385
https://doi.org/10.1021/ar300092y
https://doi.org/10.1021/ar300092y
https://echa.europa.eu/documents/10162/13632/information_requirements_part_e_en.pdf/1da6cadd-895a-46f0-884b-00307c0438fd
https://echa.europa.eu/documents/10162/13632/information_requirements_part_e_en.pdf/1da6cadd-895a-46f0-884b-00307c0438fd
https://echa.europa.eu/documents/10162/13632/information_requirements_part_e_en.pdf/1da6cadd-895a-46f0-884b-00307c0438fd
https://echa.europa.eu/documents/10162/13632/information_requirements_r8_en.pdf/e153243a-03f0-44c5-8808-88af66223258
https://echa.europa.eu/documents/10162/13632/information_requirements_r8_en.pdf/e153243a-03f0-44c5-8808-88af66223258
https://echa.europa.eu/documents/10162/13632/information_requirements_r8_en.pdf/e153243a-03f0-44c5-8808-88af66223258
https://echa.europa.eu/documents/10162/13632/information_requirements_r8_en.pdf/e153243a-03f0-44c5-8808-88af66223258
https://echa.europa.eu/documents
https://www.ema.europa.eu/en/documents;
https://www.ema.europa.eu/en/documents;
https://doi.org/10.1371/journal.pone.0209413
https://doi.org/10.1371/journal.pone.0209413
https://www.fda.gov/drugs/questions-and-answers-fdas-adverse-event-reporting-system-faers/july-september-2018-potential-signals-serious-risksnew-safety-information-identified-fda-adverse
https://www.fda.gov/drugs/questions-and-answers-fdas-adverse-event-reporting-system-faers/july-september-2018-potential-signals-serious-risksnew-safety-information-identified-fda-adverse
https://www.fda.gov/drugs/questions-and-answers-fdas-adverse-event-reporting-system-faers/july-september-2018-potential-signals-serious-risksnew-safety-information-identified-fda-adverse
https://www.fda.gov/drugs/questions-and-answers-fdas-adverse-event-reporting-system-faers/july-september-2018-potential-signals-serious-risksnew-safety-information-identified-fda-adverse
https://www.fda.gov/drugs/questions-and-answers-fdas-adverse-event-reporting-system-faers/july-september-2018-potential-signals-serious-risksnew-safety-information-identified-fda-adverse
https://doi.org/10.1039/CT8946500899
https://doi.org/10.1039/CT8946500899
https://doi.org/10.1007/978-981-13-9589-5_2
https://doi.org/10.1007/978-981-13-9589-5_2
https://doi.org/10.1016/j.taap.2019.05.001
https://doi.org/10.3389/fimmu.2021.688927
https://doi.org/10.3389/fimmu.2021.688927
https://doi.org/10.1111/apt.12648
https://doi.org/10.3390/ijms22020556
https://doi.org/10.1016/j.taap.2015.07.001
https://doi.org/10.1016/j.etap.2019.103303
https://doi.org/10.1016/j.etap.2019.103303
https://doi.org/10.1186/s12989-020-00344-4
https://doi.org/10.1186/s12989-020-00344-4
https://doi.org/10.1787/10372cb8-en

14 A.MOEN ET AL.

Hartman, A., and MAK Commission. 2016. “Iron Oxides
(Inhalable Fraction).” MAK Value Documentation, 2011, The
MAK-Collection for Occupational Health and Safety: Annual
Thresholds and Classifications for the Workplace 1 (3).
https://doi.org/10.1002/3527600418.mb0209vere0002

Henderson, R. F, K. E. Driscoll, J. R. Harkema, R. C.
Lindenschmidt, I.-Y. Chang, K. R. Maples, and E. B. Barr.
1995. “Comparison of the Inflammatory Response of the
Lung to Inhaled versus Instilled Particles in F344 Rats.”
Fundamental and Applied Toxicology: Official Journal of the
Society of Toxicology 24 (2): 183-197. https://doi.
org/10.1006/faat.1995.1022.

Hirano, S., T. Shimada, J. Osugi, N. Kodama, and K. T. Suzuki.
1994. “Pulmonary Clearance and Inflammatory Potency of
Intratracheally Instilled or Acutely Inhaled Nickel Sulfate
in Rats.” Archives of Toxicology 68 (9): 548-554. https://doi.
org/10.1007/5002040050112.

Hoffman, F. O.,, and J. C. Hammonds. 1994. “Propagation of
Uncertainty in Risk Assessments: The Need to Distinguish
between Uncertainty Due to Lack of Knowledge and
Uncertainty Due to Variability” Risk Analysis: An Official
Publication of the Society for Risk Analysis 14 (5): 707-712.
https://doi.org/10.1111/j.1539-6924.1994.tb00281 .x.

IARC. 2018. “International Agency for Research on Cancer
(IARC) Welding, Molybdenum Trioxide, and Indium Tin
Oxide.” Monographs on the Evaluation of Carcinogenic Risks
to Humans. Vol. 118. Lyon: IARC.

Jacobsen, N. R, T. Stoeger, S. van den Brule, A. T. Saber, A.
Beyerle, G. Vietti, A. Mortensen, et al. 2015. “Acute and
Subacute Pulmonary Toxicity and Mortality in Mice after
Intratracheal Instillation of ZnO Nanoparticles in Three
Laboratories.” Food and Chemical Toxicology: An International
Journal Published for the British Industrial Biological Research
Association 85: 84-95. https://doi.org/10.1016/j.
fct.2015.08.008.

Katsnelson, B. A,, L. I. Privalova, S. V. Kuzmin, V. B. Gurvich,
M. P. Sutunkova, E. P. Kireyeva, and I. A. Minigalieva. 2012.
“An Approach to Tentative Reference Levels Setting for
Nanoparticles in the Workroom Air Based on Comparing
Their Toxicity with That of Their Micrometric Counterparts:
A Case Study of Iron Oxide Fe304. ISRN Nanotechnology
2012: 1-12. https://doi.org/10.5402/2012/143613.

Knaapen, A. M., P. J. Borm, C. Albrecht, and R. P. Schins. 2004.
“Inhaled Particles and Lung Cancer. Part A: Mechanisms.”’
International Journal of Cancer 109 (6): 799-809. https://
doi.org/10.1002/ijc.11708.

Kornberg, T. G., T. A. Stueckle, J. A. Antonini, Y. Rojanasakul,
V. Castranova, Y. Yang, and L. Wang. 2017. “Potential Toxicity
and Underlying Mechanisms Associated with Pulmonary
Exposure to Iron Oxide Nanoparticles: Conflicting Literature
and Unclear Risk” Nanomaterials (Basel, Switzerland) 7 (10):
307. https://doi.org/10.3390/nano7100307.

Lay, J. C, W. D. Bennett, A. J. Ghio, P. A. Bromberg, D. L.
Costa, C. S. Kim, H. S. Koren, and R. B. Devlin. 1999.
“Cellular and Biochemical Response of the Human Lung
after Intrapulmonary Instillation of Ferric Oxide Particles.”
American Journal of Respiratory Cell and Molecular Biology
20 (4): 631-642. https://doi.org/10.1165/ajrcmb.20.4.3355.

Lieu, P. T., M. Heiskala, P. A. Peterson, and Y. Yang. 2001. “The
Roles of Iron in Health and Disease.” Molecular Aspects of
Medicine 22 (1-2): 1-87. https://doi.org/10.1016/
50098-2997(00)00006-6.

Malhotra, N., J. S. Lee, R. A. D. Liman, J. M. S. Ruallo, O. B.
Villaflores, T. R. Ger, and C. D. Hsiao. 3159. “Potential
Toxicity of Iron Oxide Magnetic Nanoparticles: A Review.”
Molecules (Basel, Switzerland) 25 (14): 3159. https://doi.
org/10.3390/molecules25143159.

Mgller, P, and H. Wallin. 1998. “Adduct Formation, Mutagenesis
and Nucleotide Excision Repair of DNA Damage Produced
by Reactive Oxygen Species and Lipid Peroxidation
Product” Mutation Research 410 (3): 271-290. https://doi.
org/10.1016/51383-5742(97)00041-0.

Monsé, C., O. Hagemeyer, M. Raulf, B. Jettkant, V. van
Kampen, B. Kendzia, V. Gering, et al. 2018.
“Concentration-Dependent Systemic Response after
Inhalation of Nano-Sized Zinc Oxide Particles in Human
Volunteers.” Particle and Fibre Toxicology 15 (1): 8. https://
doi.org/10.1186/512989-018-0246-4.

Monsé, C., M. Raulf, B. Jettkant, V. van Kampen, B. Kendzia,
L. Schirmeyer, C. E. Seifert, et al. 2021. “Inhalation Study
with Zinc Oxide: Analysis of Zinc Levels and Biomarkers
in Exhaled Breath Condensate.!” Archives of Toxicology 95
(1): 53-65. https://doi.org/10.1007/s00204-020-02923-y.

Monteiller, C., L. Tran, W. MacNee, S. Faux, A. Jones, B. Miller,
and K. Donaldson. 2007. “The Pro-Inflammatory Effects of
Low-Toxicity Low-Solubility Particles, Nanoparticles and
Fine Particles, on Epithelial Cells in Vitro: The Role of
Surface Area!” Occupational and Environmental Medicine 64
(9): 609-615. https://doi.org/10.1136/0em.2005.024802.

Morgan, J., R. Bell, and A. L. Jones. 2020. “Endogenous
Doesn’t Always Mean Innocuous: A Scoping Review of
Iron Toxicity by Inhalation.” Journal of Toxicology and
Environmental Health. Part B, Critical Reviews 23 (3): 107-
136. https://doi.org/10.1080/10937404.2020.1731896.

Morimoto, Y., M. Hirohashi, A. Ogami, T. Oyabu, T. Myojo, M.
Todoroki, M. Yamamoto, et al. 2012. “Pulmonary Toxicity of
Well-Dispersed Multi-Wall Carbon Nanotubes following
Inhalation and Intratracheal Instillation.” Nanotoxicology 6 (6):
587-599. https://doi.org/10.3109/17435390.2011.594912.

Morimoto, Y., H. Izumi, Y. Yoshiura, T. Tomonaga, B. W. Lee,
T. Okada, T. Oyabu, et al. 2016. “Comparison of Pulmonary
Inflammatory Responses following Intratracheal Instillation
and Inhalation of Nanoparticles!” Nanotoxicology 10 (5):
607-618. https://doi.org/10.3109/17435390.2015.1104740.

Morimoto, Y., H. Izumi, Y. Yoshiura, T. Tomonaga, T. Oyabu,
T. Myojo, K. Kawai, et al. 2015. “Pulmonary Toxicity of
Well-Dispersed Cerium Oxide Nanoparticles following
Intratracheal Instillation and Inhalation.” Journal of
Nanoparticle Research: An Interdisciplinary Forum for
Nanoscale Science and Technology 17 (11): 442. https://doi.
org/10.1007/s11051-015-3249-1.

NTP. 2020. National Toxicology Program, Toxicity report 91,
Technical Report on the Toxicity Studies of Abrasive
Blasting Agents Administered by Inhalation to F344/NTac
Rats and Sprague Dawley (Hsd:Sprague Dawley® SD°) Rats.
https://ntp.niehs.nih.gov/publications/reports

Oberdorster, G. 1996. “Significance of Particle Parameters in
the Evaluation of Exposure-Dose-Response Relationships
of Inhaled Particles.” Inhalation Toxicology 8 Suppl: 73-89.

OMIM. 2023. Online Mendelian Inheritance in Man. https://
omim.org/entry/235200?search=%22iron%20abnormalitie
$%22&highlight=%22iron%20abnormality%?22

OSHA. 2021. Permissible Exposure Limits - Annotated Tables.
https://www.osha.gov/annotated-pels/table-z-3.


https://doi.org/10.1002/3527600418.mb0209vere0002
https://doi.org/10.1006/faat.1995.1022
https://doi.org/10.1006/faat.1995.1022
https://doi.org/10.1007/s002040050112
https://doi.org/10.1007/s002040050112
https://doi.org/10.1111/j.1539-6924.1994.tb00281.x
https://doi.org/10.1016/j.fct.2015.08.008
https://doi.org/10.1016/j.fct.2015.08.008
https://doi.org/10.5402/2012/143613
https://doi.org/10.1002/ijc.11708
https://doi.org/10.1002/ijc.11708
https://doi.org/10.3390/nano7100307
https://doi.org/10.1165/ajrcmb.20.4.3355
https://doi.org/10.1016/s0098-2997(00)00006-6
https://doi.org/10.1016/s0098-2997(00)00006-6
https://doi.org/10.3390/molecules25143159
https://doi.org/10.3390/molecules25143159
https://doi.org/10.1016/S1383-5742(97)00041-0
https://doi.org/10.1016/S1383-5742(97)00041-0
https://doi.org/10.1186/s12989-018-0246-4
https://doi.org/10.1186/s12989-018-0246-4
https://doi.org/10.1007/s00204-020-02923-y
https://doi.org/10.1136/oem.2005.024802
https://doi.org/10.1080/10937404.2020.1731896
https://doi.org/10.3109/17435390.2011.594912
https://doi.org/10.3109/17435390.2015.1104740
https://doi.org/10.1007/s11051-015-3249-1
https://doi.org/10.1007/s11051-015-3249-1
https://ntp.niehs.nih.gov/publications/reports
https://omim.org/entry/235200?search=%22iron%20abnormalities%22&highlight=%22iron%20abnormality%22
https://omim.org/entry/235200?search=%22iron%20abnormalities%22&highlight=%22iron%20abnormality%22
https://omim.org/entry/235200?search=%22iron%20abnormalities%22&highlight=%22iron%20abnormality%22
https://www.osha.gov/annotated-pels/table-z-3

Osier, M., and Oberddorster, G. 1997. “Intratracheal Inhalation
vs Intratracheal Instillation: Differences in Particle Effects.”
Fundamental and Applied Toxicology 40: 220-7.

Park, E-J., S. Y. Oh, S. J. Lee, K. Lee, Y. Kim, B.-S. Lee, and J.
S. Kim. 2015. “Chronic Pulmonary Accumulation of Iron
Oxide Nanoparticles Induced Th1-Type Immune Response
Stimulating the Function of Antigen-Presenting Cells.”
Environmental Research 143 (Pt A): 138-147. https://doi.
org/10.1016/j.envres.2015.09.030.

Pauluhn, J. 2011. “Poorly Soluble Particulates: Searching for
a Unifying Denominator of Nanoparticles and Fine Particles
for DNEL Estimation.” Toxicology 279 (1-3): 176-188.
https://doi.org/10.1016/j.tox.2010.10.009.

Pauluhn, J. 2012. “Subchronic Inhalation Toxicity of Iron Oxide
(Magnetite, Fe(3) O(4)) in Rats: pulmonary Toxicity is
Determined by the Particle Kinetics Typical of Poorly
Soluble Particles.” Journal of Applied Toxicology: JAT 32 (7):
488-504. https://doi.org/10.1002/jat.1668.

Pauluhn, J., and Wiemann, M. 2011. “Siderite (FeCO3) and
Magnetite (Fe304) Overload-Dependent Pulmonary
Toxicity is Determined by the Poorly Soluble Particle not
the Iron Content.” Inhalation Toxicology 23: 763-83.

Pease, Camilla, Thomas Rucker, and Thomas Birk. 2016.
“Review of the Evidence from Epidemiology, Toxicology,
and Lung Bioavailability on the Carcinogenicity of Inhaled
Iron Oxide Particulates.” Chemical Research in Toxicology 29
(3): 237-254. https://doi.org/10.1021/acs.chemrestox
.5b00448.

Pettibone, J. M., A. Adamcakova-Dodd, P. S. Thorne, P. T.
O’Shaughnessy, J. A. Weydert, and V. H. Grassian. 2008.
“Inflammatory Response of Mice following Inhalation
Exposure to Iron and Copper Nanoparticles!” Nanotoxicology
2 (4): 189-204. https://doi.org/10.1080/17435390802398291.

Poland, C.,, Duffin, R., Weber, K., Dekant, W., Borm P. J. A.
2013. “Is Pulmonary Inflammation a Valid Predictor of
Particle Induced Lung Pathology? The Case of Amorphous
and Crystalline Silicas.” Toxicology Letters 14: S0378-S4274.

Pott, F., and M. Roller. 2005. “Carcinogenicity Study with
Nineteen Granular Dusts in Rats. European Journal of
Oncology 10 (4): 249-281.

Pott, F, U. Ziem, F. J. Reiffer, F. Huth, H. Ernst, and U. Mohr.
1987. “Carcinogenicity Studies on Fibres, Metal Compounds,
and Some Other Dusts in Rats.” Experimental Pathology 32
(3): 129-152. https://doi.org/10.1016/s0232-1513(87)
80044-0.

Présumé, M., M. Attoui, A. Maisser, G. Petit, and S. Lanone.
2015. “Design and Characterization of an Inhalation System
of Iron and Manganese Oxide Nanoparticles for Rodent
Exposure.” Aerosol Science and Technology 49 (8): 580-588.
https://doi.org/10.1080/02786826.2015.1052037.

Présumé, M., A. Simon-Deckers, S. Tomkiewicz-Raulet, B. Le
Grand, J. Tran Van Nhieu, G. Beaune, O. Duruphty, et al.
2016. “Exposure to Metal Oxide Nanoparticles Administered
at Occupationally Relevant Doses Induces Pulmonary
Effects in Mice!” Nanotoxicology 10 (10): 1535-1544. https://
doi.org/10.1080/17435390.2016.1242797.

Quanjel, M., B. Luijk, A. Vink, H. Stigter, and J. Rooijackers.
2015. “Pulmonary Siderosis as a Cause of Systemic Iron
Overload.” European Respiratory Journal 46: Suppl: PA1156.
https://doi.org/10.1183/13993003.congress-2015.PA1156.

Riccelli, M. G., Goldoni, M., Poli, D., Mozzoni, P,, Cavallo, D.,
and Corradi, M. 2020. “Welding Fumes, a Risk Factor for

NANOTOXICOLOGY 15

Lung Diseases.” International Journal of Environmental
Research and Public Health 17 (7): 2552.

Saito, H. 2014. “Metabolism of Iron Stores.” Nagoya Journal
of Medical Science 76 (3-4): 235-254.

Schulte, P. A, E. D. Kuempel, and N. M. Drew. 2018.
“Characterizing Risk Assessments for the Development of
Occupational Exposure Limits for Engineered
Nanomaterials.” Regulatory Toxicology and Pharmacology:
RTP 95: 207-219. https://doi.org/10.1016/j.yrtph.2018.03.018.

Sjogren, B., M. Albin, K. Broberg, P. Gustavsson, H. Tinnerberg,
and G. Johanson. 2022. “An Occupational Exposure Limit
for Welding Fumes is Urgently Needed.” Scandinavian
Journal of Work, Environment & Health 48 (1): 1-3. https://
doi.org/10.5271/sjweh.4002.

Sohal, I. S., Y. K. Cho, K. S. O'Fallon, P. Gaines, P. Demokritou,
and D. Bello. 2018. “Dissolution Behavior and Biodurability
of Ingested Engineered Nanomaterials in the
Gastrointestinal Environment” ACS Nano 12 (8): 8115-8128.
https://doi.org/10.1021/acsnano.8b02978.

Srinivas, A., P. J. Rao, G. Selvam, A. Goparaju, P. B. Murthy, and
P. N. Reddy. 2012. “Oxidative Stress and Inflammatory
Responses of Rat following Acute Inhalation Exposure to
Iron Oxide Nanoparticles!” Human & Experimental Toxicology
31 (11): 1113-1131. https://doi.org/10.1177/0960327
112446515.

Stokinger, H. E. 1984. “A Review of World Literature Finds
Iron Oxides Noncarcinogenic.” American Industrial Hygiene
Association Journal 45 (2): 127-133. https://doi.org/10.12
02/0002-8894(1984)045<0127:AROWLF>2.3.CO;2.

Sutunkova, M. P, B. A. Katsnelson, L. I. Privalova, V. B. Gurvich,
L. K. Konysheva, V. Y. Shur, E. V. Shishkina, et al. 2016. “On
the Contribution of the Phagocytosis and the Solubilization
to the Iron Oxide Nanoparticles Retention in and
Elimination from Lungs under Long-Term Inhalation
Exposure.” Toxicology 363-364: 19-28. https://doi.
org/10.1016/j.tox.2016.07.006.

Toyokuni, S. 2009. “Role of Iron in Carcinogenesis: Cancer as
a Ferrotoxic Disease (2009)." Cancer Science 100 (1): 9-16.
https://doi.org/10.1111/j.1349-7006.2008.01001 .x.

Tran, C. L., D. Buchanan, R. T. Cullen, A. Searl, A. D. Jones,
K. Donaldson, and I. I. Inhalation Of Poorly Soluble
Particles. 2000. “Influence of Particle Surface Area on
Inflammation and Clearance.” Inhalation Toxicology 12:
113-126.

U.S. EPA. 1987. The risk assessment guidelines of 1986.
Washington, DC: Office of Health and Environmental
Assessment; EPA report no. EPA/600/8-87/045.

Valdiglesias, V., N. Fernandez-Bertélez, G. Kilig, C. Costa, S.
Costa, S. Fraga, M. J. Bessa, E. Pasaro, J. P. Teixeira, and B.
Laffon. 2016. “Are Iron Oxide Nanoparticles Safe? Current
Knowledge and Future Perspectives.” Journal of Trace
Elements in Medicine and Biology: organ of the Society for
Minerals and Trace Elements (GMS) 38: 53-63. https://doi.
0rg/10.1016/j.jtemb.2016.03.017.

Villeneuve, D. L., B. Landesmann, P. Allavena, N. Ashley, A.
Bal-Price, E. Corsini, S. Halappanavar, et al. 2018.
“Representing the Process of Inflammation as Key Events
in Adverse Outcome Pathways.” Toxicological Sciences: An
Official Journal of the Society of Toxicology 163 (2): 346-352.
https://doi.org/10.1093/toxsci/kfy047.

Virchow, R., F. Chance, and J. Goodsir. 1860. Cellular pathol-
ogy as based upon physiological and pathological histol-


https://doi.org/10.1016/j.envres.2015.09.030
https://doi.org/10.1016/j.envres.2015.09.030
https://doi.org/10.1016/j.tox.2010.10.009
https://doi.org/10.1002/jat.1668
https://doi.org/10.1021/acs.chemrestox.5b00448
https://doi.org/10.1021/acs.chemrestox.5b00448
https://doi.org/10.1080/17435390802398291
https://doi.org/10.1016/s0232-1513(87)80044-0
https://doi.org/10.1016/s0232-1513(87)80044-0
https://doi.org/10.1080/02786826.2015.1052037
https://doi.org/10.1080/17435390.2016.1242797
https://doi.org/10.1080/17435390.2016.1242797
https://doi.org/10.1183/13993003.congress-2015.PA1156
https://doi.org/10.1016/j.yrtph.2018.03.018
https://doi.org/10.5271/sjweh.4002
https://doi.org/10.5271/sjweh.4002
https://doi.org/10.1021/acsnano.8b02978
https://doi.org/10.1177/0960327112446515
https://doi.org/10.1177/0960327112446515
https://doi.org/10.1202/0002-8894(1984)045<0127:AROWLF>2.3.CO;2
https://doi.org/10.1202/0002-8894(1984)045<0127:AROWLF>2.3.CO;2
https://doi.org/10.1016/j.tox.2016.07.006
https://doi.org/10.1016/j.tox.2016.07.006
https://doi.org/10.1111/j.1349-7006.2008.01001.x
https://doi.org/10.1016/j.jtemb.2016.03.017
https://doi.org/10.1016/j.jtemb.2016.03.017
https://doi.org/10.1093/toxsci/kfy047

16 A.MOEN ET AL.

ogy; twenty lectures delivered in the Pathological Institute
of Berlin during the months of February, March, and April,
1858. John Churchill. https://www.biodiversitylibrary.org/
item/194064

Wesselius, L. J, I. M. Smirnov, M. E. Nelson, A. R.
O’Brien-Ladner, C. H. Flowers, and B. S. Skikne. 1996.
“Alveolar Macrophages Accumulate Iron and Ferritin after
in Vivo Exposure to Iron or Tungsten Dusts” Journal of
Laboratory and Clinical Medicine 127 (4): 401-409. https://
doi.org/10.1016/50022-2143(96)90188-2.

Yeh, T. K., J. K. Chen, C. H. Lin, M. H. Yang, C. S. Yang, F. I
Chou, J. J. Peir, et al. 2012. “Kinetics and Tissue Distribution
of Neutron-Activated Zinc Oxide Nanoparticles and Zinc

Nitrate in Mice: effects of Size and Particulate Nature.
Nanotechnology 23 (8): 085102. https://doi.
org/10.1088/0957-4484/23/8/085102.

Zhou, Y. M., C. Y. Zhong, |. M. Kennedy, and K. E. Pinkerton.
2003. “Pulmonary Responses of Acute Exposure to Ultrafine
Iron Particles in Healthy Adult Rats.” Environmental
Toxicology 18 (4): 227-235. https://doi.org/10.1002/
tox.10119.

Zhu, M. T, W. Y. Feng, B. Wang, T. C. Wang, Y. Q. Gu, M. Wang,
Y. Wang, H. Ouyang, Y. L. Zhao, and Z. F. Chai. 2008.
“Comparative Study of Pulmonary Responses to Nano- and
Submicron-Sized Ferric Oxide in Rats.” Toxicology 247 (2-3):
102-111. https://doi.org/10.1016/j.t0x.2008.02.011.


https://www.biodiversitylibrary.org/item/194064
https://www.biodiversitylibrary.org/item/194064
https://doi.org/10.1016/s0022-2143(96)90188-2
https://doi.org/10.1016/s0022-2143(96)90188-2
https://doi.org/10.1088/0957-4484/23/8/085102
https://doi.org/10.1088/0957-4484/23/8/085102
https://doi.org/10.1002/tox.10119
https://doi.org/10.1002/tox.10119
https://doi.org/10.1016/j.tox.2008.02.011

	Inflammation related to inhalation of nano and micron sized iron oxides: a systematic review
	ABSTRACT
	1. Introduction
	2. Methods
	3. Literature search strategy
	4. Evaluation criteria
	5. Estimation of no observed adverse effect concentration (NOAEC) and lowest observed adverse effect concentration (LOAEC)
	6. Results and discussion
	6.1. Inhalation
	6.1.1. Instillation studies
	6.1.2. Inhalation vs. instillation
	6.1.3. Chemical identity and speciation
	6.1.4. Size and shape
	6.1.5. Exposure and resolution times


	7. Conclusion
	Data sharing statement
	Disclaimer
	Disclosure statement
	Funding
	ORCID
	References


