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Abstract

Intratracheal instillation serves as a model for inhalation exposure. However, for this, materials are
dispersedin appropriate media that may influence toxicity. We tested whether different intratracheal
instillation dispersion media influence the pulmonary toxicity of different nanomaterials. Rodents
were intratracheally instilled with 162 ng/mouse/1620 pg/rat carbon black (CB), 67 pg/mouse titanium
dioxide nanoparticles (TiO,) or 54 ng/mouse carbon nanotubes (CNT). The dispersion media were
as follows: water (CB, TiO,); 2% serum in water (CB, CNT,TiO,); 0.05% serum albumin in water (CB,
CNT,TiO,); 10% bronchoalveolar lavage fluid in 0.9% NaCl (CB), 10% bronchoalveolar lavage (BAL)
fluid in water (CB) or 0.1% Tween-80 in water (CB). Inflammation was measured as pulmonary
influx of neutrophils into bronchoalveolar fluid, and DNA damage as DNA strand breaks in BAL
cells by comet assay. Inflammation was observed for all nanomaterials (except 38-nmTiO,) in all
dispersion media. For CB, inflammation was dispersion medium dependent. Increased levels of
DNA strand breaks for CB were observed only in water, 2% serum and 10% BAL fluid in 0.9% NaCl.
No dispersion medium-dependent effects on genotoxicity were observed for TiO,, whereas CNT
in 2% serum induced higher DNA strand break levels than in 0.05% serum albumin. In conclusion,
the dispersion medium was a determinant of CB-induced inflammation and genotoxicity. Water
seemed to be the best dispersion medium to mimic CB inhalation, exhibiting DNA strand breaks
with only limited inflammation.The influence of dispersion media on nanomaterial toxicity should
be considered in the planning of intratracheal investigations.

Introduction to determine levels at which toxicity occurs. Inhalation in rodents
. . . is a model that resembles human inhalation. Intratracheal instilla-
Humans are exposed to a range of particles through inhalation. For the

. . tion and aspiration are alternative exposure models often employed,
assessment of human toxicology, animal models are often employed
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as these are cost-effective, use less test material and provide safety
for the staff. Also, it has been suggested that intratracheal instillation
studies are useful for ranking and grouping of nanomaterials (1-7).
However, when using this administration method, a liquid disper-
sion medium has to be added as a carrier and dispersant. Dispersion
media are often based on saline containing different proteins. These
are added to decrease agglomeration size and improve stability of the
aggregates for some nanomaterials (8,9). Conversely, for other mate-
rials, protein-free media may be best. CB Printex-90 has a primary
agglomerate size in the micrometre range when dispersed in 10%
acellular bronchiolar lavage fluid (BAL) in saline (4,10), whereas 50-
to 100-nm agglomerates are observed in water (11,12).

Dispersion media may, however, influence the nature and sever-
ity of the toxicity. It has e.g. been proposed that dispersion media
should be tested on how they affect the genotoxic properties of the
dispersed particle. This is because the dispersion medium can par-
ticipate in the formation of a protein corona on the material surface
and thus influence the available surface area. The latter is a potential
determinant of genotoxicity (13).

We aimed at assessing whether dispersion media in general in-
fluence toxicity. At the same time, we wanted to determine the best
dispersion media to mimic inhalation toxicity for three specific nano-
materials. These were carbon black (CB), multiwalled carbon nano-
tubes (CNT) and titanium dioxide nanoparticles (TiO,). CB Printex-90
(14 nm of diameter) has been extensively characterised (6,10,14) and
has at a dose of 8 mg/kg mouse body weight (bw) by intratracheal ad-
ministration been used extensively as a positive control and reference
particle in the toxicological testing of nanomaterials (4-6,12,13,15-
18). Rodent inhalation of CB Printex-90 is associated with increased
levels of DNA strand breaks in BAL cells (19) and in liver cells (11),
although no effect was found on 8-Oxo-dG levels in DNA in rat lung
following exposure to CB (20). CB has been evaluated as possibly car-
cinogenic to humans (IARC group 2B) based on animal studies (21).
Rodent inhalation of CNTs increases neutrophil numbers in BAL fluid
(22-25). Regarding genotoxicity, DNA strand breaks were increased
in rats by inhalation of 0.94 mg/m?® multiwalled CNTs (26). Following
inhalation in mice, DNA damage increased for straight but not tan-
gled CNTs (27). Rodent inhalation of TiO, increases BAL neutrophil
numbers as shown e.g. in refs (28-31). Genotoxicity was found in one
study (32), but not in another study (31). Carcinogenicity was found
in one inhalation study (33), but not in another study (34). TiO, has
been evaluated as possibly carcinogenic to humans (IARC group 2B)
based on animal studies (21).

We wanted to assess whether dispersion media influence pulmo-
nary toxicity of nanomaterials. CB, CNT and TiO, were tested in
combination with different dispersion media by intratracheal instilla-
tion in mice and rats. BAL neutrophils and lung expression of inflam-
matory genes were measured to assess inflammation. The studies were
mainly mice studies on CB, CNT and TiO,, supplemented with a con-
firmatory rat study on two of the dispersion media. Levels of DNA
strand breaks were analysed by comet assay comparing tail lengths of
BAL cells. The results were compared to data from the literature on
studies using inhalation as well as intratracheal instillation.

Materials and methods

Materials

Printex-90 CB nanoparticles were a gift from Evonik Degussa (Essen,
Germany). The diameter was 14 nm, and the specific surface area
was 295-338 m?%/g (19,35). It was composed of 99% C, 0.8% N and
0.01% H, and the total content of polycyclic aromatic hydrocarbons

was 0.07 mg/g (35). CNT NM-400 are multiwalled CNTs (diameter
30 nm). Physical-chemical characteristics are described in refs (36—
38). Titanium dioxide (TiO,) nanoparticles, one with endogenous
negative surface charge (NRCWE-001) (NanoAmor, Houston, TX,
USA) and one based on NRCWE-001 was modified to be positively
charged (NRCWE-002) (38). A third TiO, particle NRCWE-025 was
similar to NRCWE-001 except for having a supplier reported size of
80 nm (39) and a measured size of 38 nm (40). Physical-chemical
properties of the materials are detailed in Table 1.

Dispersion procedures

Preparation of cell-free BAL fluid and serum

BAL was collected under anaesthesia (anaesthesia procedure
described below). The lungs of unexposed C57BL/6 mice were
flushed twice with 0.6 ml 0.9% NacCl solution, yielding a total of
~1 ml BAL fluid. Cells were next removed by centrifugation at 400 x
g (10 min, 4°C). The final acellular fluid was stored at -20°C until
use. C57BL/6JBomTac mouse serum was obtained from unexposed
animals by removing coagulated cells from blood by centrifugation.
Serum was stored at -20°C until use.

Sonication procedure

Unless otherwise stated below, sonication of all dispersions was
performed on ice-bath for 16 min using a Branson Sonifier S-450D
(Branson Ultrasonics Corp., Danbury, CT, USA) equipped with
a 13-nm disruptor horn (model number: 101-147-037; Branson
Ultrasonics Corp., Danbury, CT, USA). To assure particle homo-
geneity, the suspension was administered to the animals within 1 h
after sonication. All dispersion medium control samples were done
as described below for specific nanoparticles, except that no nano-
materials were included.

Preparation of CB, CNT and TiO, in water

Particles were suspended in 0.2-mm filtered, y-irradiated Nanopure
Diamond UV water (Pyrogens: <0.001 EU/ml, total organic carbon:
<3.0 ppb) (11). The amount of particles was 3.24 mg/ml correspond-
ing to 162 pg/mouse at a volume of 50 pl.

Preparation of CB, CNT and TiO, in 2% serum

Two percent serum diluted in Nanopure water was added to the
weighed out nanomaterials. CB, CNT and TiO, suspensions were
3.24 mg particles/ml, giving mass concentrations of 162 pg/mouse.
For CNT the sonicated suspension was diluted into 54 pg CNT/
mouse. For TiO,, the sonication suspension was 1.34 mg particles/
ml to obtain a dose level of 67 pg/mouse.

Preparation of CB and TiO, in BAL

The nanoparticles were suspended in 0.9% NaCl MilliQ water con-
taining 10% v/v BAL. Particles were suspended in an amount of
3.24 mg/ml for CB to obtain a dose level of 162 pg/mouse and in
an amount of 1.34 mg/ml for TiO, (67 pg/mouse). The sonication
procedure was done as described above, except the suspensions were
sonicated by alternating 10-s pulses and 10 s pauses for 16 min.
Preparation of CB in BAL in water was done in the same way except
that no NaCl was added.

Preparation of CB in 0.1% Tween 80

The CB particles were dispersed by sonication in 0.1% Tween-80
[chemical name: polyoxyethylene (20) sorbitan mono-oleate] (Croda
International, Goole, UK) at an amount of 3.24 mg/ml.



Dispersion media and nanomaterial-induced toxicity, 2017, Vol. 32, No. 6

583

Table 1. Physical-chemical characterisation of the investigated nanomaterials dispersed in different media

Nanomaterial Dispersion medium Size as Z-average (nm) Dispersity BET surface area
(m?/g)
CB Printex-90 (declared size 14 nm; minor elements: N: Water 81.7 0.383 295, taken from (19)
0.82%, H: 0.01%)
- 2% serum 62.8 0.168 -
- 10% BAL in 0.9% NaCl 1231 0.642 -
- 0.05% BSA in water and 112 0.325 -
ethanol
- 10% BAL in water 4345 1.000 -
- 0.1% Tween-80 112 0.219 -
CNT NM-400 [supplier information on size: 30 nm x 2% serum Not detectable 298, taken from (38)
5 pm, no known coating, characterised in water with by DLS
2% foetal calf serum, TEM size: diameter: 5-35, length:
700-3000 nm; size in water 198 = 85 nmj; size in saline
124 =+ 50 nm; measured by NanoSight tracking analysis
(36,38,66)]
- 0.05% BSA in water and  Not detectable 298, taken from (38)
ethanol by DLS
TiO, NRCWE-001 [supplier information size (10 nm Water 111 0.120 99, taken from (38)
by XRD); known coating: none; phase: rutile (but ~6%
anatase observed in one of two samples); primary charac-
teristics by TEM; irregular euhedral particles detected (38)]
- 2% serum 128 0.136 -
- 0.05% BSA in water and 123 0.180 -
ethanol
NRCWE-002 [supplier information size (10 nm by XRD) Water 1232 0.251 84, taken from (38)
and form: rutile; known coating: positively charged; phase:
rutile; coating: positively charged; primary characteristics
by TEM irregular euhedral particles detected by TEM (38)]
- 2% serum 146 0.194 -
- 0.05% BSA in water and 149 0.217 -
ethanol
NRCWE-025 (described as rutile; XRD size supplier Water 187 0.153 28, value from (40)
80 nm; XRD size 38.1 nm; AFM particle size 35.3 nm)
- 2% serum 211 0.130 -
- 0.05% BSA in water and 221 0.127 -
ethanol

Preparation of CB in 0.05% bovine serum albumin (BSA)
CB was pre-wetted by ethanol 0.5% (v/v), followed by sonication in
0.05% wi/v BSA water at a 2.56 mg/ml.

Material characterisation

The hydrodynamic size distributions of the different dispersions
were determined by dynamic light scattering (DLS) using a Malvern
Zetasizer Nano ZS (Malvern Instruments, UK) and the Dispersion
Technology Software v5.0 (Malvern Instruments, UK). Size distribu-
tions were measured at 25°C directly on the instillation suspensions.
Data were recorded as the mean value of six consecutively repeated
analyses of each sample. For the calculation of hydrodynamic size
and dispersity, standard optical and viscosity properties for water
were used. Refractive and absorption indices of 2.020 and 2.000
were used for CB. These values were 2.903 and 0.10, respectively,
for TiO,.

Animal housing

This investigation encompasses five animal studies, four using mice
and one using rats. The parameters in these studies are detailed
in Table 2. All animal procedures complied with the EC Directive
86/609/EEC and Danish law regulating experiments with animals
(The Danish Ministry of Justice, Animal Experiments Inspectorate

permission 2006/561-1123). Female C57BL/6] BomTac mice, 6-7
weeks of age, and with a body weight (bw) of 19 = 1.5 g were
obtained from Taconic Europe (Ejby, Denmark). Upon arrival,
the animals were randomised either to cages containing control
animals (7 = 2-8) or to cages containing animals for nanomate-
rial administration (7 = 2-8). The mice were allowed to acclima-
tise 1-2 weeks before the experiment. Food (Altromin no. 1324,
Christian Petersen, Denmark) and tap water were provided ad lib-
itum. Housing was polypropylene cages with Enviro-Dri bedding
(Brogaarden, Gentofte, Denmark). Enrichment was MS blocks of
wood (Brogaarden, Gentofte, Denmark) and hides (Mouse House,
Scanbur, Karlslunde, Denmark). Housing was at a temperature of
20 = 2°C and a humidity of 50 = 20% with a 12 h light:12 h dark
cycle (on from 6 a.m. to 6 p.m.). Female Sprague Dawley rats were
purchased from Taconic Europe (Ejby, Denmark) and housed two in
each cage. Housing conditions were as described for mice. The rats
were 7 weeks old at arrival and 8 weeks old at the beginning of the
experiment. The weight at the beginning of the experiment was in
the range of 171-205 g.

Animal procedures
At 8 weeks of age, the mice were administered particles or dis-
persion medium controls. This was done by single intratracheal
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Table 2. Overview of animal experiments

Investigation Particles Animal species and number Dispersion media tested Exposure period and end

number (N) of animals points (comet assay system)
1 162 pg/mouse (8 mg/kg bw) CB or  Mouse Nanopure water (CB) 24 h:
54 pg/mouse (2.7 mg/kg bw) CNT 7 = 6 per group (in total 2% serum in Nanopure water (CB, BAL neutrophils, Saa3 and
n=72) CNT) Mcp-1 mRNA
0.05% serum albumin in Nanopure DNA strand breaks (Andor
water and powder pre-wetting with Komet 6)
0.5% (v/v) ethanol (CB, CNT)
10% BAL fluid in 0.9% NaCl (CB)
10% BAL fluid in Nanopure water
(CB)
2 162 pg/mouse (8 mg/kg bw) CB Mouse 0.1% Tween-80 in Nanopure water 24 h:
n =7 per group (in total BAL neutrophils
n=14) DNA strand breaks
(IMSTAR)
3 162 pg/mouse (8 mg/kg bw) CB Mouse Nanopure water 3,5 and 28 days:
n = 8 per group (in total 7 2% serum in Nanopure water BAL neutrophils
= 144)
0.05% serum albumin in Nanopure DNA strand breaks
water and powder pre-wetting with (IMSTAR)
0.5% (v/v) ethanol
4 67 ng/mouse (3.3 mg/kg bw) TiO, Mouse For TiO, particles: 24 h:
NRCWE-001, NRCWE-002 or Nanopure water BAL neutrophils
NRCWE-025 2% serum in Nanopure water DNA strand breaks
162 pg/mouse (8 mg/kg bw) CB n = 8 per group (except 0.05% serum albumin in Nanopure (IMSTAR)
NRCWE-001 in 2% serum  water and powder pre-wetting with
n=7) (in total 7 = 103) 0.5% (v/v) ethanol
For CB: 2% serum in Nanopure water
5 1620 pg/rat (5.4 mg/kg bw) CB Rat Nanopure water 24 h:

n = 6 per group (in total

n = 24)

0.05% serum albumin in Nanopure BAL neutrophils
water and powder pre-wetting with DNA strand breaks (Andor
0.5% (v/v) ethanol Komet 6)

instillation. The mice were anaesthetised by 4% isoflurane inha-
lation or alternatively by injection with a volume of 0.2 ml con-
taining Hypnorm (fentanyl citrate 0.315 mg/ml and fluanisone 10
mg/ml from Janssen Pharma) and Dormicum (midazolam 5 mg/ml
from Roche). The intratracheal instillation procedure is described
in detail in ref. (5). A volume of 50-pl particle or vehicle control
suspension was instilled followed by 150-pl air. This was done
with a 250-ul SGE glass syringe (250F-LT-GT, MicroLab, Aarhus,
Denmark). Afterwards, breathing was observed to assure that air-
ways were not blocked. At euthanisation, the mice were anaesthe-
tised using subcutaneous injection of Hypnorm/Dormicum/water
at a ratio of 1:1:2. The start dose was 0.1 ml/25 g. The dose was
increased if deemed necessary. The abdomen and thorax were
opened, and it was observed whether macroscopic abnormali-
ties such as discolourations, ascites or bleeding were present. To
recover BAL, the lungs were flushed twice each using 1-ml saline/25
g bw using a 1- or 2-ml syringe. Each flush consisted of three down
and up movements (each lasting 5-10 s). The final fluid volume
that was recovered from the lungs was estimated and recorded.
The BAL fluid was kept on ice until separation of fluid and cells
by centrifugation at 400 x g at 4°C for 10 min (done within 2 h).
Regarding rats, these were anaesthetised by intubation with an
18-gauge 45-mm-long tube with 5% isoflurane at a flow rate of 200—
250 ml/min. As we observed that rats may stop breathing if instilled
in deep anaesthesia, we kept the rats intubated without isoflurane.
Instillation was completed well before the animals gained conscious-
ness. Breathing was observed; none of the rats stopped breathing.

The rats were intratracheally instilled on a 40° slope with 500 pl
of particle or vehicle control suspension, immediately followed by
500 pl of air. At the end of exposure, the animals were anaesthetised
by subcutaneous injection of Hypnorm/Dormicum/water at a ratio
1:1:2 at a recommended volume of 0.3 ml/100 g. The animals were
then euthanised by bleeding via a cut in the groin area. Next, BAL
was prepared by flushing the lungs 10 times with 5-ml saline. Each
volume flushed once and subsequently combined in one tube. BAL
cells were recovered by centrifugation.

BAL cell procedure for comet assay and differential
counting

Cells were resuspended in 100 pl HAMF12 medium with 10%
foetal bovine serum (Prod numbers: 217654037 and 10106169,
Invitrogen, Carlsbad, CA, USA). Forty microlitre of this suspen-
sion was mixed with 160 pl of HAMF12 medium with 10% foetal
bovine serum containing 10% dimethyl sulfoxide (DMSO). This
was stored at —80°C until comet assay analyses. For immune cell
differential counting, 40 nl of the fresh suspension was collected
on microscope slides by centrifugation at 60 x g for 4 min using
a Cytofuge 2 (StatSpin, Bie and Berntsen, Redovre, Denmark).
Next, the cells were fixed on the slides in 96% ethanol and incu-
bated with May-Griinwald-Giemsa stain. Two hundred cells were
differentially counted. The number of neutrophils was recorded.
The total number of cells in the suspension was measured with
a NucleoCounter NC-100 (Chemometec, Allered, Denmark) Live/
Dead Assay.
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Levels of DNA strand breaks

Levels of DNA strand breaks were assessed in BAL cells as tail
length measured by comet assay using either the Andor Komet 6
assay as described (41) or the IMSTAR system as described (42)
(see Table 2 for information on in which experiments these were
used). In brief, for Andor Komet, the following procedure was done.
BAL cells in freezing medium were thawed and immediately embed-
ded in 0.6% agarose and loaded onto GelBond Film Slides (Lonza,
Rockland, ME, USA). The slides were incubated overnight with 4°C
cold lysing buffer (2.5 M NaCl, 10 mM Tris, 100 mM sodium-eth-
ylenediaminetetraacetic acid (EDTA), 1% sodium sarcosinate, 10%
DMSO, 1% Triton X-100, pH 10). The slides were then rinsed in
cold electrophoresis buffer, alkaline treated with ice-cold electropho-
resis buffer directly in the electrophoresis chamber (0.3 M NaOH,
1 mM sodium-EDTA, pH 13.2). Electrophoresis was conducted for
20 min on ice at 25 V (0.76 V/cm) and 192-196 mA (pH > 13).
Then, the slides were rinsed in neutralisation buffer (0.4 M Tris, pH
7.5) and fixed for 1.5 h in 96% ethanol. Next, nuclei were stained
with SYBR® Gold in TE buffer (10 mM Tris-HCI, 1 mM EDTA,
pH 7.6). For IMSTAR, the same procedure was followed except, the
agarose concentration was 0.7%, the slides were Trevigen Comet
Slides (Trevigen, Gaithersburg, MD, USA), the electrophoresis was
conducted at 38 V (1.2 V/cm) for 25-30 min and fixing was done
for 5 min in 96% ethanol followed by 15 min at 45°C, nuclei were
stained with SYBR® Green. Both tail length and percentage DNA
in the tail were evaluated as measures of DNA strand breaks. Tail
length was presented in graphs and used for the evaluation of results.
Both end points were reported in tabulated form in Supplementary
Material, available at Mutagenesis Online. Negative and positive
controls were included in each run, namely A549 cells, exposed to 0
and 30 pM H,0,. To enable comparison between different data sets,
comet data were normalised to the negative A549 controls included
on each slide.

RNA isolation and quantitative PCR measurements
RNA was recovered from lung tissue by use of the NucleoSpin 96
RNA kit (Macherey-Nagel). The left lung was lysed in 2-ml RLT
buffer, by homogenising for 2 x 60 s in a Tissuelyser (Qiagen,
Denmark) containing a 5-mm stainless steel bead and run through a
QIAshredder (Qiagen, USA). The remaining purification steps were
done according to the manufacturer’s description. cDNA was next
prepared using TagMan reverse transcription reagents (Applied
Biosystems, USA) according to the manufacturer’s description. Saa3
and Mcp-1 mRNA levels were determined using real-time quanti-
tative PCR (qPCR) with 185 RNA as reference gene. Mcp-1 was
determined as described (43). Saa3 was determined as described
(15). qPCR was conducted with Universal Mastermix (Applied
Biosystems, Neerum, Denmark). The qPCR was performed on an
ABI PRISM® 7500 sequence detector (PE Biosystems, Foster City,
CA, USA) as described previously (43). Data were normalised to 18S
rRNA (prod. no. Mm03024053_m1 from Applied Biosystems) and
multiplied with 107 to obtain readable numbers.

Statistics

Statistics were calculated using the software package Graph Pad
Prism 7.02 (Graph Pad Software Inc., La Jolla, CA, USA). Data
were tested for normality using the Shapiro-Wilk test. The #-test
and the analysis of variance (ANOVA) test are robust against
deviations in normality but somewhat sensitive to differences in
standard deviation. The #-test and the ANOVA were not performed

if the P-value of the Shapiro-Wilk test was very low (P < 0.001)
or if the standard deviation was deemed very different using the F
test (for two sample comparisons) or Brown—Forsythe test for three
or more treatment groups (P < 0.001). In case of these described
deviations in normality or in standard deviations, non-parametric
Mann-Whitney test (two groups) or Kruskal-Wallis test (more
than two groups) were applied. To assess differences in between
groups in one-way ANOVA or Kruskal-Wallis test, multiple com-
parisons post tests were applied. These were Holm-Sidak’s multiple
comparisons test (ANOVA) or Dunn’s multiple comparisons test
(Kruskal-Wallis test).

Results

Effect of dispersion medium on agglomerate size

Six different dispersion media were tested. These included media
that have previously been used for the dispersion of nanomaterials.
These were water (11,12,15), 10% cell-free BAL in 0.9% NacCl (6),
2% serum (16,17,44), 0.1% Tween80 (45). In addition, we included
two media that have not been used previously. These were 0.05%
serum albumin in water and 10% cell-free BAL in water. The six dif-
ferent dispersion media yielded very different agglomeration sizes as
measured by DLS (Table 1). The smallest CB particle agglomerates
(measured as maximal number percentage) (18 nm) were observed
in pure water, whereas agglomerates with mean sizes of 59 and 68
nm were observed in 2% mouse serum in water and 0.05% serum
albumin in water, respectively. Ten percent BAL in 0.9% NaCl and
10% BAL in water both resulted in agglomerates in the micrometre
range (1.2 and 4.3 pm, respectively). Z-average values of TiO, parti-
cles are reported in Table 1.

Effect of dispersion medium on pulmonary
inflammation

BAL neutrophil numbers were increased in mice exposed to CB
regardless of dispersion medium (Figures 1-3). Higher neutrophil
cell numbers were observed at 24 h with CB in 2% serum as com-
pared to CB in water and as compared to CB in 10% BAL in water.
At 3, 5 and 28 days, these inter-dispersion medium differences were
not seen (Figure 2). The levels observed at Day 3 and onwards
indicate a quick return from the additional and higher neutrophil
influx observed with four of the dispersion media to the same level
as observed with CB in water. In rats, CB in 0.05% BSA induced
a higher response as compared to CB in water. For TiO, in mice
nanoparticles, increased BAL neutrophil numbers were observed
for NRCWE-001 and NRCWE-002, but not for the larger TiO,
NP NRCWE-025 (Figure 3). NRCWE-002 in water gave a higher
response as compared to this particle in 2% serum and as compared
to this particle in 0.05% BSA (Figure 3). BAL neutrophil numbers
were increased in mice exposed to CNT regardless of dispersion
medium (Figure 1).

Pulmonary acute phase response and inflammation was further
assessed for CB and CNTs by quantifying pulmonary Serum amyl-
oid A-3 (Saa3) and Monocyte Chemoattractant Protein-1 (Mcp-1)
mRNA levels. Pulmonary Saa3 mRNA levels were increased 24 h
after instillation with CB in all five dispersion media. The Saa3
mRNA levels were higher with CB in 10% BAL in water as com-
pared to all other dispersion media and the level was higher with
0.05% BSA as compared to 2% serum and to 10% BAL in water.
The Saa3 mRNA level was also increased in both CNT groups
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Fig. 1. Effect of dispersion medium on neutrophils influx in BAL for CB and CNT 24 h after pulmonary administration to mice or rats. CB was administered
intratracheally to mice at 162 pg/mouse (A) or at 1620 pg/rat (B). CNT was administered at 54 pg/mouse (A). Twenty-four hours later BAL fluid was prepared and
the number of neutrophils established by differential counting. Data are mean and bars represent SD. ***, ** and * designate P-values of <0.001, <0.01 and
<0.05, respectively, of t-test because data were approaching normality and were not having a highly different variation (details given in the Methods section).
888, 8§ and § designate P-values of <0.001, <0.01 and <0.05, respectively, of one-way ANOVA with Holm-Sidak’s multiple comparisons test because data were
approaching normality and were not having a highly different variation (details given in the Methods section). The Tween-80 dispersion medium data are from
an independent experiment and are thus not included in the multiple comparisons tests.

(Figure 4). Mcp-1 mRNA levels were increased with CB in all dis- except CB in water. Mcp-1 mRNA levels were also increased in both
persion media (Figure 4). The Mcp-1 mRNA levels were higher for CNT groups. A close correlation between Saa3 and Mcp-1 mRNA
CB in 10% BAL in water as compared to the other dispersion media, levels was observed.
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Fig. 2. Effect of dispersion medium on neutrophil influx in BAL for CB 3, 5
and 28 days after pulmonary administration to mice. CB was administered
intratracheally to mice at 162 pg/mouse. Three, five or twenty-eight days
later BAL fluid was prepared and the number of neutrophils established by
differential counting. Data are mean and bars represent SD. ***, ** gnd *
designate P-values of <0.001, <0.01 and <0.05, respectively, of t-test in case of
data approaching normality and not having a highly different variation (details
given in the Methods section), otherwise of Mann-Whitney test.

Effect of dispersion medium on DNA strand breaks
in BAL cells

CB in water increased levels of DNA strand breaks both in mice
and rats 24 h after exposure (Figure 5). CB in 2% serum increased
levels of DNA strand breaks in mice in one experiment (Figure 5)
but not in another (Figure 7). CB in 10% BAL in NaCl increased
levels of DNA strand breaks in mice (Figures 5). There was no effect
of CB in 0.05% BSA in water with ethanol pre-wetting in mice or
rats (Figure 5) and no effect of CB in 10% BAL in water or of CB in
0.1% Tween-80 (Figure 5).

CB in water also increased levels of DNA strand breaks 3 days
after exposure (Figure 6), whereas CB in other dispersion media had
no effects. No effects were recorded at later time points. A dispersion
medium effect was observed at Day 3 as both CB in different disper-
sion media and dispersion media alone displayed different levels of
DNA strand breaks (Figure 6).

No increased levels of DNA strand breaks were observed for
CNTs at 24 h when compared to their respective dispersion medium
controls. However, the level of DNA strand breaks was higher for
CNT in 2% serum as compared to 0.05% BSA in water with ethanol
pre-wetting (Figure §). Regarding TiO,, NRCWE-001 administra-
tion was associated with a lower level of DNA strand breaks as
compared controls. This was seen for water dispersion medium and
for 0.05% BSA dispersion medium, but not for the 2% serum disper-
sion medium. Lower levels of DNA strand breaks were also observed
for NRCWE-002, but only in the 0.05% BSA dispersion medium.
NRCWE-0235 increased levels of DNA strand breaks with all three
dispersion media (Figure 7).

The above-described DNA strand break levels were assessed as
tail length. Overall, a similar pattern was seen using % DNA in the
tail (Supplementary Tables S1-S4, available at Mutagenesis Online).

Discussion

For the assessment of nanomaterial toxicity, it is often desira-
ble to use alternative exposure methods to inhalation, but still
observe effects that closely mimic those observed following inha-
lation exposure. Intratracheal instillation has been developed as
a cost-effective method that delivers the desired amount of par-
ticles directly into the deeper part of the lungs (17,46). However,
one drawback of this model is that the particles have to be sta-
bly dispersed in an appropriate medium before instillation to
ensure uniform dosing of exposed animals. Correctly made, this
ensures acceptable agglomerate size for alveolar deposition, but
may affect the extent and nature of the toxicological response
measured. The aim of this study was to test whether different
intratracheal instillation dispersion media influence the pulmo-
nary toxicity of CB, CNT and TiO, nanomaterials. For this, we
conducted intratracheal instillation studies using different dis-
persion media and compared the responses on inflammation and
DNA strand breaks with those observed in previous experiments
by inhalation.

CB

CB was included because we consistently have seen more inflamma-
tion following intratracheal instillation compared to inhalation. By
inhalation, the nano-sized CB Printex 90 causes low levels of inflam-
mation. In a previous study, mice were exposed by nose-only inhala-
tion to aerosolised CB and diesel-exhaust particles (DEP) at 20 mg/
m? for 90 min for four consecutive days. DEP, but not CB particles,
increased BAL neutrophil influx. Both particles induced increased
levels of DNA strand breaks in BAL cells and thus CB-induced geno-
toxicity seemed to be independent of inflammation (19). In another
study, CB Printex-90 was investigated in dams and offspring fol-
lowing the inhalation of 42 mg/m? 1 h daily during gestation days
8-18 or given by intratracheal instillation (in water dispersion
medium) on gestation days 7, 10, 15 or 18. Increased BAL neutro-
phil numbers were observed after inhalation of an estimated depos-
ited total dose of 287 pg/mouse and with a total instilled dose of
268 pg/mouse. However, instillation caused more neutrophil influx
(control: 4 x 10° neutrophils vs. CB: 1.1 x 10°) than inhalation
(control: 1 x 10° neutrophils vs. CB: 1.2 x 10*). CB, by inhalation,
increased DNA strand breaks in liver. No increase was observed in
this endpoint following intratracheal instillation (11). Furthermore,
Jacobsen et al. compared CB inhalation to intratracheal instillation
in wild-type mice and ApoE~ mice. Three and twenty-four hours
later, inflammation was assessed. Following 90-min inhalation at a
concentration of 60 mg/m?, a small non-significant 5-fold increase
in neutrophils was recorded. Following instillation, on the contrary,
large increases in neutrophils were recorded with doses of 18 and
54 pg/mouse in ApoE~~ mice and also at 54 pg/mouse in C57 mice,
24 h after exposure. The instillation dispersion medium was 10%
BAL fluid in 0.9% NaCl (3). Another study in rats only included
CB inhalation exposure with mass concentrations of 1, 7 or 50 mg/
m? for 6, 5 or 13 weeks. BAL neutrophils were increased at the two
highest doses. Moreover, Hprt-gene mutations were investigated at
13 weeks and found to be increased also at the two highest doses
(47). Also, to support a potentially low inflammation of CB as com-
pared to other nanomaterials is the observation that inhalation of
CB Printex caused lower neutrophil influx than inhalation of the
TiO, NP UV-Titan L181 in the same experimental setup even though
the estimated deposited dose was considerably higher for CB than
for TIO, (11,48).
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Fig. 3. Effect of dispersion medium on neutrophil influx in BAL forTiO, and CB control 24 h after administration to mice. Three differentTiO, were administered
intratracheally to mice at 67 pg/mouse. CB was administered at 162 pg/mouse. Twenty-four hours later BAL fluid was prepared and the number of neutrophils
established by differential counting. Data are mean and bars represent SD. ***, ** and * designate P-values of <0.001, <0.01 and <0.05, respectively, of one-way
ANOVA with Holm-Sidak’s multiple comparisons test of TiO, particles against dispersion medium because data were approaching normality and were not having

a highly different variation (details given in the Methods section).

The findings of genotoxicity are supported by other reports.
Based on genotoxicity/mutagenicity/carcinogenicity observed in
animal studies, CB has been classified as possibly carcinogenic to
humans by IARC (21). Rats were exposed to CB at an average of
11.6 mg/m? for 104 weeks, and increased formation of lung tumours
was found (33). Mutagenicity caused by CB at a similar level to
that observed by DEP has been shown in vitro (35,49). In addition,
data on oxidative stress (50,51), reactive oxygen species production
(6,52,53) and a detailed analysis of mutations caused by CB point
to that a high reactive oxygen species production is the cause of the
observed oxidatively damaged DNA and mutations (54).

Based on the data described above, intratracheal instillation of
CB in a suitable dispersion medium should result in genotoxicity and
limited inflammation. Although we know that as the dose rate is very
high using intratracheal instillation compared to inhalation, it will
not be possible to eliminate the inflammation completely.

Regarding inflammation in the current investigation, we found
that CB in all dispersion media induced inflammation as seen by neu-
trophil influx. The inflammation induction was supported by mRNA
level measurements of the cytokine MCP-1 and the acute phase
protein Saa3. Two inflammatory markers Saa3 and MCP-1 were
upregulated at the mRNA level by CB. However, assessing neutro-
phil influx 24 h after exposure, CB dispersed in 2% serum induced
more inflammation as compared to CB in water and CB in 10% BAL
in water. In rats, CB in 0.05% BSA caused higher inflammation than
CB in water. This suggests that pure water and 10% BAL in water
could be suitable dispersion media for dispersion of CB. Of note,
there were no differences in-between the dispersion media at Day 3
and later suggesting that the effect of the medium was neutralised by
Day 3 after exposure.

Regarding DNA strand breaks, CB in water increased DNA
strand break levels in BAL cells in both mice and rats 24 h after
exposure (Figure 5). Moreover, DNA strand breaks were also
detected using this dispersion medium at 3 days after expos-
ure (Figure 6). Increased levels of DNA strand breaks were also
observed after 24 h with CB in 2% serum and with CB in 10%
BAL in NaCl.

In the current investigation, taking all data from studies on CB
together it seems that water is the dispersion medium for which the
strongest and most consistent effect on genotoxicity is observed, and
this is combined with a low level of inflammation.

Agglomeration size was not a predictor of toxicity. CB had the
smallest agglomeration size when dispersed in water as compared to
the other dispersion media. Nevertheless, small agglomerates were
also observed in 2% serum (inducing significantly more inflamma-
tion) and 0.1% serum albumin (where CB did not induce DNA
strand breaks), whereas CB forms large aggregates in 10% BAL in
NaCl. This suggests that agglomeration size is not a determinant of
inflammation or genotoxicity as such. Agglomeration size in air is an
important determinant deposited dose (55).

Previous studies using water as a dispersion medium have dem-
onstrated genotoxicity in both presence and absence of inflamma-
tion. Mice were exposed by intratracheal instillation to CB dispersed
in water at 162 pg/mouse. Levels of DNA strand breaks in BAL cells
were increased at 3 h and at 3 days, but not at 1 day. Neutrophils
were increased at all time points 3 h, 1 day, 2 days, 3 days and later
(56). Low doses of CB dispersed in water as dispersion medium have
also shown increased DNA strand breaks in doses as low as 0.67 pg/
mouse at 28 days and 2 pg/mouse at 3 and 28 days. No effect on
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Fig. 4. Saa3 and Mcp-1 mRNA levels were increased in lung tissue 24 h
following pulmonary exposure to CB and CNT in mice. CB was administered
intratracheally to mice at 162 pg/mouse. CNT was administered at 54 pg/
mouse. Twenty-four hours later the animals were euthanised and lung
processed for Saa3 (A) and Mcp-1 (B) mRNA measurement by qPCR. Data
are mean and bars represent SD. ***, ** and * designate P-values of <0.001,
<0.01 and <0.05, respectively, of t-test in case of data approaching normality
and not having a highly different variation (details given in the Methods
section), otherwise by Mann-Whitney test. 8§88, §§8 and § designate P-values
of <0.001, <0.01 and <0.05, respectively, of different CB groups against each
other 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 of Kruskal-Wallis
test with Dunn’s multiple comparisons test. ###, ## and # designate P-values
of <0.001, <0.01 and <0.05, respectively, of different dispersion medium
groups against each other 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
of Kruskal-Wallis test with Dunn’s multiple comparisons test. The Tween-80
dispersion medium data are from an independent experiment and are thus
not included in the multiple comparisons tests.
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Fig. 5. Levels of DNA strand breaks are increased in BAL cells by CB in
some dispersion media 24 h after administration to mice or rats. CB was
administered intratracheally to mice at 162 pg/mouse (A) or at 1620 pg/rat (B).
CNT was administered at 54 ng/mouse (A). Twenty-four hours later BAL fluid
was prepared, and tail length was measured by comet assay. Data are mean
and bars represent SD. *** ** and * designate P-values of <0.001, <0.01
and <0.05, respectively, of t-test in case of data approaching normality and
not having a highly different variation (details given in the Methods section),
otherwise of Mann-Whitney test. 8§88, 88 and 8§ designate 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
of Kruskal-Wallis test with Dunn’s multiple comparisons test. The Tween-80
dispersion medium data are from an independent experiment and are thus
not included in the multiple comparisons tests.

DNA strand break levels was seen at 162 pg/mouse and all doses
increased the neutrophil influx at 24 h (15).

Two dispersion media, 0.9% NaCl containing 10% BAL and 2%
serum, displayed DNA strand breaks in the current investigation.
However, genotoxicity was not seen in independent investigations
with CB in 2% serum (16,17). This together with a high level of
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Fig. 6. Only CB dispersed in water dispersion medium increases levels of DNA strand breaks in BAL 3 days after administration to mice. CB was administered
intratracheally to mice at 162 ng/mouse. Three, five or twenty-eight days later BAL fluid was prepared, and tail length was measured by comet assay. Data are
mean and bars represent SD. ***, ** and * designate P-values of <0.001, <0.01 and <0.05, respectively, of t-test in case of data approaching normality and not
having a highly different variation (details given in the Methods section), otherwise of Mann-Whitney test. §88, 88 and 8§ designates P-values of <0.001, <0.01
and <0.05, respectively, of CB groups 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 of Kruskal-Wallis test with Dunn’s multiple comparisons test. ###, ## and # designate
P-values of <0.001, <0.01 and <0.05, respectively, of dispersion medium groups 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 of Kruskal-Wallis test with Dunn’s multiple

comparisons test.

inflammation suggests that 2% serum is a less suitable dispersion
medium for simulating inhalation of CB. For 0.9% NaCl contain-
ing 10% BAL, DNA damage has been demonstrated (5,10). Even
though CB in this dispersion medium may be rather inflammogenic
as neutrophil influx was increased at all doses (5,10), this dispersion
medium may be an acceptable alternative to water for the simulation
of CB inhalation.

TiO,

Inhaled TiO, particles
(7,29,31,57). Moreover, inflammation in terms of neutrophil influx
depends on the deposited surface area (58,59). Literature data on
neutrophil influx as function of surface area from a range of inhal-
ation studies are depicted in Figure 8 and detailed in Table 3.

induce dose-dependent inflammation

Regarding genotoxicity, published data are not consistent. Mice
were exposed to 10-nm TiO, through inhalation at a dose of 271 mg/
m? for 1 h with a deposited surface area 160 cm?. Increased levels
of DNA strand breaks were observed (32). Rats were exposed to
P25 TiO, for 18 h/day, 5 days/week for 24 months at an average ex-
posure of 10 mg/m?®. Lung tumours were increased at the deposited
surface area of 1.9 m? (33). However, there are a number of studies in
which no genotoxicity was found. Mice were exposed to TiO, (74%

anatase, 26 % brookite for 5 days, 4 h/day) at 0.8, 7.2 or 28.5 mg/m°.
Deposited surface areas were 2, 10 and 50 cm?. No genotoxicity was
observed in epithelial lung cells nor were there any increases in poly-
chromatic erythrocyte micronuclei (31). In another study, rats were
exposed to 99.5% rutile TiO, at 5 mg/m’ for 18 h/day, 5 days/week
for up to 24 months (deposited surface area: 50 cm?) and no difference
in tumour development was observed (34).

In the current study, using intratracheal instillation TiO, in
water, TiO, in 2% serum in water and TiO, in 0.05% BSA with pre-
wetting in ethanol induced similar inflammation, except the 38-nm
TiO,, perhaps because of a low deposited surface area at the used
dose (67 ng/mouse). We found the 38-nm unmodified rutile particle
to increase levels of DNA strand breaks with all three dispersion
media. Thus, increased levels of DNA strand breaks were observed
for NRCWE-025 as has also been observed for CB (15).

In another study using two of the same TiO, particles, NRCWE-
001 and NRCWE-002, the dispersion medium used was water. The
doses were 18, 54 and 162 pg/mouse. Neutrophils in BAL were
increased at the two highest doses for both particles. DNA strand
breaks were decreased with NRCWE-002 at the all three doses at
1 day, but increased at high dose at Day 3 (60). In addition, there are
range of studies with TiO, in different forms and sizes investigated.
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Fig. 7. DNA strand break levels in BAL cells 24 h after pulmonary exposure to TiO, and CB in mice. Three different TiO, were administered intratracheally to
mice at 67 pg/mouse. CB was administered at 162 pg/mouse. Twenty-four hours later BAL fluid was prepared, and tail length was measured by comet assay.
Data are mean and bars represent SD. ***, ** and * designates P-values of <0.001, <0.01 and <0.05, respectively, of one-way ANOVA with Holm-Sidak’s
multiple comparisons test of TiO, particles against dispersion medium in case of data approaching normality and not having a highly different variation (details
given in the Methods section), otherwise of Kruskal-Wallis test with Dunn’s multiple comparisons test. §§8, §8 and § designate P-values of <0.001, <0.01 and
<0.05, respectively, of TiO, data of each TiO, particle type against each other 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 of Kruskal-Wallis test with Dunn’s multiple

comparisons test.

Literature data on BAL neutrophils as function of
deposited TiO, surface area
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Fig. 8. Data from the literature illustrating BAL neutrophil percentage
as function of deposited TiO, surface area in the lungs. Data from studies
described inTable 3 are presented in graphical form. Percentage neutrophils
in BAL were assessed either immediately after exposure or up to 24 h after
exposure as detailed in Table 3. The name of the first author of the used
reference is added as a label of each data point. Some data from refs (32,57)
are not depicted because the percentage of neutrophils was zero, and only
values higher than zero can be plotted on the logarithmic y scale.

The ones utilising the same dispersion media as those in the current
investigation are summarised in Table 4. In general, TiO, induce
pulmonary inflammation. DNA damage was found in one study (6).

Overall, we found no consistent dispersion medium-dependent
effects on TiO,-induced inflammation or genotoxicity.

CNT

Inhaled CNT are highly inflammogenic. In a 13-week subchronic
inhalation study in rats (6 h/day, 5 days/week), 0.4, 1.5 and 6 mg/
m? (10 nm in diameter 200-300 nm in length) multiwalled CNT
increased BAL neutrophils, whereas 0.1 mg/m? had no effect (23).
DNA damage was seen in two inhalation studies (26,27). A 104-
week carcinogenic study was conducted with multiwalled CNT in
rats using 0.02, 0.2 and 2 mg/m?. Carcinogenicity was found at the
two highest doses (61). Sargent et al. found multiwalled CNT to
promote lung adenocarcinoma by inhalation in mice (62). In con-
trast, multiwalled CNTs in a 90-day inhalation study in rats did not
induce genotoxicity in spite of the induction of inflammation (63).
These data suggest that a dispersion medium for CNT intratracheal
instillation should allow for both inflammation and DNA damage.
The dispersion of CNTs is highly challenging since unmodified
CNTs are highly hydrophobic and cannot be stably dispersed in
water or ionic buffers. Dispersion of CNTs in water will often result
in uneven and unstable dispersion (64), something that could result in
little control of the delivered dose. Therefore, CNTs were only studied



N. Hadrup et al., 2017, Vol. 32, No. 6

592

W2 00061

3l Ul BaIR 90BFINS paysoda

(syuow 91

10§ ;w/3W 4 pue
‘syuowt 4 10§ (W

/8w g1 uay

pUE SyIUOW 4 381y 10§

(/3w 7'/) syauowt g

a[unI 9,0 pue

wrl ¢ 7~ sem

paseazour a1om Sw ¢ 01 dn 10§ yoam 1od 9SBIBUE 9,08 ‘/-/9 I9J9WRIP JIWERUAPOISE
(c€) sinowny Sun- PaINSEIW JON  SYIUOW 4§77 J& JBI UI SSBW paureIay 8¥ skep ¢ ‘Aep/y 8T -€9+€T "OU SYD ‘STd UBIPIW SSBW ‘WU ()p—G | 1Y
punoj (0£) w0087 jo dz1s
SIOUAIJJIP OU LWd ()¢ eaxe aoejIns pajisodag syjuou 47 03 e sey ¢, ueiniofeq ‘opnied
nq ‘pajednsaaur Sunj/Sw /7 dn 105 yeamysKep ¢ Aep pasn oy ‘wd [°T Jo I21oweIp
(p€) 9Iom sIowny, pamseaw 10N sseur paurear parrodoy 6T 1od yq g1 10§ qw/dw ¢ JMUINT 9% 666 STWEUAPOIIE UBIPIW SSBJA 1y
W2 008 pue
00€ ‘09 :seare ddejans paysodag
(arnsodxa (sSun| 7 1ad
1se[ Y3 Jo Aep oy3 9 01 PaIdPISUOD SIOYINE skep ¢ 10j Kep
e passasse) sasop  Juarnd £q) Sun/3d ¢E9[ pue G4 /49w asejeue
(67) poanseaw 10N 32yS1y 0m1 1€ 103J5 ‘1T ‘OLL Uapang Sunj parnseay 53 /3w g 1001 T %98 NI % T 8+ ST !
(69-L9°L5°€€-6T L)
SaIpN3s 19YI0 Ul
pasrodar seare wu g/ 9q
Ud 0007 aoeyIns 01 payrodar pue painseaur
1B3IE 20BJINS pajisodap pajewnsy ‘01 uo paseq (/3w ] 9seIeuE JO (J[OnIe Ul 3[o1IE UI ING ‘WU [9 d1oM
(ormsodxs 19338 Y 7 Je1/3w ¢ :(stoyine £q) 0T 2q 03 pajewnIsd 1e yoom/shep ¢ Apdamp uonlm jou)  sapned sseyd s[ni pue wu 7¢
(82) PIINSEIW JON]  PISSISSE) 199J9 ON| 3SOP PAIAI[P pajewnlsy nq parrodar oN 103 Aep/y 9 ‘syoam ¢ 6 QNI 9, ¢¢ o19m saponied aseyd asereuy ey
(e1nsodxos 10332 4 91 AUd 00T Pue O¢
passasse) sa3edo133e  :sease ooeyIns paysodop parewnsy wu () > s23e32133¢e [[ews pue
a8re[ yim £Juo inq St 16 pue 1 (s1oyne 4q) asejeUE ‘wu ()1 < sarerowo[33e afre|
(0€) painseaw J0N 950p Y31y 38 9L uopanq Sunj paje[nofe) 01cC AW £ 107IBY9 9% 06< QLN 9% 0> PaMOYS PaIsal uAYMm Ing ‘wu ¢ 1Y
wu 7 Jo I7ZIs
opnaed Arewnid oferoae ue
A0 ¢ Ju YIm s[[eISAId WU 09— T
(aansodxo 103je A[93  pue ()] ‘7 :seare adejans paysodag /3w ¢'g7 JO sajeIOWO[33E JO PAISISUOD
ddewep  -IpawIwIl PIsSIsSe) S 8 pue g1 /T 107/ anjoolq  saponted Ing ‘wiu / 9z7Is 91100Iq
(1€) VN U0 109§j2 ON  250p 3syS1y 3¢ soX  [euntue 12d "L, paureIar paInseajy 19 ‘8°0 3¢ Aep/y ¢ ‘skep ¢ %9 “OSEIBUL 9/ PUE WU [ :DZIS II[[EISID ISEIRUY  ISNOIN
22 091
B3I 90eJIns payisodap parewnsy
(aansodxa 101ye 81 1¢ :(s1oyIne 4q)
(7€) onssp SunjuIsag Y f7 PISSISSE) ON asop paysodap pajewnsy L1 Y [ 10§ ;w/Sw 1/7 asejeuy  pajedardde oq 03 parrodar ng ‘0] ASNON
(arnsodxa
JO pud e pmy
TVd Ul paseaiout (Jewrtue/,w) eare adejIns
Aoruadournied spiydonnau) passodap paje[nofes (8/;wr) ea1E sarads
ERIICREIEN | /A3191X010UdD) UOTBWWEU] pue asop paisoda(g aoeyIns 1Aq saso( uio g (wu) az1s ‘Q1L. [ewruy

ainjeJsll| 8y} Ul elep uone[eyul ‘Ol 4O MBIAIBAQ "€ dqeL



593

dia and nanomaterial-induced toxicity, 2017, Vol. 32, No. 6

ispersion me

D

(69-L9°L8°c€—6T L)

NEU 00% mmo.H uo —meﬂﬂ Ow:
:PasOp BaIE 90BJINS PAIBWINIST 9q 03 pajewnsd
(12) painseaw JON 109Jj0 ‘9 Srl g9/ ruapang Sun| pauIwIIR( ‘papraoad 30N y 7 10} qw/Sw 67 1¢ ey
LWd (OO Snow asop-YSTH
LW ¢ :9sNOW dS0p-PIA
WD ()68 3.1 9s0p-YSIH
WO OO 383 ISOP-PIA
:s3UN[ 9Y3 UT BITE IDBJINS PIIBWNIST
SunyBw €00
= 1ySrom 3un| paup 3/5w
(9snouwr) /T :asnowr asop-prjy
(pasn sem
3w /[ jo 1ySom Sun| paLIp asnowr
srewdy ) unjBw 7*() = Sun|
paup $/3w 171 :9snouwr asop-ySIH
Sunj/Sw 770
= (381) $°T 3T 3S0P-PIN
(pasn sem Sw (G Jo IyFrom
(aansodxa 1013® L[93E Suny pauIp jer o[ewdy €) Sun| (69-L9°LS‘C€—6T L) (pa3rodaz
-IPOWIWT Passasse) /8w /°T = Suny SJoI UO Paseq ()¢ SY99M €T 10J Y99M  JOU JSBIBUE puE [} asnowr
asop 3saySiy 1e paup S/3w 17 :3e1 asop-ySi 3q 03 PaIeWIISd /s&ep ¢ ‘Aep/y 9 ;w -NI U99Mm3aq O1Iel) pue
(£S) painseaw JON  A[UO INq 31999 ‘Sax :s3s0p pasodag ‘papraoad Jo0N /8w (O] 10 7 ‘570 sopnred ¢7-J 17 18y
W 00 30p YStH
(a1nsodxa 101ye (WD G7 :9S0p MO
[ (0 Passasse) asop  :payisodap eaTe 90ejIns pajewnsy Y 10 U J[UNI 9,7 ‘OseirUE
(£) paanseatt JON Isay81y 3e 30957 81l 01 10 pf jo udpang Juny LS [Buggiogy %08 §Td 2pIX0Y Y4 R
(armsodxa
JO pua 3e pinyy
Ty ut paseaiour (TewTue/,;w) BaIE 9d€JINS
Adruadourdied spiydonnau) pansodap paienojed (8/,w) eorE saads
ERIIEREIEN | /£3191X010UD) uonewIweu[ pue asop pansodag doejans 19q saso( wio (uru) azrs ‘QIY. [ewruy

panunuo) °g s|qeL



N. Hadrup et al., 2017, Vol. 32, No. 6

594

(wu ¢ g¢ z1s e

skep ¢ -s£10 [N pue ¢ 7 AZIS
(1) painseaw JON e P3sal AJuo Inq SaL Jer/dw | 01BN parrodar joN 911[[e3sAI0 aseIrUE) C7J 8T 1Y
skep ¢ (T°9 oz1s AqpeIshId
(2) painseaw J0N 1e Pa1sal AJuo Inq ‘sax Je1/Sw | 93N\ parrodar joN asejeue) snoydioury s ey
skep ¢
(€2) painseaw JON e pa3sa) AJuo Inq ‘ON Je1/8w | T93eM\ QUON] sy Al 'y
skep ¢
(1) painseaw JON e pa3sal AJuo Inq ‘ON Jer/dw | 01BN QUON asejeUy ST 1y
(maq 3y
syiuow 47 e sinowny /8w ¢¢) Sw | 10
(z2) 3un| ou Inq ‘parnseaws JON 3S0P 3S9YSIY Y3 1B ‘S9L (mq /8w 99°0) 7°0 193\ parrodar joN WI0J JuI[eIsAId TB3]D), ST ey
asnow (‘Orx-ourure) (T00-TMOUN
(6) paanseaw JON SISOP 1S9YSIY 0M] I8 ‘SOL /31 871 10 9 ‘7¢ ‘g wniss 9,7 pasieyd £jpaniso SE JWES) I[Ny 01 ISNON
Isnouwt (‘otr-outure) (T00-IMOUN
(6) painseaw JON 9S0p 3s9YSIY IE ‘SO /31 871 10 9 ‘7E ‘g 1938 pagdreyd A[pAnIsoq S Jwes) a[Iny| o1 ASNON
(9) OU :S[[2 TV SIX asnowy3t ¢ [OEN UHIVd %01 SUON  9SEIBUE 96 T6/2[BN0T 9%8°L 61 OSNON
(9) sak 152 Ty g SOK asnow/3d ¢ [DEN UI'TVE %0T  [oyodpejod rz Iy Ig ANy 90T SO\
(9) so4 187120 TV ON asnowy3it ¢ [DEN UL 'TVH %01 [oyoojedjod pue [y ANy 88¢ asnoy
(o8r1ud010d 1E3
pue ya3us| [1e3) sep ¢ 1e asop
359481y e pased1our Inq 4 ¢ asnow (‘Orx-ourure) (Z00-TMOUN
(09)  YIBual [re3 pasearddp S[[d Tyg  SISOP ISIYSIY 0M1 Je ‘SO /3 79T pue ¢ ‘g1 ToreM pasreyd £[PANISOq S dWes) ANy ot ISNOIN
(qa8uay [res juo
sAep ¢ 1€ SaSOp 1SIMO] OM] 1B asnowr (TOO-AMDUN
(09) Surseaout) 399339 ou :S[[3d Ty g SISOP 159YSIY 0M] I8 ‘SIL /31 791 pue ¢ ‘g1 Jo1eM\ QUON] SE JWES) [Ny 01 ISNOJN
Yyycie
S[[99 Tyd ul (esearour Iydonnau Tyq) (wu) sar0ads
JUIFY agewep yNQ uonewweu| sasoq wnipaw uorsadsiq Suneon urIoj az1s ‘1, [ewiuy

ApnNis 1uaind 8y} ui paiebiiseAul Os|e elpaw uoisiadsip 8yl J0 8Wos Buisn 84nieJall] 8yl Ul SBIPNIS WO} B1BP UOIIE||1IISUl [BayoeIlRIIUl ‘Ol JO MBIAIBAQ ‘b dqeL



Dispersion media and nanomaterial-induced toxicity, 2017, Vol. 32, No. 6

595

in dispersion media, which contained proteins to assist dispersion.
CNT was found to be equally inflammogenic in the two tested disper-
sion media, 2% serum and 0.05% serum albumin. The studied CNT,
NM-400, did not induce DNA strand breaks as compared to disper-
sion medium controls. We have previously shown that multiwalled
CNT-induced DNA strand breaks depends on the diameter of the
multiwalled CNT such that thicker multiwalled CNTs induce more
DNA damage than thin multiwalled CNTs (17). NM-400 is a rela-
tively thin MWCNT and thus not expected to induce DNA damage.
Thus, both studied dispersion media were acceptable for single instil-
lation studies. However, it is noted that the use of protein as disper-
sion agent constitutes a problem in studies using repeated exposures
as the repeated exposure to protein-containing dispersion medium
can induce an allergic inflammatory reaction (65).

Conclusion

Water seems to be the best dispersion medium for observing a geno-
toxic effect of CB to mimic the genotoxic effects observed after in-
halation exposure. Ten percent BAL in NaCl could be suggested as
an alternative dispersion medium for CB. No dispersion-dependent
effects were observed for TiO,. For CNTs both investigated disper-
sion media, CNT in 2% serum or CNT in 0.05% BSA with ethanol
pre-wetting were similar. Our results suggest that it is important to
consider the influence of dispersion medium when using intratra-
cheal instillation as a model of inhalation exposure.

Supplementary data

Supplementary data are available at Mutagenesis Online.
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