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Abstract

Inhalation of nanosized metal oxides may occur at the workplace. Thus, information

on potential hazardous effects is needed for risk assessment. We report an investiga-

tion of the genotoxic potential of different metal oxide nanomaterials. Acellular and

intracellular reactive oxygen species (ROS) production were determined for all the

studied nanomaterials. Moreover, mice were exposed by intratracheal instillation to

copper oxide (CuO) at 2, 6, and 12 μg/mouse, tin oxide (SnO2) at 54 and 162 μg/

mouse, aluminum oxide (Al2O3) at 18 and 54 μg/mouse, zinc oxide (ZnO) at 0.7 and

2 μg/mouse, titanium dioxide (TiO2) and the benchmark carbon black at 162 μg/

mouse. The doses were selected based on pilot studies. Post-exposure time points

were 1 or 28 days. Genotoxicity, assessed as DNA strand breaks by the comet assay,

was measured in lung and liver tissue. The acellular and intracellular ROS measure-

ments were fairly consistent. The CuO and the carbon black bench mark particle

were potent ROS generators in both assays, followed by TiO2. Al2O3, ZnO, and SnO2

generated low levels of ROS. We detected no increased genotoxicity in this study

using occupationally relevant dose levels of metal oxide nanomaterials after pulmo-

nary exposure in mice, except for a slight increase in DNA damage in liver tissue at

the highest dose of CuO. The present data add to the body of evidence for risk

assessment of these metal oxides.

K E YWORD S

Al, comet assay, Cu, Sn, Ti, Zn

1 | INTRODUCTION

Metal oxide nanomaterials are already employed in many commercial

products, including gas sensors, batteries, and solar cells, while they

are readily employed by the industry for catalysis and energy

conversion (Chavali & Nikolova, 2019). During the production and use

of these materials, occupational exposure may occur. Therefore, it is

important to determine the critical effects of these materials and the

exposure levels at which they occur. Genotoxicity and carcinogenicity

are important endpoints to consider in this aspect as cancer is major
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disease limiting human life expectancy. To our knowledge, there is

limited knowledge on the genotoxicity of metal oxide nanomaterials

following pulmonary exposure. The genotoxicity of copper oxide

(CuO) nanoparticles has been investigated only in one study where

weak genotoxic effects were observed (Hadrup et al., 2021), while

three studies focusing on zinc oxide (ZnO) have reported contradict-

ing results (Hadrup et al., 2019; Larsen et al., 2016; Saber et al., 2022).

For TiO2 nanoparticles, pulmonary exposure studies have shown that

some types of TiO2 can have genotoxic effects (Hadrup et al., 2017;

Han et al., 2020; Larsen et al., 2016; Li et al., 2018; Lindberg

et al., 2012; Saber, Jacobsen, et al., 2012; Wallin et al., 2017). Studies

on the genotoxic effects of tin dioxide (SnO2) and aluminum oxide

(Al2O3) nanomaterials appear to be absent. In the current study, we

investigated the genotoxicity of five metal oxide nanomaterials after

pulmonary exposure, in terms of DNA strand break levels using the

comet assay.

2 | MATERIALS AND METHODS

2.1 | Description of nanomaterials and their
dispersion in exposure media

The ZnO, CuO, Al2O3, SnO2 and TiO2 nanomaterials were produced

by spark ablation as described in previously reported studies (Feng

et al., 2015; Pfeiffer et al., 2015; Schwyn et al., 1988). Their primary

particle sizes and specific surface areas are provided in Table 1. Car-

bon Black Printex-90 was used as a benchmark nanomaterial that was

kindly provided by DeGussa, Germany. For the animal study, the

nanomaterials were dispersed in 2% serum from mice of the same

strain as previously described (Hadrup et al., 2017). In short, the sus-

pensions were placed in ice baths on which they were sonicated for

16 min with a 13 nm disruptor horn equipped Branson Sonifier (Prod.

no. disruptor horn: 101-147-037, Prod. No. Sonifier: S-450D, Branson

Ultrasonics Corp., Danbury, USA). Afterwards, suspensions for the

lower dose group were prepared by subsequent threefold dilutions.

These diluted suspensions were sonicated for four additional minutes

prior to use. The vehicle (2% mouse serum) without nanomaterials for

control exposure underwent the same treatment. The suspensions

were administered to the animals within 1 h after sonication.

Dynamic light scattering (DLS) was used to determine the hydro-

dynamic size distributions of particle suspensions. This was done on a

Malvern Zetasizer Nano ZS (Malvern Instruments, UK) with a temper-

ature of 25�C. Dispersion Technology Software v5.0 (Malvern Instru-

ments, UK) was used for data analysis, and the hydrodynamic size was

calculated by use of a dispersion refractive index of 1.33 and viscosity

set to 1.12 cP. The material refractive index was set to 1.59 for CuO,

Al2O3, and SnO2, 2.49 for TiO2, and 2.02 for ZnO and carbon black;

the material absorption value was set to 0.01 for CuO, Al2O3, and

SnO2, 0.4 for ZnO, 0.1 for TiO2, and 2 for carbon black.

2.2 | Cell culturing and measurement of
cytotoxicity in vitro

The acute monocytic leukemia THP-1 cell line was used for all the

cytotoxicity tests. THP-1 cells were cultured in RPMI 1640 supple-

mented with 10% fetal bovine serum (FBS) (Gibco), 1% HEPES, 1%

sodium pyruvate, and 0.1% gentamicin. The nanomaterials (ZnO, CuO,

Al2O3, SnO2, TiO2, and Printex 90) were dispersed in sterile water

with 2% FBS to reach a stock concentration of 1 mg/mL. Before their

use, the particle suspensions were sonicated on ice for 16 min (cycling

between 10 s on and 10 s off) using a Branson Digital Sonifier

S-450D (Branson Ultrasonics Corp., USA).

The nanomaterial-induced cytotoxicity was assessed by mea-

suring cell growth after direct exposure to the materials. This

method quantifies cell numbers after exposure, and albeit being

simple, it provides an impression of the status of a cell population.

For this, THP-1 cells were seeded in a 24-well plate at a density of

2.0 � 104 cells/well. Nanomaterial suspensions were prepared from

the stock suspension in RPMI 1640 medium, added to the cell sus-

pension to reach concentrations of 0, 25, 50, and 100 μg/mL, and

incubated at 37�C and 5% CO2. After 24 h, the cell suspensions

were transferred to centrifuge tubes, centrifuged for 5 min at 300 g,

re-suspended in RPMI 1640 medium and reseeded in a 24-well

plate. Cell numbers were obtained by a Casy-1 Counter TT (Schärfe

Systems, Germany) immediately after reseeding, 24 and 48 h after

reseeding, which represented 24, 48, and 72 h after exposure to the

nanomaterials. This experiment was performed three times

independently.

TABLE 1 Physicochemical characteristics of the studied metal oxides and carbon black.

Name Primary particle size (nm) (±SD) Specific surface area (m2/g) Z average size (nm) Polydispersity index

ZnO 5.7 ± 3.8 15.2 151, at 0.04 mg/mL 0.31

CuO 7.8 ± 6.8 124 146, at 0.24 mg/mL 0.24

Al2O3 5.5 ± 5.5 276 95, at 1.08 mg/mL 0.50

SnO2 4.5 ± 2.3 165 105, at 3.24 mg/mL 0.50

TiO2 6.6 ± 4.1 297 225, at 0.36 mg/mL 0.44

Carbon black 14 295–338 80 at 3.24 mg/mL 0.16

Note: SD is an abbreviation for standard deviation. Data were previously published in (Gutierrez et al., 2023).
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2.3 | Reactive oxygen species (ROS) production

The nanomaterials' potential to induce oxidative stress was assessed

by quantifying the production of ROS. The 20,70-

dichlorodihydrofluorescein diacetate (DCFH-DA) assay was used

under cellular and acellular conditions. The measurement of acellular

ROS production assesses the intrinsic nanomaterial capacity of pro-

ducing ROS, while the cellular measurement, where THP-1 cells are

directly exposed to the nanomaterials, includes also intracellular

sources of ROS and antioxidant mechanisms. This assay measures

ROS by fluorescence; when DCFH-DA enters the cells, it is deacety-

lated to DCFH and later oxidized by ROS to 20 ,70-dichlorofluorescein

(DCF), which is a fluorescent molecule. In the absence of cells, DCFH-

DA has to first be deacetylated with NaOH. In the cellular setup,

THP-1 cells were incubated in 10 μM DCFH-DA for 15 min at 37�C.

Following that, cells were centrifuged and re-suspended in Hank's bal-

anced saline solution (HBSS). THP-1 cells were then seeded in a black

96-well plate at 5.0 � 104 cells/well. Nanomaterial suspensions were

prepared in HBSS to obtain concentrations of 0.8, 1.6, 3.2, 6.3, 12.5,

25, 50 and 100 μg/mL and added to the THP-1 cells in triplicates. In

the case of acellular ROS, a solution of 1 mM DCFH-DA was deacety-

lated using 0.01 M NaOH for 30 min at room temperature and later

diluted to 10 μM with HBSS. Nanomaterial suspensions were added

in triplicates to a black 96-well plate, followed by a DCFH solution.

The same concentrations of nanomaterials as for the cellular setup

were used. For cellular and acellular ROS, plates were incubated for

3 h at 37�C and 5% CO2, after which fluorescence was measured

using a Fluoroskan Ascent FL spectrophotometer (Thermo Scientific)

at 485 and 538 nm. Three independent experiments were performed

for acellular and cellular ROS measurements. Results are reported as

fold differences relative to the control (0 μg/mL). In addition, we have

reported the initial slope of the ROS production, based on linear

regression in the concentration interval between 0 and 6.3 μg/mL. In

this interval, the ROS production is relatively linear with concentration

and neither plateau (possibly due to limitation of the probe) nor

decreased levels (putatively due to interference between particles and

emitted fluorescence in the medium) are not observed.

2.4 | Animal procedures

The animal study was reported previously (Gutierrez et al., 2023). In

brief, female C57BL/6J mice, 7-week old were obtained from Janvier

(France) and randomly distributed into cages. Six animals were housed

per cage in the metal oxide groups (N = 6), while vehicle control ani-

mals were housed in groups of four animals per cage (N = 4). Four

control animals were exposed on the same day as each metal oxide

group, except for the control group for the highest dose of CuO,

where six animals were used as vehicle control. In total, 184 animals

were used. The mice were allowed to acclimatize for 1 week and then

exposed to the test materials by a single intratracheal instillation as

described previously (Jackson et al., 2011) and followed for 1 or

28 days post-exposure.

The metal oxide groups were exposed on separate days, and each

metal oxide group was exposed alongside 4 or 6 vehicle controls as

described above. Thus, the 28-day post-exposure periods for the dif-

ferent metal oxides overlapped. All vehicle controls obtained were

pooled for statistical analyses (N = 26). Mice were kept in polypropyl-

ene cages in Enviro-Dri bedding (Brogaarden, Gentofte, Denmark).

Hides and wood blocks served as enrichment and were from Mouse

House (Scanbur, Karlslunde, Denmark) and Brogaarden (Gentofte,

Denmark), respectively. The animals had ad libitum access to feed

(Altromin prod. no. 1324, Christian Petersen, Denmark) and tap water.

Room temperature was 20 ± 2�C, and the humidity 50 ± 20%. The

mice were kept under a 12 h light:12 h dark cycle (from 6:00 a.m. to

6:00 p.m.). The tested doses were: CuO at 2, 6 and 12 μg/mouse, tin

oxide (SnO2) at 54 and 162 μg/mouse, aluminum oxide (Al2O3) at

18 and 54 μg/mouse, zinc oxide (ZnO) at 0.7 and 2 μg/mouse, tita-

nium dioxide (TiO2) and the benchmark carbon black at 162 μg/

mouse Doses of CuO, Al2O3 and SnO2 were set based on a dose-

finding pilot study. For CuO, we first tested a dose of 6 μg/animal in

one mouse. After 1 day, the mouse did not show any symptoms of

suffering. For a second trial, the same concentration was used on

three mice, two of which were followed for 3 days. The mice were

warm and active. Afterwards, two higher doses were tested: 12 and

18 μg/animal. These dose levels were used in one mouse each, which

was followed for 1 day. Both mice were warm and active. For SnO2,

two pilot exposures were also carried out. During the first pilot expo-

sure, 25 μg/animal was tested in one mouse followed for 1 day. The

mice was active with no sign of suffering. For the second trial,

the dose was increased to 54 and 162 μg/animal, with one animal at

each dose level. The mice were warm and active. Al2O3 was tested in

two dose levels in the first pilot exposure: 54 and 162 μg/animal,

using one mouse per dose. Both mice were active following exposure,

however after some hours, they were not as active as other mice. In

addition, the mouse exposed to the higher concentration lost around

14% of its weight. During a second trial, three mice were exposed to

54 μg/animal and followed for 3 days. All mice seemed active during

all days. The dose levels of ZnO, TiO2 and carbon black were based

on previous studies (Bourdon et al., 2012; Danielsen et al., 2020;

Hadrup et al., 2019; Jacobsen et al., 2015). The mice were euthanized

by exsanguination after intraperitoneal injection of ZRF consisting of

Zoletil 100 (Zolazepam 250 mg/mL and Tiletamine 250 mg/mL), Xysol

(Xylazine 20 mg/mL), and Fentadon (Fentanyl 50 μg/mL) given in ster-

ile saline 0.1 mL/10 g bw. The 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 2020-15-0201-0485), and were

approved by the local animal ethical committee.

2.5 | Determination of DNA strand breaks by the
comet assay

The levels of DNA strand breaks were measured in lung and liver tis-

sue by the comet assay. Automated scoring was done in the IMSTAR

GUTIERREZ ET AL. 253
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PathFinder system as detailed previously (Jackson et al., 2013). In

short, the lung and liver samples were excised from the carcass

and �20 to 40 mg of each tissue were cut into pieces of

3 � 3 � 3 mm. The samples were put in NUNC cryotubes and frozen

in liquid N2 before storage at �80�C until analysis. For the comet

assay, the frozen samples were pressed through a stainless steel cylin-

drical sieve (diameter 0.5 cm, mesh size 0.4 mm) into 0.5 to 2 mL of

ice-cold Merchant's medium (0.14 M NaCl, 1.47 mM KH2PO4,

2.7 mM KCl, 8.1 mM Na2HPO4, 10 mM Na2EDTA, pH 7.4) and then

placed on ice before being embedded in 0.7% agarose and loaded

onto a Trevigen Comet Slide (Trevigen, Gaithersburg, MD, USA). The

slide was incubated for 24 h with 4�C cold lysing buffer (2.5 M NaCl,

10 mM Tris, 100 mM sodium-ethylenediaminetetraacetic acid (EDTA),

1% sodium sarcosinate, 10% DMSO, 1% Triton X-100, pH 10). The

slides were then rinsed for 5 min in cold electrophoresis buffer, and

placed in an electrophoresis chamber where they underwent alkaline

treatment with ice-cold electrophoresis buffer (0.3 M NaOH, 1 mM

sodium-EDTA, pH 13.2) for 35 min. The electrophoresis was con-

ducted for 25 min at 38 V (1.2 V/cm across the electrophoresis tank

between the anode and cathode) after which the slides were rinsed

twice for 5 min in neutralization buffer (0.4 M Tris, pH 7.5). Fixation

was done for 5 min with 96% ethanol followed by 15 min at 45�C.

The cell nuclei were stained with SYBR Green in TE buffer (10 mM

Tris–HCl, 1 mM EDTA, pH 7.6). Scoring was done with the IMSTAR

PathFinder™ system. The percentage of fluorescence in the comet tail

(% tail DNA) served as the measure of DNA strand breaks. The

IMSTAR PathFinderTM system calculates the mean %Tail DNA from

all measurable comets in the gel. Negative and positive controls were

included on all slides, non-exposed A549 lung epithelial cells

were used as negative controls, while A549 cells exposed to 30 μM

H2O2 for 30 min were used as positive controls.

2.6 | Statistical analyses

Statistical analysis was carried out using the Graph Pad Prism 7.02

software package (Graph Pad Software Inc., La Jolla, CA, USA).

In vitro (i.e., cell growth and ROS production) and in vivo results were

analyzed with one-way and two-way ANOVA, respectively. The

Brown-Forsythe test was used to test the heterogeneity of variance

between groups, and the normal distribution of residuals was assessed

by QQ plots. Sidak's post hoc test was used to determine differences

between groups in datasets that showed statistical significance

(p < .05) in the overall ANOVA. Likewise, estimation of effect size and

95% confidence interval (95% CI) are based on Sidak's post hoc test.

Results are presented as mean ± standard deviation.

3 | RESULTS

3.1 | Physicochemical characterization

Primary particle size, specific surface area, Z average size and polydis-

persity index data for the particle suspensions are provided in Table 1.

Of the studied nanomaterials, ZnO and CuO were regarded as highly

soluble, Al2O3 as lowly soluble and SnO2, TiO2 and carbon black as

insoluble in lung tissue (Gutierrez et al., 2023; Hadrup et al., 2023).

Details of the physicochemical characteristics of the metal oxides are

described in our earlier work (Gutierrez et al., 2023).

3.2 | ROS production

ROS generation was measured as a marker of particle reactivity.

First, cell growth was measured to assess the effects of the nano-

materials on growth rate or possible cytotoxic effects on THP-1

cells. The cell numbers were measured following exposure to differ-

ent concentrations of nanomaterials and at different time points

after removing them (Figure S1). Reduced cell numbers were

observed after exposure to ZnO and CuO for 48 and 72 h, and

Al2O3 for 72 h. Thus, the largest effects on growth rate were

observed for the highly soluble ZnO and CuO particles, followed by

the less soluble Al2O3. No effect on growth rate was seen for the

insoluble nanomaterials.

The generation of ROS was measured in acellular and cellular

setups, following 3 h of exposure to the nanomaterials (Figure 1,

and Figures S2 and S3). The statistical analysis showed a significant

interaction between exposure and concentration on acellular ROS

production levels (p < .001), as well as statistically significant main

effects of the concentration (p < .001) and type of nanomaterial

(p < .001). For the latter main effect, the magnitude of acellular ROS

production had the following order: CuO > Carbon

black > TiO2 > other particles [ZnO, Al2O3, and SnO2].

Concentration-dependent ROS generation was observed for CuO

and TiO2 and for carbon black at low concentrations (≤6.3 μg/mL).

ROS generation potential was quantified as the initial slopes of the

concentration-response curves (Table 2).

3.3 | Levels of DNA strand breaks in mice

Female mice were exposed by intratracheal instillation to the ZnO,

CuO, Al2O3, SnO2, TiO2, or carbon black nanomaterials and fol-

lowed for 1 or 28 days. Particle-induced genotoxicity was assessed

in terms of DNA strand break levels by the comet assay. In lung tis-

sue, there were unaltered levels of DNA strand breaks after intratra-

cheal instillation of ZnO, CuO, SnO2, Al2O3, or TiO2 at either day

1 or 28 post-exposure (Figure 2). In the liver, levels of DNA strand

breaks were decreased in mice exposed to the low dose of Al2O3 at

day 1 (18 μg/mouse, p < .05: �1.5% Tail DNA, 95% CI: �2.9, �0.2),

whereas they were increased at day 28 in mice exposed to the high-

est dose of CuO (12 μg/mouse, p < .05: 1.5% Tail DNA, 95% CI:

0.03, 3.0). In general, these effects were small and the fact that the

effects were observed in opposite directions suggests they may be

chance findings. The negative and positive assay controls have

levels of DNA strand breaks as follows: 1.4 ± 0.4 for unexposed

A549 cells and 23.1 ± 1.2 for H2O2-exposed A549 cells (%TDNA,

mean ± SD).
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4 | DISCUSSION

In the present study, we detected no increases in DNA strand break

levels in lung and liver tissue after exposure to metal oxide nanoma-

terials of CuO, SnO2, Al2O3, ZnO, and TiO2. Positive and negative

assay controls were included in each experiment as quality control of

the comet assay. We did not include a positive control for genotoxi-

city in the animal study because there are no positive control for

nanomaterial-induced DNA strand breaks, measured by the comet

assay. The OECD test guideline 489 for the in vivo mammalian alka-

line comet assay suggests a number of positive controls, such as intra-

peritoneal administration of direct-acting alkylating (OECD, 2016).

However, positive controls are not applicable to certain experimental

conditions such as biomonitoring studies, specific routes and modified

comet assays for measurement of oxidatively damaged DNA. Thus,

recently there has been an incentive to validate assay controls as

alternatives to positive controls in situations where the latter is some-

what out of alignment with the experiments (e.g., intraperitoneal

injection of a direct-acting alkylating agent in a study protocol on

intratracheal administration of nanoparticles; Møller et al., 2018). A

relatively large group of researchers who regularly published comet

assay results have published recommendations to design and report

comet assay results with use of assay controls in situations where true

control groups are not applicable (Collins et al., 2023; Møller

et al., 2020).

We previously assessed pulmonary inflammation, acute phase

response, and protein content and lactate dehydrogenase activity in

bronchoalveolar (BAL) fluid as well as histopathological changes

in lung tissue in the same study (Gutierrez et al., 2023). We reported

that the low solubility particle Al2O3 and the insoluble nanomaterials

(SnO2, TiO2 and carbon black) induced inflammation and acute phase

response which was predicted by the deposited surface area. The

highly soluble ZnO and CuO induced a stronger inflammatory

response per surface area than the insoluble particles. Protein content

in BAL fluid correlated with inflammation in terms of neutrophil influx

and was significantly increased for SnO2, TiO2 and carbon black, all at

162 μg/mouse. Increased lactate dehydrogenase activity in BAL fluid

was observed for Al2O3 and SnO2.

Pulmonary exposure to metal oxides induces metal fume fever in

a dose-dependent manner (Gordon & Fine, 1993; Hadrup et al., 2020;

Schraufnagel, 2020), which entails inflammatory and acute phase

responses (Gabay & Kushner, 1999). Metal fume fever flu-like symp-

toms and weight loss in the mice and even death have been reported

at high dose levels of the highly soluble ZnO nanoparticles in mice

(Hadrup et al., 2019; Jacobsen et al., 2015). Therefore, dose levels of

the metal oxide nanoparticles in the present study were based on in-

house pilot studies. The dose levels used in the current study were of

occupational relevance. For the highly soluble ZnO, Monsé et al. esti-

mated the pulmonary deposited dose following 2 h exposure at 2 mg/

m3 ZnO nanoparticles to be 0.97 mg per person in a controlled human

exposure study (Monsé et al., 2021). This corresponds to
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F IGURE 1 Acellular and cellular ROS production after 3 h of exposure to the ZnO, CuO, Al2O3, SnO2, TiO2, and carbon black nanomaterials.
The data are shown as mean ± standard deviation (N = 3).

TABLE 2 The slope of acellular and intracellular ROS production
by particles.

Sample Acellular Cellular

ZnO �0.02 (�0.05, �0.01)* 0.10 (�0.09, 0.30)

CuO 3.52 (2.47, 4.57)*** 0.69 (0.50, 0.88)***

Al2O3 �0.02 (�0.04, 0.01) 0.02 (�0.04, 0.01)

SnO2 �0.03 (�0.61, 0.01) <0.01 (�0.18, 0.02)

TiO2 0.77 (0.47, 1.08)*** 0.26 (0.22, 0.31)***

Carbon black 2.03 (1.64, 2.42)*** 2.18 (2.00, 2.38)***

Note: Initial slope of fold-increase in ROS production (concentration

interval from 0 to 6.3 μg/mL). Slopes are based on linear regression (95%

confidence intervals are provided in brackets).

*p < .05; ***p < .001.
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0.97 mg/73 kg = 0.013 mg/kg bw (the average weight of the volun-

teers was 73 kg). Normalized to an 8 h working day at the occupa-

tional exposure limit, this corresponds to 0.013 mg/kg � 8 h/2 h �
(5 mg/m3/2 mg/m3) = 0.133 mg/kg bw when normalizing to 5 mg/m3

(the Danish occupational exposure limit) and an 8 h work day. In com-

parison, mice in the current study had an average weight at exposure

of 18.80 ± 0.92 g were exposed to 2 μg ZnO corresponding to

0.106 mg/kg bw. For the insoluble nanoparticles, the dose levels were

much higher, and thus, the doses correspond to longer occupational

exposures for humans. However, this fits well with the notion that

inhaled nanoparticles accumulate in the alveolar region of the lung

because the slow clearance from the alveolar region (Elder

et al., 2005; Heinrich et al., 1995; Oberdorster et al., 2005). Thus, we

have previously estimated that the dose level of 162 μg for carbon

black corresponds to a pulmonary deposition after 9 working days for

a mouse at the occupational exposure limit of 3.5 mg/m3 carbon black

per 8 h work shift assuming that 33.8% of the inhaled mass ends up in

the pulmonary region with a volume of inhaled air per hour of 1.8 L/h

(Bourdon et al., 2012). The Danish occupational exposure limits for

Al2O3 (19 mg/m3), TiO2 (10 mg/m3), and SnO2 (2.5 mg/m3) are of sim-

ilar magnitude as the occupational exposure limit for carbon black as

were the dose levels used in the present study. Thus, the dose levels

used in the present study were of occupational relevance.

4.1 | ROS production

We assessed acellular and intracellular particle-mediated ROS genera-

tion as an indicator of particle reactivity (Boyles et al., 2022), which

may contribute to particle-induced genotoxicity (Nymark et al., 2021).

The acellular and intracellular ROS measurements were fairly consis-

tent. CuO and the reference particle carbon black were potent ROS

generators in both assays, followed by TiO2. Al2O3, ZnO, and SnO2

generated low levels of ROS. ROS generation has been hypothesized

to be an important mechanism of action for carbon black-mediated

genotoxicity and mutagenicity (Jacobsen et al., 2011; Modrzynska

et al., 2018; Nymark et al., 2021). CuO was also a potent ROS genera-

tor in the present study. However, CuO is, similarly to ZnO, highly
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carbon black.

256 GUTIERREZ ET AL.

 10982280, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/em

.22634 by T
echnical U

niversity D
elft, W

iley O
nline L

ibrary on [22/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fem.22634&mode=


soluble in phagolysosomal fluid (Semisch et al., 2014). Thus, CuO

undergoes rapid dissolution, releasing Cu+ ions. Thus, CuO is

expected to induce short-term effects only. Carbon black (Printex 90)

was included as a benchmark nanomaterial, and is known to generate

high levels of ROS in both cellular and acellular assays (Jacobsen

et al., 2008). Particle-induced ROS has been proposed as a mechanism

of action of carbon black-induced genotoxicity (Jacobsen et al., 2011;

Modrzynska et al., 2018). However, carbon black nanoparticles are a

weak mutagen (Jacobsen et al., 2007) and results in limited genotoxi-

city in the comet assay (Kyjovska et al., 2015). This material has

recently been evaluated in a systematic review (Di Ianni et al., 2022)

and although carbon black increased genotoxicity in BAL cells and

lung tissue, null reports have also been reported (Barfod et al., 2020;

Bendtsen et al., 2019; Bendtsen et al., 2020; Bengtson et al., 2017;

Bourdon et al., 2012; Di Ianni et al., 2022; Husain et al., 2013;

Kyjovska et al., 2015; Poulsen et al., 2016; Saber et al., 2005).

4.2 | Genotoxicity measurements

We observed a slight effect on DNA damage of the CuO nanomaterial

in the liver at the highest dose (Figure 2). We previously assessed the

genotoxic potential of CuO particles alone and doped onto silica parti-

cles. Genotoxicity was assessed using the comet assay, micronucleus

test, and γ-H2AX assay. We observed weak genotoxic effects only in

the comet assay. This included effects in lung tissue at the two high-

est dose levels (4.7 and 14 μg/mouse) of solid 300-nm silica particles

with CuO doped onto it 1-day post-exposure, but also with pristine

9.8-nm CuO in the lungs at 0.5 μg/mouse (but not at 1.6 or 4.7 μg/

mouse) at the same time point (Hadrup et al., 2021). The in vitro ROS

production does not corroborate well with a potential genotoxic

effect of CuO nanoparticles in lung tissue of mice, perhaps reflecting

the low dose levels in the present study due to pulmonary toxicity. It

should be noted that we recently showed that CuO nanoparticles

generated DNA strand breaks in THP-1 cells at a rather high concen-

tration (160 μg/mL) as well as genotoxicity in co-cultures of THP-1

and A549 cells (Di Ianni et al., 2024).

We found no genotoxicity in the present study of any of the

other metal oxide nanomaterials, TiO2, Al2O3, ZnO, and SnO2

(Figure 2). We were unable to identify any relevant studies in our liter-

ature search regarding the genotoxicity of SnO2 or Al2O3. One study

exposing mice by inhalation of 58 or 53 mg/m3 of ZnO nanoparticles

(13 and 36 nm) for 1 h did not show increased genotoxicity by the

comet assay (Larsen et al., 2016). We previously investigated the gen-

otoxicity of ZnO nanomaterials by intratracheal instillation. Uncoated

(NM-110) and triethoxycaprylylsilane-coated (NM-111) ZnO nanopar-

ticles showed only subtle increases in DNA strand breaks in BAL fluid

cells and lung tissue in single-dose groups with no dose–response

relationship (Hadrup et al., 2019). Another study showed an increased

level of DNA strand breaks in lung tissue in the comet assay at lowest

dose level of ZnO nanoparticles tested by intratracheal instillation at

0.23, 0.67, and 2 μg ZnO/mouse (Saber et al., 2022). Collectively,

based on our data and the data in the literature, there is some

evidence for a genotoxic potential of ZnO nanoparticles, however,

additional studies are needed to draw a firm conclusion.

Concerning TiO2, after 1 h inhalation of 10 nm TiO2 at 271 mg/

m3, mice lung tissue showed increased levels of DNA strand breaks

(Larsen et al., 2016). Brandao et al. investigated a 21-nm TiO2 nano-

particle by inhalation in rats. The mass concentrations were 0.5, 2, 10,

or 50 mg/m3, 6 h/day for 6 consecutive days. Genotoxicity was

increased at the highest exposure level measured by comet assay

(Brandão et al., 2021). By contrast, genotoxicity was not increased in

mice that inhaled TiO2 for 4 h/day for 5 days at 0.8, 7.2, or 28.5 mg/

m3. Epithelial lung cells showed no genotoxicity, nor were micronuclei

detected in erythrocytes (Lindberg et al., 2012). We previously inves-

tigated the effects of TiO2 nanoparticles in intratracheal instillation

studies. Three different TiO2 nanoparticle types were administered at

67 μg/mouse. The first type had a negative surface charge

(NRCWE-001). The second one was modified to be positively charged

(NRCWE-002), while the third one was a non-modified rutile TiO2

(NRCWE-025). NRCWE-025, but not the other two, was genotoxic

(Hadrup et al., 2017). Another study investigated NRCWE-001 and

NRCWE-002 at doses of 18, 54, and 162 μg/mouse. At 1 and 28 days

post-exposure, the level of DNA strand breaks was increased in lung

tissue for both particles. At day three, increased genotoxicity in the

lung was observed after NRCWE-02 at 18 and 54 μg/mouse.

Increased genotoxicity was seen for both particles in the liver and

BAL fluid cells, but with no consistent pattern (Wallin et al., 2017). In

another study in mice, intratracheal instillation of a 19 nm TiO2 nano-

particle (54 μg/mouse) did not cause genotoxicity in BAL cells (comet

assay), while two coated particles (288 and 21 nm) both induced DNA

strand breaks (Saber, Jensen, et al., 2012). Thus, the previous litera-

ture points to a genotoxic potential of TiO2 although there are also

negative data, similar to the results obtained in the present study.

4.3 | Conclusion

Genotoxicity is an important toxicological endpoint due to the sever-

ity of carcinogenicity as human health issue. We found that CuO

nanomaterials and the reference particle carbon black were potent

ROS generators in both assays, followed by TiO2. Al2O3, ZnO, and

SnO2 that generated low levels of ROS. The acellular and intracellular

ROS measurements were fairly consistent with each other. We

detected no increases in genotoxicity measured by the comet assay in

mouse lung and liver after pulmonary exposure to CuO, SnO2, Al2O3,

ZnO, and TiO2 nanomaterials at occupationally relevant dose levels,

except for a slight effect of CuO in the liver at highest dose. Our

results add to the body of evidence for the risk assessment of these

metal oxide nanomaterials.
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