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ABSTRACT

The inclusion of nanoparticles can increase the quality of certain products. One application is the
inclusion of Zinc oxide (ZnO) nanoparticles in a glass coating matrix to produce a UV-absorbing
coating for glass sheets. Yet, the question is whether the inclusion of ZnO in the matrix induces
toxicity at low exposure levels. To test this, mice were given single intratracheal instillation of 1)
ZnO powder (Zn0O), 2) ZnO in a glass matrix coating in its liquid phase (ZnO-Matrix), and 3) the
matrix with no ZnO (Matrix). Doses of ZnO were 0.23, 0.67, and 2pug ZnO/mouse. ZnO Matrix
doses had equal amounts of ZnO, while Matrix was adjusted to have an equal volume of matrix
as ZnO Matrix. Post-exposure periods were 1, 3, or 28d. Endpoints were pulmonary inflammation
as bronchoalveolar lavage (BAL) fluid cellularity, genotoxicity in lung and liver, measured by
comet assay, histopathology of lung and liver, and global gene expression in lung using microar-
rays. Neutrophil numbers were increased to a similar extent with ZnO and ZnO-Matrix at 1 and
3d. Only weak genotoxicity without dose-response effects was observed in the lung. Lung hist-
ology showed an earlier onset of inflammation in material-exposed groups as compared to con-
trols. Microarray analysis showed a stronger response in terms of the number of differentially
regulated genes in ZnO-Matrix exposed mice as compared to Matrix only. Activated canonical
pathways included inflammatory and cardiovascular ones. In conclusion, the pulmonary toxicity
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of ZnO was not changed by formulation in a liquid matrix for glass coating.

Introduction

Zinc oxide (ZnO) nanoparticles are widely used in
the industry due to their technological qualities.
One example is the addition of ZnO nanoparticles
to glass surface coatings to provide UV blocking or
anti-bacterial properties (Luther and Zweck 2013).
There is evidence that occupational exposure to
ZnO nanoparticles does occur (Ogura, Sakurai, and
Gamo 2011; Cooper et al. 2017). Occupational
exposure to ZnO nanoparticles during their manu-
facture and use may pose a potential health hazard
(Hadrup et al. 2021b). The main potential exposure

pathways are dermal and pulmonary exposure, with
the latter being of special interest in relation to
handling powders during manufacture, as these can
become airborne and be inhaled. Likewise, aerosols
can be inhaled if the final surface coating product
is sprayed on the intended surface. Data on the tox-
icity of ZnO composites are scarce and to the best
of our knowledge, no in vivo pulmonary studies on
the toxicity of ZnO surface coatings have
been published.

In contrast, more information is available on the
pulmonary toxicity of ZnO nanoparticles that are
not sequestered in surface coatings: Inhalation of

CONTACT Anne Thoustrup Saber @ ats@nfa.dk @ National Research Centre for the Working Environment, Lersg Parkallé 105, DK-2100 Copenhagen @, Denmark
@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/17435390.2022.2152751

*These authors contributed equally to this work.

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-
nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed,

or built upon in any way.


http://crossmark.crossref.org/dialog/?doi=10.1080/17435390.2022.2152751&domain=pdf&date_stamp=2023-01-17
http://orcid.org/0000-0002-1188-445X
http://orcid.org/0000-0002-2504-2229
http://orcid.org/0000-0001-7716-0166
http://orcid.org/0000-0001-6807-1524
https://doi.org/10.1080/17435390.2022.2152751
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.tandfonline.com

ZnO nanoparticles, in human volunteers, induces
dose-dependent increases in neutrophil cell num-
bers in blood at 1 and 2mg/m? for 4h, increased
blood levels of SAA at 1 and 2mg/m> and
increased CRP at 0.5 mg/m?>. It is important to note
that these effects were observed at doses that are
below the occupational exposure limits for ZnO in
many countries (Monsé et al. 2018; Vogel and
Cassee 2018). In another study, acute exposure of
healthy human adults to 0.5 mg/m? mass concentra-
tion of ZnO (<0.1um in diameter) for 2h did not
induce acute-phase or pro-inflammatory reactions
(Beckett et al. 2005). Zinc, among other metals, is a
constituent of welding fumes, and ZnO and other
welding fume substances can induce metal fume
fever, characterized by flu-like  symptoms
(Greenberg and Vearrier 2015). Several rodent inhal-
ation studies have reported pulmonary inflamma-
tion following exposure to ZnO nanoparticles. The
pulmonary inflammation in the form of increased
neutrophil numbers in BAL fluid gave no-observed-
adverse-effect concentrations (NOAECs) in the range
of 0.4-7mg/m> (Ho et al. 2011; Adamcakova-Dodd
et al. 2014; Chuang et al. 2014; Chen et al. 2015;
Jacobsen et al. 2015; Larsen et al. 2016), and ele-
vated acute phase response (Jacobsen et al. 2015;
Hadrup et al. 2019).

The data on the genotoxic potential of ZnO are
scarce and inconsistent. Elevated oxidative damage
measured by 8-oxo-2'-dG was seen in rats after ZnO
nanoparticle inhalation of 3.7mg/m?® (35nm par-
ticle) and 45mg/m*® (250nm) for 6h (Ho et al.
2011). In addition, 8-oxo-2'-dG levels were increased
in rats after intratracheal instillation of a high dose
(33 mg/kg bw) of 50nm ZnO nanoparticles (Chuang
et al. 2014). On the contrary, Larsen et al. found no
DNA damages assessed by the comet assay in mice
after 1h of inhalation of 58 (13nm particle) or
53mg/m® (36 nm) ZnO nanoparticle (Larsen et al.
2016) and a weak evidence of genotoxicity was
noted in mice intratracheal instilled with ZnO nano-
particles (Hadrup et al. 2019).

As reviewed previously, the ZnO-mediated tox-
icity has been attributed to their dissolution leading
to release of Zn?* ions. A a recent study involving
controlled exposure of healthy human volunteers
tomicro- and nano-sized ZnO, reported that the
micro- and nano-sized ZnO induced similar acute
phase response at the same deposited dose by
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mass, whereas the deposited surface area did not
predict acute phase response (Monsé et al. 2021).

Taking these data together, the pulmonary tox-
icity of ZnO in its pristine form is well described.
However, to our knowledge, information on the
toxicity of ZnO nanoparticles when inserted into a
matrix is lacking. Our aim was to assess if the tox-
icity of ZnO nanoparticles was modified when pre-
sent in a liquid binder matrix with organic
compounds used for dip coating of glass. Our Hg
hypothesis was that ZnO nanoparticles formulated
in the liquid matrix for glass coating had the same
toxicity as pristine ZnO nanoparticles. The alterna-
tive, H; hypothesis, was the toxicity of ZnO formu-
lated in a liquid matrix for glass coating had higher
toxicity than the pristine ZnO nanoparticles. To test
this, we exposed mice to 1) ZnO powder (abbrevi-
ated Zn0); 2) ZnO in a liquid matrix for glass coat-
ing (ZnO-Matrix); or 3) matrix alone (Matrix), via
single intratracheal instillation. Pulmonary inflamma-
tory response was assessed by changes in the cellu-
lar composition of bronchoalveolar lavage (BAL)
fluid and by lung microscopy. Liver response to pul-
monary injury was assessed by microscopy and
genotoxicity in lung and liver was assessed by
comet assay. In addition, changes in global gene
expression in lung tissue using microarrays were
also assessed to understand if and how formulation
of ZnO in a liquid matrix influences the potential of
ZnO to induce toxicity.

Methods
Test materials

The materials were supplied by Nanogate
(Quierschied-Gottelborn, Germany). The materials
were: 1) the ZnO powder Zincox' ™10, also known
as NRCWE-031 (here abbreviated ZnO); 2) ZnO in a
glass matrix containing approximately 5wt% ZnO
(main solvent ethanol) (Pro.Glass Barrier 401 from
Nanogate AG, partner in NanoSustain), also known
as NRCWE-029 (here abbreviated ZnO-Matrix); and
3) the matrix with no ZnO with the same constitu-
ents as Pro.Glass Barrier 401 but without ZnO, also
known as NRCWE-039 (here abbreviated Matrix).
The two glass matrices (with and without ZnO)
were tested in a liquid form. Under a non-disclosure
agreement with the supplier (Nanogate), we
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performed no physico-chemical characterization of
‘pro. Glass barrier 401 without ZnO’. A TEM image
of Zincox™10 can be seen in (Shi et al. 2012).

Preparation of particle suspensions

The nanoparticles were suspended using the ENPRA
protocol (Jensen and Kembouche 2014) in 0.2mm
filtered, vy-irradiated Nanopure Diamond UV water
(Pyrogens: < 0.001 EU/mL, total organic carbon: <
3.0 ppb) containing 2% v/v serum from mice of the
same strain (Hadrup et al. 2017). The suspensions
were sonicated continuously for 16 min on an ice-
waterbath using a Branson Sonifier S-450D (Branson
Ultrasonics Corp., Danbury, CT) equipped with a
13 nm disruptor horn (Model number: 101-147-037,
Branson Ultrasonics Corp., Danbury, CT). The ampli-
tude was 10%. The particle mass concentration was
3.24mg ZnO/mL for the two ZnO-containing sus-
pensions (NRCWE-031 and NRCWE-029) correspond-
ing to 162 pg/mouse in a 50 uL instillation volume.
The NRCWE-039 without ZnO was prepared similarly
to NRCWE-029 to be able to compare the effect of
the dispersion liquid. The stock suspensions were
further diluted in 2% v/v serum followed by 2 min
of sonication, to provide lower dose levels.

DLS and zeta-potential characterization of
particle suspensions

The hydrodynamic size distribution and Zeta-
potential of the nanoparticle dispersions were
measured at three doses by Dynamic Light
Scattering (DLS) using a Malvern Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK), at 25°C. Data
analysis was conducted in the Dispersion
Technology Software version 7.11 (Malvern
Instruments, Malvern, UK). Refractive and absorption
indices as well as standard optical and viscosity
properties were those forwater. The refractive (Ri)
and absorption indices (Rs) were set to 2.5 and 0.3,
respectively.

Selection of doses

Based on pilot data with the ZnO nanoparticle
showing overt toxicity at 6 and 18pug/mouse
(Jacobsen et al. 2015), doses of 2ug/mouse and
below were selected. The instilled single doses of

ZnO were 0.22 (low), 0.67 (medium), and 2png/
mouse (high). ZnO Matrix doses had equal amounts
of ZnO, while Matrix was adjusted to have an equal
volume of matrix to ZnO Matrix. The Matrix con-
tained only 5% of ZnO. The doses of Matrix were
the same as ZnO-Matrix. Carbon black Printex 90
nanoparticles (162 pug/mouse) were included as a
benchmark positive control. Instillation of the single
dose with 50 pL of particle suspension was done as
described previously (Jackson et al. 2011; Saber
et al. 2012a; Hadrup et al. 2017). Control animals
were instilled with sonicated vehicle.

Animal procedures

The study was in compliance with the EC Directive
86/609/EEC and Danish law regulating experiments
with animals (The Danish Ministry of Justice, Animal
Experiments Inspectorate  permission 2012-15-
2934-00223). Seven-week old, female C57BL/6J
BomTac mice (84 in total) were housed 2-6 per
cage. Cages were made of polypropylene.
Pinewood sawdust bedding and sticks of aspen
wood and rodent tunnels served as enrichment
(Brogaarden, Skive, Denmark). Room temperature
and humidity were 21+1°C and 50+ 20%, respect-
ively. Light was on from 06:00 a.m. to 6 p.m. The
animals had ad libitum access to drinking water
(tap water) and feed (Altromin no. 1324, Altromin
International, Lage, Germany). The animals were
allowed to acclimatize for one week. Thereafter,
they were randomly assigned to the control and
treatment groups (n=12/control group and 6/treat-
ment group). On the exposure day, the mice were
weighed after which they were subjected to a sin-
gle intratracheal instillation with one of the test
substances, each at three dose levels or with a
vehicle. Instillation was conducted under isoflurane
anesthesia. The mean body weight of mice on the
instillation day was 18.5g+1.4 (SD). During the
post-exposure period, mice were observed twice
daily for any abnormalities or for clinical manifest-
ation of adverse reactions.

Post-exposure periods were 1, 3, or 28d, the ani-
mals were anesthetized by subcutaneous injection
of the Hypnorm/Dormicum mixture (0.5-0.7 mL/
100g body weight), after which they were killed by
collection of heart blood as described previously
(Bengtson et al. 2017). The animals were



necropsied: the external surface, all orifices, and
thoracic, abdominal, and pelvic cavities including
viscera were inspected and any abnormalities if pre-
sent were noted. The lung and liver samples for
comet assay (N=6/group) were collected at nec-
ropsy and deep-frozen until analyses.

BAL fluid cellularity and genotoxicity

The BAL procedure, preparation of BAL fluid and
examination of BAL fluid cellularity (N=6/group)-
were performed as previously described (Kyjovska
et al. 2015). Tissue preparation and DNA strand
break levels quantification using the IMSTAR system
were determined as previously described (Jackson
et al. 2013).

Histological examination of lungs and liver

Histological examination was done on controls and
on the high dose groups (2pg/mouse). The lungs
were obtained from three randomly selected con-
trol mice on termination days 1 and 3, from 4 ran-
domly selected control mice on termination day 28,
and from three randomly selected mice from each
test material exposed groups on each termination
day. The lungs were fixed in situ by cannulating the
trachea and thereby delivering 4% neutral buffered
formaldehyde solution at a constant fluid pressure
of 25cm. Thereafter, the thorax was opened and
the lungs were excised and immersed into 4% neu-
tral buffered formaldehyde solution. Livers from
four randomly selected controls and three mice
from each material high dose group on day 1, 3,
and 28 were excised, weighed and specimens were
fixed in 4% neutral buffered formaldehyde solution.
The lung and liver samples were then processed,
embedded in paraffin, sectioned in 4-6 um thick sli-
ces and stained with hematoxylin and eosin (H&E
staining) for histological examination by light
microscopy in brightfield mode. The examination
was performed by two operators, first with know-
ledge of treatment group identities and thereafter
blindly (Haschek, Rousseaux, and Wallig 2010), and
following the INHAND proposal for diagnostic
nomenclature of microscopic changes in rodents
(Renne et al. 2009; Thoolen et al. 2010).
Inflammatory cell infiltrates (focal infiltrations of
mono- and polynuclear and/or histiocytic cells)
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when present in the liver, were divided into two
categories: small (<10 inflammatory cells, sporadic-
ally accompanied by necrotic hepatocytes with dis-
tinct eosinophilic cytoplasms) and big (>10
inflammatory cells surrounded by necrotic hepato-
cytes with distinct eosinophilic cytoplasms, with
apoptotic bodies/debris often present). The severity
scores were given for all changes observed in the
lung and for the following changes in the liver:
presence of hepatocytes with pyknotic nuclei, cyto-
plasmic vacuolation of hepatocytes, hyperplasia of
connective tissue near bile ductules or venules,
hyperplasia of oval cells, apparent increase of
Kupffer cells, Kupffer cells with prominent nuclei
and apparent increase of binucleate hepatocytes.
The severity was evaluated using a 5-grade system:
grade 1: minimal/very few/very small; grade 2: mild/
few/small; grade 3: moderate/moderate number/
moderate size; grade 4: marked/many/large; grade
5: massive/extensive number/extensive size.

Total RNA extraction and purification for
microarray analysis

RNA was isolated from random sections of the left
lungs (n=5) from ZnO-Matrix and Matrix groups
using TRIzol reagent (Invitrogen, Carlsbad, CA), and
purified with RNeasy Plus Mini kits (Qiagen,
Mississauga, Canada) according to the manufac-
protocol. RNA was quantified using a
NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific Inc,, Wilmington, DE); RNA quality and
integrity were determined with an Agilent 2100
Bioanalyzer (Agilent Technologies, Mississauga,
Canada) according to the manufacturer’s protocol.
All samples had RNA integrity values higher
than 7.0.

turer’s

Microarray hybridization

Double-stranded <¢DNA was synthesized from
250 ng total RNA of each mouse and from Universal
Mouse Reference total RNA (UMRR) (Agilent
Technologies, Mississauga, Canada). Cyanine-labeled
cRNAs were made from the ¢cDNA with the Quick
Amp  Labeling Kit (Agilent  Technologies,
Mississauga, Canada), and then cRNAs from each
treatment group were labeled with Cyanine 5-CTP.
Reference cRNAs were labeled with Cyanine 3-CTP
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in @ T7 RNA polymerase in vitro transcription kit
(Agilent  Technologies, Mississauga, Canada).
Purification was done with an RNeasy Mini kits
(Qiagen, Mississauga, Canada). Each experimental
cRNA sample was mixed with an equimolar amount
of reference cRNA, and then hybridized to Agilent
mouse 8 x 60 k oligonucleotide microarrays (Agilent
Technologies Inc., Mississauga, Canada) for 17h at
65°C in a hybridization chamber rotating at 10 rpm.
Next, the arrays were read in an Agilent G2505B
scanner. Gene expression data from the scanned
images were processed in the Agilent Feature
Extraction software version 9.5.3.1 (Santa Clara,
CA, USA).

Statistics

BAL fluid cellularity and DNA strand breaks

Statistics were calculated in the Graph Pad Prism
software package version 7.02 (Graph Pad Software
Inc., La Jolla, CA). Data were tested for normality
with the Shapiro-Wilk test. The t-test and ANOVA
are relatively robust against deviations from normal-
ity, but somewhat sensitive to differences in stand-
ard deviation. We therefore used t-test and ANOVA,
unless the p value of the Shapiro-Wilks test was
very low (p <0.001), or standard deviations signifi-
cantly differed from each other in the F-test (for
two sample comparisons) or Brown-Forsythe test
for three or more treatment groups (p < 0.001). The
latter tests were conducted because the t-test and
the ANOVA are somewhat sensitive to differences in
standard deviation. In cases with deviations in nor-
mality or standard deviations, the non-parametric
Mann-Whitney (two groups) or Kruskal-Wallis
(more than two groups) tests were used instead.
The data were tested so that each material was
considered independently against its vehicle con-
trol. In order to assess differences in between
groups in the one-way ANOVA or Kruskal-Wallis
tests, Holm-Sidak’s multiple comparisons test
(ANOVA) and Dunn’s multiple comparisons test
(Kruskal-Wallis test) were calculated. To test across
each material, we calculated the t-test or the non-
parametric Mann-Whitney test. For this, we tested
each dose level of the ZnO-Matrix against the corre-
sponding dose level of ZnO and Matrix. We used a
Bonferroni-corrected p value adjusted for the six
comparisons in the intratracheal instillation study.

The data from microscopic examination of lung and
liver were not subjected to statistical analysis due
to a low number of the samples.

Microarray data

Microarray data were analyzed as described previ-
ously (Husain et al. 2013; Labib et al. 2013;
Halappanavar et al. 2015). In brief, a reference
randomized block design was employed. Data were
normalized using the LOcally WEighted Scatterplot
Smoothing (LOWESS) regression modeling method
and statistical significance of differentially expressed
genes was evaluated using MicroArray ANalysis Of
VAriance (MAANOVA) (Rahman et al. 2017) in R stat-
istical software (R Core Team 2012). The Fs statistic
(Rahman et al. 2017) was employed to test the
treatment effects compared to the control vehicle,
and p values were estimated by the permutation
method using residual shuffling. In order to avoid
false positives, false discovery rate (FDR) multiple
testing correction (Rahman et al. 2017) was applied.
The fold changes of gene expression were deter-
mined considering the least-square means. Genes
with FDR p values of< 0.05 were considered signifi-
cantly differentially expressed, and were included in
all downstream analyses. Since the gene list was
small, the fold-change-based filtering was
not conducted.

Results
Nanoparticle properties

As agreed with the manufacturer (Nanogate AG,
Quierschied, Germany), we do not provide physical-
chemical characteristics of the matrix without ZnO.
DLS measurements are detailed in Table 1.

Pulmonary inflammation determined as the
number of BAL fluid neutrophils

Lung inflammation, in terms of increased neutro-
phil numbers in BAL fluid, was observed at one
and three days post-exposure (Figure 1). At day 1,
there was an increase of neutrophils for ZnO at
the medium dose level and ZnO-Matrix at both
the medium and high dose level, Matrix alone did
not increase neutrophil influx at any of the
assessed dose levels (Figure 1). At day 3 post-
exposure, a clear dose-response relation was seen



Table 1. DLS data for the materials.
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Material

Z Average size at specific doses (nm)

Polydispersity index (PDI)

ZnO powder Zincox™, also known as NRCWE- 21g Zn0: 123.9 21g: 0.27

031 (here abbreviated ZnO) 0.67 ug Zn0: 193.8 0.67 ng: 0.48
0.23 g ZnO: 652.9 0.23pg: 0.67

Zn0 in a glass matrix containing approximately 2ug Zn0O: 189.5 2ug: 0.39

5wt% ZnO (main solvent ethanol) (Pro.Glass 0.67 ug Zn0: 219.4 0.67 nug: 0.49

Barrier 401 from Nanogate AG, partner in 0.23 ug Zn0O: 628.0 0.23 pg: 0.63

NanoSustain), also known as NRCWE-029 (here

abbreviated ZnO-Matrix)

Matrix with no ZnO with the same constituents Matrix doses had equal amounts of ZnO, while No

as Pro.Glass Barrier 401 but without ZnO, also
known as NRCWE-039 (here
abbreviated Matrix)

Carbon black Printex 90 (included as a bench-
mark positive control nanoparticle)

Matrix was adjusted to have an equal volume
of matrix as ZnO Matrix. No
physico-chemical measurements done

162 pg carbon black: 110.4 0.20

physico-chemical
measurements done

for both ZnO and ZnO-Matrix at medium and high
doses (Figure 1). There were differences in the
neutrophil levels between ZnO and ZnO-Matrix as
well as ZnO-Matrix vs. Matrix when comparing
their separate dose levels with t-test. At high dose
on day 3, ZnO-Matrix had a higher inflammatory
response than ZnO, and when comparing several
equal dose levels, ZnO-Matrix had a higher inflam-
matory response than Matrix (Figure 1). No effect
was seen for Matrix at any time point, and no
effect was seen for any of the ZnO-containing
materials at 28d post-exposure. The benchmark
CB Printex-90 induced increased neutrophil influx
at all three time-points as previously observed
(Figure 1) (Saber et al. 2012a; Poulsen et al. 2016;
Bendtsen et al. 2019, 2020; Hadrup et al. 2019,
2020a; Barfod et al. 2020; Danielsen et al. 2020;
Hadrup et al. 2021a). Concerning other cell types
in the BAL fluid, macrophages and lymphocytes
were increased at high doses of ZnO and ZnO-
Matrix at day 3, and the latter cell type also at the
medium and high dose of ZnO-Matrix at day 1
(Supplemental Materials Figure S1). Total cells had
a similar pattern to that of neutrophils (Figure 1).

Pulmonary inflammation evaluated by
histological examination

The type, incidence, and severity of histological
changes are presented in Supplemental Materials
Table S1. Examples of histological changes are pre-
sented in Figure 2. Morphological changes indica-
tive of pulmonary inflammation, such as widening
of alveolar walls, a local presence of exudate and of
leukocytic infiltration in few alveolar lumina were
observed both in the control and treatment groups
of mice. The severity of these changes was minimal

in the controls while it was slightly increased in sin-
gle animals from the treatment groups.
Furthermore, the onset of these changes was earlier
in the treatment groups (day 1 post exposure) than
in the controls (day 3 post exposure). These min-
imal changes in the control mice were considered
as a response to the intratracheal instillation with
the vehicle. In the mice from the treatment groups,
further changes indicative of pulmonary inflamma-
tion were seen: leukocytic infiltrations of intersti-
tium, macrophages in alveolar lumina, edema of
connective tissue near bronchioles or proliferation
of epithelial bronchiolar cells (Supplemental
Materials Table S1 and Figure 2). The severity of
these changes was similar among the treatment
groups being generally minimal although higher
severity grades were occasionally assigned to some
of these changes. Likewise, incidence of these
changes varied to some extend among the mice of
the treatment groups at all terminations. E.g. the
inflammatory cell infiltrations of the interstitium
were observed in all examined mice from the
Matrix group on day 1 and from the ZnO group on
day 28. Furthermore, extravasation and congestion
were observed in the mice from the control and
treatment groups. These changes were considered
as related to a bleeding of carcasses based on their
incidence and severity, although congestion
observed post mortem could represent hyperemia
that was a part of inflammation.

Clinical appearance and liver histology

No mortality and no difference in the clinical
appearance between the control and the exposed
mice were seen until the scheduled terminations.
Several histological changes were observed in the
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Figure 1. Neutrophil and total cell numbers in BAL fluid of mice exposed to the materials. ZnO or ZnO-Matrix were administered
by intratracheal instillation at doses providing 0.22, 0.67, or 2 ug ZnO/mouse (n = 6/group). For Matrix, the administered volumes
of coating were the same as for the ZnO-matrix. Low, mid, and high designates low dose, mid dose, and high dose, respectively.
Carbon black at 162 pg/mouse (n=#6) served as positive control. Data are mean and bars represent SD. ***, ** and * designates
p values of <0.001, <0.01, and <0.05, respectively, of one way ANOVA with Holm-Sidak’s multiple comparisons test in case of
data approaching normality and not having a highly different variation (details given in the methods section), otherwise by
Kruskall-Wallis test with Dunn’s multiple comparisons test. In the case of carbon black ~", ***, ** and * designates p values of
<0.0001, <0.001, <0.01, and <0.05, respectively, vs. vehicle of the Mann-Whitney test. ** and * designate Bonferroni-corrected
(6 comparisons) p values of <0.001 and <0.05 of unpaired t-test of ZnO-Matrix vs. ZnO and Matrix.
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Figure 2. Examples of histological changes in the lung of mice on day 1 (A, D, G), 3 (B, E, H), and 28 (C, F, I) after intratracheal
instillation with 2 pg/animal of ZnO (A-C), ZnO-Matrix (D-F), or Matrix (G-I). Asterisks: congestion. Long arrows: leukocytic infiltra-
tion in alveolar lumina and walls. Short thin arrows: proliferation of epithelial bronchiolar cells. Short thick arrows: perivascular
and peribronchiolar edema. Head arrows: alveolar wall widening. V: exudate in lumen of some alveoli. HE staining, magnification
as on the scale in I. An example of a normal structure of the mouse lung is presented in Supplementary Figure S2(A).

examined livers from the control and the treatment
groups (Figure 3). The severity of these changes
varied from minimal to mild (Table S2). There was
no apparent difference in the type of the changes
between the control and the treatment groups but
the incidence was slightly variable. For example,
cytoplasmic vacuolation in hepatocytes (on day 1),
hepatocytes with pyknotic nuclei (on day 3), areas
of necrosis (on days 1 and 3), and an apparent
increase in binucleated hepatocytes (on day 28)
were present in all examined livers in ZnO-Matrix
group but in fewer or none examined livers from
the control or two other treatment groups. In ZnO-

Matrix group, the number of big inflammatory cell
infiltrations on days 1 and 3 was elevated as com-
pared to the control and two other treatment
groups (Table S3).

Genotoxicity

We observed only incidental and weak genotoxic
effects across doses. In the lung, increased levels of
DNA strand breaks expressed as percent of DNA in
the comet tail were seen on day 3 post-exposure at
low doses of ZnO and ZnO-Matrix, and at the
medium dose of Matrix (Figure 4). No effects were
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ZnO-_Matyix

~ Matrix

Figure 3. Examples of histological changes in the liver day of mice on 1 (A, D, G), 3 (B, E, H), and 28 (C, F, I) after intratracheal
instillation of 2 pg/animal of ZnO (A-C), ZnO-Matrix (D-F), or Matrix (G-I). Long thick arrows: focal infiltration of inflammatory cells
(note adjacent necrotic hepatocytes with distinct eosinophilic cytoplasm). Long thin arrows: necrotic hepatocytes (in A with
eosinophilic cytoplasm, in G with pyknotic nuclei). Short thin arrows: prominent nuclei of Kupffer cells. Short thick arrows: binucle-
ate hepatocytes. Circles: cytoplasmic vacuolation in hepatocytes. Asterisk: congestion. HE staining, magnification as on the scale in
I. An example of a normal structure of the mouse liver is presented in Supplementary Figure S2(B).

seen at any other time point in the lung and no
effects were seen in the liver (Supplemental
Materials Figure S3).

Gene expression analysis

Global gene expression profiling was conducted
using microarrays to identify the genes and path-
ways perturbed by ZnO-Matrix exposure as com-
pared to Matrix alone (the bare ZnO was not
included in this analysis). In general, the response
at the gene expression level was larger in lungs of
mice exposed to ZnO-Matrix as compared to the

Matrix alone as seen on day 1 (Supplemental
Materials Figure S4). Effects were virtually absent on
day 28 (Supplemental Materials Figure S4). A further
analysis of the differentially expressed genes and
the associated canonical pathways revealed that
Circadian Rhythm Signalling, Adipogenesis Pathway,
and Notch Signaling similarly were activated across
doses and treatments (Figure 5). Acute Phase
Response Signaling and several other pathways
seemed only to be induced by ZnO-Matrix (Low
and High dose) and not Matrix alone. (Figure 5).
Diseases and Functions Affected in Lung Tissue identi-
fied based on the microarray data; as well as
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Figure 4. Levels of DNA strand breaks in lung tissue at 1, 3,
and 28d of nanoparticle exposure. ZnO or ZnO-Matrix were
administered by intratracheal instillation at doses providing
0.22, 0.67, or 2ug ZnO/mouse (n=6/group). For Matrix, the
same volumes of coating as for the ZnO-matrix were adminis-
tered. Low, mid, and high designates low dose, mid dose, and
high dose, respectively. Carbon black at 162 ug/mouse (n = 6)
served as positive control. Data are mean and bars represent
SD. ** and * designates p values of < 0.01 and <0.05,
respectively, of one-way ANOVA with Holm-Sidak's multiple
comparisons test.
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Upstream Regulators Affected in Lung Tissue are
found in Supplemental Materials Figures S5 and S6.

Discussion

In this study, we assessed the toxicity of ZnO nano-
particles in the user-phase, when ZnO was formu-
lated in a liquid matrix for glass coating. This was
done by comparing the toxicity of the liquid matrix
for glass coating containing ZnO nanoparticle
(pro.Glass Barrier 401), with toxicity of the ZnO
nanoparticles alone and the liquid matrix with no
Zn0O, following pulmonary exposure in mice, using
a previously published experimental set-up
(Saber et al. 2012a, 2016, 2019). We assessed the
dose-response relations of inflammation and DNA
damage 1, 3, and 28d after a single intratracheal
instillation in mice, performed gene expression ana-
lysis on the lung tissue and evaluated effect by
microscopy effect of exposure to the test materials
in the lung and in the liver.

Tested material, study design, and dose
considerations

We chose to study a surface coating containing
approximately 5% ZnO nanoparticle (pro.Glass
Barrier 401). This is a solvent-borne one-component
lacquer system, which is applied by dip, flow or
knife coating. When cured it blocks a substantial
part of the UV radiation (Luther and Zweck 2013).

Mice were exposed by intratracheal instillation.
The gold standard for risk assessment of pulmonary
exposure is inhalation. However, intratracheal instil-
lation has the advantage that it allows control of
the biological dose, and it is therefore useful for
comparison of hazard potential (Bendtsen et al.
2020). Furthermore, we have previously demon-
strated that nanoparticles dosed by intratracheal
instillation reach all lung lobes in mice (Mikkelsen
et al. 2011; Poulsen et al. 2016).

The dose levels of the pristine ZnO nanoparticle,
0.22, 0.67, and 2 g, were chosen based on a previ-
ous study of the same ZnO nanoparticle where it
was found that 2 ug ZnO was the highest dose with
no overt toxicity (no decrease in body weight was
observed for 2ug ZnO NP) (Jacobsen et al. 2015).
To be able to compare the toxicity of the ZnO-con-
taining glass matrix coating with the toxicity of the
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Figure 5. Canonical pathways affected in lung tissue by 1 or 28d of ZnO-Matrix or Matrix exposure. ZnO-Matrix or Matrix was
administered by intratracheal instillation at 0.22, 0.67, or 2 pg/mouse (designated: low, medium, and high). The deeper the red
coloring is, the higher the effect is on the specific canonical pathway. The bare ZnO nanoparticle was not tested in this assay.

ZnO nanoparticles, we exposed the mice to the
glass matrix coating containing the similar amounts
of ZnO as the doses of the pristine ZnO nanopar-
ticles. For the evaluation of the toxicity of the glass
matrix alone, we included the glass matrix coating
without ZnO and used the same doses (volumes) as
for the ZnO-containing glass matrix product. We
tested the matrix coatings in their liquid form
before application and curing (the true user-phase).
In that way, we tested a model of the scenario of
occupational exposure during the coating process.
Another relevant scenario could have been to test
sanding dusts obtained during sanding of the cured
glass matrices as we have done in previous assess-
ments of paints and epoxy-composites containing
nanoparticles (Saber et al. 2012a, 2012c, 2016,
2019). However, in this case, it was not possible to
generate and collect enough dust for the toxico-
logical tests when sanding the cured coating
(results not shown).

The tested time points (1, 3, and 28 d) were simi-
lar to those in our previous studies on sanding
dusts from paints with and without nano titanium
dioxide (NanoTiO,) (Saber al. 2012a, 2019) and
epoxy with and without carbon nanotubes (Saber
et al. 2016). In these studies, the toxicity of
NanoTiO, was markedly reduced when embedded
in a paint matrix (Saber et al. 2012a, 2019).
Similarly, the pulmonary toxicity of MWCNT was

reduced when embedded in an epoxy matrix (Saber
et al. 2016).

ZnO and ZnO-Matrix exhibit similar toxicity

The similar dose levels of nanoparticles in the ZnO
and ZnO-Matrix groups (and the similar volume of
matrix in the Matrix group) enabled assessment of
whether inclusion of ZnO nanoparticles in a glass
matrix coating modifies ZnO toxicity. Both ZnO and
ZnO-Matrix induced lung inflammation in terms of
neutrophil influx, while Matrix (at the same matrix
volume as ZnO-Matrix) had no effect. On day 3
post-exposure, there was a dose-response relation-
ship in the neutrophil influx for ZnO and ZnO-
Matrix and the influx induced by ZnO-Matrix was
larger (for the highest dose level) or similar (for the
middle dose level) to the influx induced by ZnO
nanoparticles. Also, the histological examination,
revealed a similar pulmonary inflammation in ZnO
and ZnO-Matrix groups on day 3Figure 2(B,E). Thus,
overall, we found that ZnO and ZnO Matrix had
comparable toxicity, demonstrating that ZnO tox-
icity was unaffected by the suspension of ZnO par-
ticles in a glass surface coating product. This is in
contrast to what has been reported for other nano-
composites, for example in the study by Wohlleben
et al. (2011) and previous studies by our group. In
these studies, addition of nanoparticles to paints/



lacquer (Saber et al. 2012a, 2016) and epoxy matri-
ces (Wohlleben et al. 2011; Saber et al. 2016) did
not affect the toxicity of sanding dust of the materi-
als. Thus, the toxicity of the nanoparticles was
reduced after being incorporated into a matrix. In
the previously mentioned studies, the nanoparticles
were assessed as sanding dust of a matrix contain-
ing encapsulated nanoparticles. In this study, we
tested the toxicity of the uncured material in liquid
form before application. One could anticipate that
ZnO would be more accessible in the liquid matrix
following instillation as compared to nanoparticle
accessibility in sanding dust. This may explain the

similar toxicity of ZnO alone and in the
liquid matrix.
Overall, there was no increased toxicity of

embedding ZnO in the glass matrix. Our other con-
cern was a possibility of enhanced toxic potential in
the form of synergy when combining materials. Yet,
the inflammatory response in terms of BAL cell
composition and as evaluated by histological exam-
ination was consistent with additive effects of ZnO
and Matrix. Thus, potential for a synergistic effect
that could enhance toxicity when combining ZnO
and Matrix into one product was ruled out.

Microarray data and their contribution to the
understanding of toxicity endpoints activated by
ZnO and the underlying mechanisms

Assessment of the global pulmonary gene expres-
sion can contribute to the understanding of the
mechanism of toxicity of ZnO. A gene-array study
on lung tissue from the mice instilled with ZnO-
Matrix and Matrix demonstrated that ZnO-Matrix
induced substantially more differential gene expres-
sion than Matrix, This corroborated that the ZnO
had a stronger impact on the mouse lung than its
accompanying material. The response at the gene
expression level suggested possibility of inflamma-
tion, disturbance in lipid metabolism, cardiovascular
diseases, cancer, and circadian rhythm perturbation.
This is in line with the inflammation observed in
this study as well as inflammation observed in sev-
eral previous studies (Ho et al. 2011; Adamcakova-
Dodd et al. 2014; Chuang et al. 2014; Chen et al.
2015; Larsen et al. 2016) and with the activation of
the acute phase response marker SAA (Monsé et al.
2018; Hadrup et al. 2019). This marker has by
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persistent or recurring activation been linked to
increased risk of cardiovascular disease (Ridker et al.
2000; Saber et al. 2013, 2014; Hadrup et al. 2020b).

Contribution to the understanding of the general
toxicity of ZnO

The toxicity seen at 0.67 and 2pg ZnO/mouse in
terms of increased BAL fluid neutrophil numbers on
day 3 suggests a NOAEL of 0.22 ug/mouse equiva-
lent to ~0.01 mg/kg bw. In a previous study of two
different ZnO particles, 0.7 pg/mouse (~0.03 mg/kg
bw) was identified as the NOAEL for an uncoated
ZnO nanoparticle and 0.2 pg/mouse (~0.01 mg/kg
bw) for a triethoxycaprylylsilane-coated ZnO nano-
particle (Hadrup et al. 2019). Other intratracheal
studies have been done with doses higher than the
above-described ones, as well as higher than the
ones used in this study. These NOAELs were
0.17 mg/kg bw in mice (Jacobsen et al. 2015), and
0.1 mg/kg bw in rats (Rice et al. 2001). Likewise,
LOAELs were in the range of 0.3-1mg/kg bw in rat
and mouse (Warheit, Sayes, and Reed 2009; Cho
et al. 2010, 2011, 2012; Jacobsen et al. 2015).
Concerning inhalation studies with ZnO nanopar-
ticles in rodents, increased pulmonary inflammation
in the form of increased neutrophil numbers in BAL
fluid gave NOAECs in the range of 0.4-7 mg/m* (Ho
et al. 2011; Adamcakova-Dodd et al. 2014; Chuang
et al. 2014; Chen et al. 2015; Larsen et al. 2016).
Concerning histological examination of the liver,
we found no apparent differences in the type of
changes between the control and the test materials
groups (Table S2); although some of the changes in
the exposed groups were previously reported after
intratracheal exposure of mice to 2pg ZnO
(Jacobsen et al. 2015). Most of the observed
changes belong either to a background pathology
of the mouse (i.e. that may occur spontaneously),
or as a result of toxicant insult (Harada et al. 1999).
This also relates to the inflammatory cell infiltrations
which were present in the controls and the test
material exposed groups. However, the noteworthy
finding was a transient increase in the number of
big inflammatory cell infiltrations in ZnO-Matrix
group on day 1 (when the pulmonary acute phase
response is expected to be present) and on day 3
post-exposure (when the pulmonary inflammation
was the strongest based on the neutrophil influx
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and histology) (Table S3). This suggests an exacer-
bation of spontaneous inflammatory processes in
the liver possibly related to an acute phase
response/a systemic inflammatory response that
accompany pulmonary inflammation after intratra-
cheal instillation. Indeed, biomarkers of the acute
phase response/inflammation were significantly ele-
vated already day 1 after intratracheal exposure to
different nanomaterials. This was also the case for
plasma levels of serum amyloid A3 (SAA3) in mice
exposed to multiwall carbon nanotubes (Poulsen
et al. 2015), pulmonary expression of Saa3 mRNA in
mice exposed to certain nanoclays (Di lanni et al.
2020) or pulmonary and hepatic expression of Saa3
mMRNA in mice exposed to TiO, and CeO, nanopar-
ticles (Modrzynska et al. 2018). The latter deserves
further investigations as the inflammatory liver
changes have been reported after pulmonary
exposure to different nanomaterials, e.g. (Cui et al.
2010; Nalabotu et al. 2011; Saber et al. 2012b;
Hougaard et al. 2013; Xu et al. 2013; Jacobsen et al.
2015; Saber et al. 2016, 2019).

The limited genotoxic potential demonstrated in
the comet assay in this study, is in line with our
previous findings on uncoated and coated ZnO
nanoparticles (Hadrup et al. 2019), and as outlined
in the introduction the data on a genotoxic poten-
tial of ZnO are inconsistent (Ho et al. 2011; Chuang
et al. 2014; Larsen et al. 2016).

Conclusion

Under conditions of this study and based on end-
points evaluated, we conclude that the toxicity of
ZnO persisted when included in a liquid matrix for
glass coating as a similar pattern of toxicity was
seen for ZnO and ZnO-Matrix.
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