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ARTICLE

Organomodified nanoclays induce less inflammation, acute phase response,
and genotoxicity than pristine nanoclays in mice lungs

Emilio Di Iannia, Peter Møllerb, Alicja Mortensena, J�ozef Szarekc, Per Axel Clausena,
Anne Thoustrup Sabera, Ulla Vogela,d and Nicklas Raun Jacobsena

aNational Research Centre for the Working Environment, Copenhagen, Denmark; bDepartment of Public Health, University of
Copenhagen, Copenhagen, Denmark; cDepartment of Pathophysiology, Forensic Veterinary Medicine and Administration, University
of Warmia and Mazury in Olsztyn, Olsztyn, Poland; dDepartment of Micro- and Nanotechnology, DTU, Lyngby, Denmark

ABSTRACT
Surface modification by different quaternary ammonium compounds (QAC) makes nanoclays more
compatible with various polymeric matrices, thereby expanding their potential applications. The
growing industrial use of nanoclays could potentially pose a health risk for workers. Here, we
assessed how surface modification of nanoclays modulates their pulmonary toxicity. An in vitro
screening of the unmodified nanoclay Bentonite (montmorillonite) and four organomodified nano-
clays (ONC); coated with various QAC, including benzalkonium chloride (BAC), guided the selection
of the materials for the in vivo study. Mice were exposed via a single intratracheal instillation to 18,
54, and 162mg of unmodified Bentonite or dialkyldimethyl-ammonium-coated ONC (NanofilSE3000),
or to 6, 18, and 54mg of a BAC-coated ONC (Nanofil9), and followed for one, 3, or 28days. All mate-
rials induced dose- and time-dependent responses in the exposed mice. However, all doses of
Bentonite induced larger, but reversible, inflammation (BAL neutrophils) and acute phase response
(Saa3 gene expression in lung) than the two ONC. Similarly, highest levels of DNA strand breaks
were found in BAL cells of mice exposed to Bentonite 1day post-exposure. A significant increase of
DNA strand breaks was detected also for NanofilSE3000, 3days post-exposure. Only mice exposed
to Bentonite showed increased Tgf-b gene expression in lung, biomarker of pro-fibrotic processes
and hepatic extravasation, 3days post-exposure. This study indicates that Bentonite treatment with
some QAC changes main physical-chemical properties, including shape and surface area, and may
decrease their pulmonary toxicity in exposed mice.
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Introduction

Clay minerals have long been used in composite
materials to improve physical and mechanical prop-
erties (Patel et al. 2006). Bentonite is the commer-
cial name of montmorillonite, a member of the
Smectite clay family (swelling clays), and contains
an octahedral alumina or magnesia sheet between
two tetrahedral silica sheets (Jensen et al. 2009). Its
chemical functionalization is obtained by substitut-
ing the interlayer cations with surface modifiers
such as quaternary ammonium compounds (QAC),
including benzalkonium chloride (BAC), which gen-
erate organomodified clays (ONC). These are amphi-
philic and facilitate dispersion of ONC into the

composite polymer materials (Carretero, Gomes,
and Tateo 2006; Jensen et al. 2009; Stueckle
et al. 2018).

Bentonite and ONC are stacked platelet flakes,
which are only 1 nm thick and may be 200–400 nm
wide in two dimensions. The size and shape of these
platelets classify them together with, e.g., nanotubes
and graphene, as high aspect ratio nanomaterials
(HARN), hence presenting a unique structure and
toxicology (Donaldson et al. 2011). When inhaled,
HARN deposit in all regions of the respiratory tract
and induce inflammation and oxidative stress, which
could potentially lead to pulmonary and cardiovas-
cular diseases (Møller et al. 2014).
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The large library of QAC has considerably
expanded the applications of ONC in sectors like con-
struction, food packaging, and formulation of drugs
for controlled release of therapeutics (Patel et al.
2006). Consequently, 25 000–51 000 tons of nano-
clays, including Bentonite and ONC, are used each
year globally, with production volumes foreseen to
increase (Connolly et al. 2019). This may result in
higher exposure to workers and consumers. However,
large exposure to air-borne Bentonite and ONC is
likely to occur only in the working environment. In
previous occupational exposure studies, air concentra-
tions of 5.2–39.2mg/m3 have been measured during
the production of ONC (Huang et al. 2013; Stueckle
et al. 2018), which includes pulverization and packag-
ing activities. Excessive occupational exposures to
nanoclays have been linked to pneumoconiosis, pneu-
monia, chronic obstructive pulmonary disease, and
allergic rhinitis in workers, as well as in private resi-
dents living nearby clay mining activities (Phibbs,
Sundin, and Mitchell 1971; Adamis and Williams 1985;
Carretero, Gomes, and Tateo 2006; Maxim, Niebo, and
McConnell 2016). In addition, Huang and colleagues
showed increased levels of DNA strand breaks and
micronucleus frequency in blood cells in workers from
factories that produce Bentonite (Huang et al. 2013).
A recent review of engineered nanomaterials (ENM)
defined nanoclays as ENM with a clear potential for
occupational exposure, but with limited toxicological
effect data to assess occupational risks (Maisanaba
et al. 2015). Therefore, to develop nanocomposite
materials that are safe-by-design, it is of profound
importance to elucidate the adverse health effects
caused by pulmonary exposure to Bentonite and
ONC. A recent inhalation study in mice showed ONC
to induce lesser pulmonary inflammation and granu-
loma formation than the pristine montmorillonite
(Stueckle et al. 2018). However, only one ONC was
assessed in that study. As a large number of QAC is
available, it remains a challenge to assess the toxicity
of nanoclays and elucidate what drives their toxicity,
as different coatings may require a case-by-case
approach (Maisanaba et al. 2015). It has been sug-
gested that, in some cases, the coating of the ONC
may cause the toxicity (Janer et al. 2014). Notably,
BAC, which is used as biocide, induced inflammation
in the lungs of rats after inhalation (�Swiercz et al.
2008, 2013; Choi et al. 2020), which raises concerns
about the safety of BAC-coated ONC.

The objective of the present study was to evalu-
ate how an organic surface modification of
Bentonite clay modulates the toxic response in the
murine lung. Prior to exposing mice, we assessed
in vitro the cytotoxicity of four different ONC, as well
as pure QAC, using mouse alveolar epithelial cells
(FE1-MML), and compared these to unmodified
Bentonite and carbon black. The preliminary in vitro
screening and the physico-chemical characterization
guided the selection of the ONC to be tested in
mice. Mice were then exposed by single intratracheal
instillation to two ONC and Bentonite. We have
worked intensely on characterizing the carbon black
material (Jacobsen et al. 2008; Høgsberg et al. 2013;
Jacobsen and Clausen 2015) as well as the toxicity it
causes. Carbon black has a high inflammogenicity
and production of reactive oxygen species (ROS),
leading to damage to the DNA and mutations
(Jacobsen et al. 2007; Jacobsen et al. 2011). Here car-
bon black was included as benchmark material to
allow comparisons with previously assessed materials
(Bourdon et al. 2012; Saber et al. 2012; Poulsen,
et al. 2013; Kyjovska et al. 2015; Modrzynska et al.
2018; Bendtsen et al. 2019; Hadrup et al. 2019, 2020;
Danielsen et al. 2020). Inflammation, acute phase
response, pro-fibrotic effects, local and systemic DNA
damage, and liver morphology were analyzed 1, 3,
and 28days post-exposure.

Materials and methods

Particles and chemicals

Four organomodified nanoclays; NanofilVR 5,
NanofilVR 8, NanofilVR 9, NanofilVR SE3000 were supplied
from S€ud-Chemie AG, Moosburg, Germany. Nanofil8
and Nanofil9 have since purchase been renamed by
the manufacturer to Cloisite 15 A and Cloisite 10 A,
respectively, but the chemical compositions
remained unchanged. According to the manufac-
turer, the surface modification on Nanofil9 (33% w/
w) consists almost entirely of BAC (94%) of varying
chain length. The QAC starting batch is identical for
Nanofil5, Nanofil8, and NanofilSE3000; however the
quantity, production method, and post treatment
vary. The ONC were selected as representative on-
market product line used for, e.g., modification of
polymeric products. Carbon black Printex 90 was
donated by Evonik Degussa (Frankfurt, Germany)
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and Bentonite was from the same batch of materi-
als as used in the European dustiness standard
EN15051. Bentonite consists of 100% natural mont-
morillonite clay and is the starting material for the
production of the four ONC. Relevant characteristics
of the tested materials as provided by manufactures
are reported in Table 1. To assess the cytotoxicity of
QAC, we included a number of chemicals in the
in vitro toxicity test. All materials with systematic
name, product number, and description of chain
number and length are listed in Table 2.

Characterization of particles

Characterization of carbon black (Jacobsen et al.
2007, 2008, 2011) and the Bentonite (Jensen et al.
2009) used in this study have previously been pub-
lished. Furthermore, full thermo-gravimetric analysis
(TGA) of the four ONC is available (Clausen
et al. 2019).

The Brunauer, Emmett, and Teller (BET) surface
area was determined by the multi-point method
(Brunauer, Emmett, and Teller 1938). The analyses

were conducted on a QUANTACHROME AUTOSORB-

3 using N2 at 77 Kelvin (QUANTACHROME GmbH &
Co. KG Odelzhausen, Germany). All samples were
pretreated under high vacuum. Nanofil5, Nanofil8,

and NanofilSE3000 were kept for 2 h at 180 �C,
whereas Nanofil9 and Bentonite were kept at
160 �C for 2 h, before measurements.

Scanning electron microscopy (SEM) was per-
formed on a Zeiss Ultra 55 equipped with a field
emission electron source. High vacuum conditions
were applied and a secondary electron detector
was used for image acquisition. The raw samples
(untouched samples) were prepared on a carbon
tape surface before imaging. Ten ll of each particle
sample, sonicated in cell media or Hank’s Balanced
Salt Solution (HBSS; 100 lg/ml and 800 lg/ml), were
placed on a holey carbon-coated copper grid. All
samples were coated with a conductive layer of Au
of 10–20 nm thickness before imaging.

To estimate the released amount and compos-
ition of QAC from the ONC during preparations for
biological exposures, suspensions of 9 lg/ml of the
four ONC and Bentonite were prepared by sonic-
ation in deionized water. After centrifugation the
supernatant was analyzed for content of QAC by

Table 1. The table lists some important characteristics of the four organomodified nanoclays, Bentonite and carbon black.

Unmodified nanoclay
Organomodified nanoclays (ONC)

Benchmark
Bentonite Nanofil5 Nanofil8 Nanofil9 NanofilSE3000 Carbon black

Surface area (m2/g) 73.59 8.44 5.55 24.07 2.74 338a

Specific weight (g/cm3) 2.1b �1.8b �1.4 �1.8 �1.2 2.2a

Primary particle size (nm) 300–1000� 1b 100–500� 1 100–500� 1 100–500� 1 100–500� 1 14a

Moisture content <3% <3% <3% <3% <3% <3%
Loss on ignition n.d Ca. 35% Ca. 45% Ca. 35% c n.d
Water solubility (g/l, 20 �C) n.d 0.032 Insoluble 0.041 0.032 very low
Water loss using TGA 25–110 �C (%)d n.d 2.24 ± 0.18 0.99 ± 0.51 1.47 ± 0.30 1.13 ± 0.20 n.d
Coating TGA >110 �C (%)d n.d 35.12 ± 0.24 44.09 ± 0.35 34.99 ± 0.40 53.75 ± 0.41 n.d
Water loss furnace @110 �C (%)d n.d 1.22 ± 0.03 1.46 ± 0.03 1.10 ± 0.01 0.69 ± 0.004 n.d
Coating furnace >110 �C (%)d n.d 35.47 ± 0.04 43.74 ± 0.03 37.04 ± 0.01 55.04 ± 0.11 n.d
aData extracted from Jacobsen et al. 2008.
bData extracted from Jensen et al. 2009.
cData not available on MSDS from supplier.
dData (wt.%) extracted from Clausen et al. 2019.

Table 2. List of pure the QAC that were obtained with number and length of the long alkyl chain listed.
Systemic name Cas. No; product no Number and length of alkyl chain

Tetradecyl trimethyl ammonium chloride 4574-04-3; 87212 1� 14
Hexadecyl trimethyl ammonium chloride 112-02-7; 52366 1� 16
Octadecyl trimethyl ammonium bromide 1120-02-1; 359246 1� 18
Didecyl dimethyl ammonium bromide 2390-68-3; 382310 2� 10
Didodecyl dimethyl ammonium bromide 3282-73-3; 36785 2� 12
Ditetradecyl dimethyl ammonium bromide 68105-02-2; 40225 2� 14
Dihexadecyl dimethyl ammonium bromide 70755-47-4; 420220 2� 16
Dioctadecyl dimethyl ammonium bromide 3700-67-2; 40165 2� 18
Tridodecyl methyl ammonium chloride 7173-54-8; 367729 3� 12
Benzyl dodecyl dimethyl ammonium chloridea 139-07-1; 13380 1� 12
aBesides two long alkyl chains (12 C) this product also contains a benzene ring.
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high performance liquid chromatography-mass
spectrometry (LC-MS). These analyses were per-
formed in a vehicle (water) simulating cell exposure
conditions but not in actual cell media, as the high
protein and salt concentrations caused analytical
difficulties.

In vitro

Particles dispersion

Carbon black, Bentonite, or ONC were dispersed in
Dulbecco’s Modified Eagle’s Medium (DMEM) cell
culture medium by probe sonication using a
Branson Sonifier S-450D (Branson Ultrasonics Corp.,
Danbury, CT, USA) equipped with a disruptor horn
(Model number: 101-147-037). Six to seven mlli-
grams of dry carbon black, Bentonite, or ONC were
sonicated for 3� 8min in a 10ml glass beaker.
Before each of the first two sonication steps, 2ml of
cell medium was added. Before the third and final
sonication, cell medium was added to a final par-
ticle concentration of 800 lg/ml. Samples were con-
tinuously cooled on ice during the sonication
procedure. The hydrodynamic particle number and
volume distribution of the particles in the exposure
liquids were analyzed by photon correlation spec-
troscopy using a Dynamic laser scattering DLS
Zetasizer nano ZS (Malvern Inc., Malvern, UK) as
previously described (Jacobsen et al. 2008). For
Bentonite and the four ONC the refractive index
was set at 2.54 and the absorption to 0.3. For car-
bon black the refractive index was set at 2.02 and
the absorption to 2.0.

ROS production

The levels of ROS generated by the ONC, Bentonite,
and carbon black were determined using both the
cellular and the acellular versions of the 20,70

dichlorodihydrofluorescein diacetate (DCFH2-DA)
assay. The protocols have been described in details
elsewhere (Jacobsen et al. 2008; Høgsberg
et al. 2013).

FE1 MutaTMMouse lung epithelial cell line

FE1-MML, a spontaneously immortalized murine
pulmonary epithelial cell line established from the
lung of the transgenic MutaTMMouse (White et al.

2003) was used for the in vitro tests. The generation
as well as the description of cell type and response
to various toxic exposures have previously been
thoroughly described. Briefly, the cell line shows
similarities to both type I and II. It has a high level
of gene expression similarity to both primary epi-
thelium culture and whole lung (White et al. 2003;
Berndt-Weis et al. 2009). The cells were cultured
and maintained as previously described (Jacobsen
et al. 2008; Bengtson et al. 2016). The cell culture
medium was DMEM F12 (1:1) þL-glutamine
(Invitrogen, Carlsbad, CA, #11320-033) supple-
mented with 2% v/v heat inactivated fetal bovine
serum (FBS; Gibco, Carlsbad, CA, #10106-169),
100U/ml Penicillin G, 100 mg/ml streptomycin
(Gibco, Carlsbad, CA, #15140-122), 2mM L-glutamine
(Merck, Darmstadt, Germany, K21843389), and 1 ng/
ml murine epidermal growth factor (Roche,
Hvidovre, Denmark, #855-731).

Viability

Viability was assessed in FE1-MML cells in two sep-
arate experiments each including two replicates (1=2,
1, 4, and 24 h) and in one experiment of two repli-
cates (48 h). One hundred thousand cells in 1ml
medium were seeded in each well of a Nunc 24
well-plate (Biotech Line, Slangerup, Denmark).
Viability and cell proliferation were determined by
performing a live/dead count of exposed and con-
trol cells using a NucleoCounter NC-100
(ChemoMetec A/S, Allerød, Denmark). The cells
were incubated with either 0, 50, 100, 200, or
400 mg/ml of carbon black, Bentonite, Nanofil5,
Nanofil8, and NanofilSE3000 or with 0, 12.5, 25, 50,
100, 200, and 400 mg/ml for Nanofil9. The additional
concentrations for Nanofil9 (12.5 and 25 mg/ml)
were chosen since it was highly cytotoxic in pilot
tests. All pure QAC products listed above (‘Particles
and Chemicals’ section) were tested at 0, 6.25, 12.5,
25, 50, and 100 mg/ml in two separate experiments
each containing two replicates.

To test the effect of the QAC released into cell
medium from the clay surface, materials were soni-
cated and prepared as described above. The
final particle suspensions (800mg/ml) were then cen-
trifuged (4500g, 4 �C, 30min) and divided into sedi-
ment and supernatant. The sediment was
re-suspended in cell medium to the same
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concentration (800mg/ml) and sonicated for
3� 8min, with alternating 10 s pulses and 10 s
pauses at amplitude of 10%. The supernatant was
used as such, representing the release from 800mg/
ml sonicated material, and was diluted 2� to obtain
5 diluted concentrations. The final concentrations of
both sediment and supernatant were 0, 50, 100, 200,
and 400mg/ml. The viability of FE1-MML cells
exposed to sediment and supernatant was tested in
two separate experiments each containing two repli-
cates (24 h). One hundred thousand cells in 1ml
medium were seeded in each well of a Nunc 24
well-plate (Biotech Line, Slangerup, Denmark).

In vivo

Animals

Female C57BL/6 mice 5–7weeks old were pur-
chased from Taconic (Ry, Denmark). Grouping of
the animals and housing conditions have been
described previously (Saber et al. 2012). All mice
were exposed to nanomaterials at 8weeks of age.
The study complied with the EC Directive 86/609/
EEC on the use of animals for experiments and they
were approved by the Danish ‘Animal Experiments
Inspectorate’ under the Ministry of Justice (permis-
sion 2010/561-1779) and by the local ethical com-
mittee for animal research.

Particles suspension

The particles were suspended in 0.9% NaCl MilliQ
water containing 10% v/v acellular BAL fluid, gener-
ated by flushing unexposed C57BL/6 mice twice
with 0.6ml 0.9% NaCl, yielding approximately 1ml
of BAL fluid per mouse. Cells were removed from
the BAL fluid by centrifugation at 400 g (10min,
4 �C). The stock samples of particles (4.05mg/ml)
were sonicated with a Branson Sonifier S-450D,
(Branson Ultrasonics Corp., Danbury, CT, USA)
equipped with a disruptor horn (Model number:
101-147-037), for 16min, with alternating 10 s
pulses and 10 s pauses at amplitude of 10% (total
sonication time was 8min). Samples were kept on
ice during the sonication.

Study design and exposure

Based on the in vitro cytotoxicity, material surface
area, surface modification, and appearance in SEM
images, Nanofil9 and NanofilSE3000 were selected
for the intratracheal instillation of ONC. The mice
were exposed to 18, 54, and 162 lg of
NanofilSE3000, Bentonite and carbon black, or 6, 18,
and 54lg of Nanofil9. The doses were selected to
be similar to doses used in previous experiments,
including studies on carbon black, which makes it
possible to compare the potency of the test materi-
als to previously examined samples. The lower
exposure doses used for Nanofil9 were selected due
to its high cytotoxicity in the in vitro tests. Mice
(n¼ 6 per dose group) were exposed by intratra-
cheal instillation to 40 ml of sonicated particles sus-
pensions as previously described (Jackson et al.
2011; Saber et al. 2012). The results for the vehicle
controls instilled with 40 ml sonicated vehicle (10%
BAL in saline) were pooled in the statistical analysis
(n¼ 22). Carbon black was included as benchmark
material in this and a previously published study
(Saber et al. 2012). Each test material (including
vehicle controls) was prepared and instilled on the
same day. The dose levels (18, 54, and 162lg) cor-
respond to the estimated pulmonary deposition
during 1, 3, and 9 working days at the Danish occu-
pational exposure to carbon black, assuming that
34.8% of the inhaled mass deposits in the pulmon-
ary region (Jackson et al. 2012), air inhalation at
1.8 l/h in mice, and 8 hour working days, while
ignoring pulmonary clearance.

Preparation of cells and tissue from the mice

One, 3, or 28 days after intratracheal instillation, the
mice were anesthetized with Hypnorm/Dormicum
and euthanized. The mice lungs were flushed four
times with 0.8mL of 0.9% sterile saline through the
trachea. BAL fluid was kept on ice and the samples
were centrifuged at 400xg at 4 �C for 10min to
recover cells, which were resuspended in 100 mL
HAM-F12 medium (Prod no. 21765037) containing
10% FBS. Forty microliters of the BAL fluid was
mixed with 160 ll of cell medium containing 10%
DMSO and stored at �80 �C for analysis in the
comet assay. A piece of liver tissue per mice was
frozen in cryotubes (NUNC) in liquid N2 and stored
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at �80 �C for the comet assay on liver cells.
Another sample of liver tissue from the left lobe
was preserved in 4% neutral buffered formaldehyde
for histological examination. These procedures have
been previously described in details (Saber et al.
2012; Bengtson et al. 2017).

Pulmonary influx of inflammatory cells

Pulmonary influx of inflammatory cells was quanti-
fied by differential counting of immune cells in BAL
fluid. The method has been described elsewhere
(Saber et al. 2012). Briefly, 50 mL of the cell resus-
pension in HAM-F12 medium and FBS was trans-
ferred to a microscope slide and centrifuged at
10,000 rpm for 4min by use of a Cytofuge 2
(StatSpin, Bie and Berntsen, Rødovre, Denmark).
Cells were fixed by the addition of 96% ethanol
and incubated with May-Gr€unwald-Giemsa stain.
The total number of cells in the resuspension was
measured with a NucleoCounter NC-100
(Chemometec, Allerød, Denmark) Live/Dead Assay.
The differential cell count was carried out on a total
of 200 cells per sample.

Total protein in broncho alveolar lavage fluid
Total protein concentration in broncho alveolar lav-
age fluid (BALF) was quantified by the PierceVR BCA
Protein Assay Kit (Thermo Scientific, Carlsbad, CA),
as described in the manufacturer protocol. It was
used as a proxy marker for membrane permeability
and damage. Shortly, acellular BALF samples were
analyzed and the protein concentrations were com-
pared to a standard curve. Samples were prepared
in duplicates and were incubated 30min at 37 �C.
Absorbance was measured at 550 nm on Victor
Wallac-2 1420 (Perkin Elmer, Skovlunde, Denmark).

Gene expression of Saa3 and Tgf-b

Acute phase response and pro-fibrotic effects (tissue
repair) were assessed by quantitative real time (RT)-
PCR of Saa3 and Tgf-b mRNA expression levels,
respectively, in lung tissue. The procedures have
been previously described (Saber et al. 2012).
Briefly, RNA was prepared using the NucleoSpin 96
RNA kit (Macherey-Nagel, D€uren, Germany) from the
entire left lung of each mouse. The tissues were
lysed with a Tissue lyser (Qiagen, Vedbaek,

Denmark). The purification was conducted accord-
ing to the manufacturer descriptions. cDNA was
prepared using TaqMan reverse transcription
reagents (Applied Biosystems, Foster City, CA), as
described by manufacturer. RT-PCR was performed
using Universal Mastermix (Applied Biosystems,
Naerum, Denmark). The gene expression was quan-
tified in separate wells and samples were quantified
in triplicates.

Comet assay

DNA strand breaks levels were quantified by the
alkaline comet assay in BAL cells and liver as previ-
ously described (Bornholdt et al. 2007; Saber et al.
2012). Briefly, the frozen samples of BAL cells in
10% DMSO were thawed, and approximately 40mg
of frozen liver samples were squeezed through a
metal stapler (diameter 0.5 cm, mesh size 0.4mm)
into cold Merchant’s medium (0.14M NaCl, 1.47mM
KH2PO4, 2.7mM KCl, 8.1mM Na2HPO4,10mM
Na2EDTA, pH 7.4). Samples were embedded in agar-
ose and transferred to Gelbond films, which were
placed in lysis buffer overnight. The films were then
subjected to alkaline electrophoresis, fixed, and
stained for scoring as previously described (Saber
et al. 2012). A negative and a positive control were
included on each Gelbond film, by embedding sam-
ples of A549 previously exposed to 0 and 30 lM
H2O2 (tail length ¼ 45.13 and 71.91mm, for negative
and positive control). DNA strand break levels as
Tail Length (TL) were normalized to the negative
control, to reduce the effect of the assay variation
(Saber et al. 2012).

Liver histology

Liver specimens fixed in 4% neutral buffered formal-
dehyde originating from 4 to 6 mice from the
vehicle control and from the high-dose groups ter-
minated 1, 3, or 28 days after instillation were paraf-
fin-embedded. Thereafter, sections of 4–6 mm were
made and stained with hematoxylin and eosin for
histological examination. The INHAND recommenda-
tion for diagnostic nomenclature of microscopic
changes in rodents was followed (Thoolen et al.
2010). When present, inflammatory cell infiltrates
(focal infiltrations of mono- and polynuclear and/or
histiocytic cells), were divided into two categories:
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small (�10 inflammatory cells, sporadically accom-
panied by necrotic hepatocytes with distinct eosino-
philic cytoplasms) and big (>10 inflammatory
cells surrounded by necrotic hepatocytes with
distinct eosinophilic cytoplasms, with apoptotic
bodies/debris often present). The severity scores
were given for the following changes: presence of
hepatocytes with pyknotic nuclei, cytoplasmic vacu-
olation of hepatocytes, presence of binucleate hep-
atocytes, Kupffer cells with prominent nuclei
(karyomegalic nuclei), apparent increase of Kupffer
cells, hyperplasia of perivascular connective tissue,
and edema of perivascular connective tissue. The
severity was evaluated using a 3-grade system: (a)
slight/minimal, (b) moderate/moderate number or
size or (c) marked/many/large.

Statistics

The in vivo data were assessed by one- or two-way
ANOVA. The post-hoc analysis was a Tukey-type
multiple comparison test for effects showing statis-
tical significance in the overall ANOVA test.
Statistical significance was tested at the P< 0.05
level. Linear regression models were used to assess
correlations between the instilled surface area and
neutrophil influx (inflammation) or Saa3 mRNA
(acute phase response). The statistical analyses were
performed in R (The R Project for Statistical
Computing version 3.5.3). The package ggplot2 was
implemented in R for plotting of data (Valero-Mora
2010). The histological incidences were analyzed by
Fisher’s Exact test in Graph Pad Prism 7.02 (Graph
Pad Software Inc., La Jolla, CA, USA).

Results

Physicochemical characterization of particles

Selected physical and chemical properties of the
materials are shown in Table 1. DLS results of all
tested materials suspended in cell medium are rep-
resented in Supplementary Figure S1. Briefly,
Bentonite and NanofilSE3000 hydrodynamic diame-
ters were 0.9 and 0.7mm, respectively, whereas the
other ONC were �1.7mm.

Surface area
Specific surface area was determined by the multi-
point Brunauer, Emmett, and Teller (BET) method. The

BET surface area (Table 1) of Bentonite (73.59m2/g)
was considerably larger than all the ONC, with
Nanofil9 having highest (24.07m2/g) and Nanofil5, 8
and NanofilSE3000 having low surface areas (8.44,
5.55, and 2.74m2/g, respectively). We have previously
determined the BET surface area of carbon black to be
338m2/g (Jacobsen et al. 2008).

Scanning electron microscopy
All the materials were analyzed by SEM in HBSS
(Figure 1). The ONC were analyzed also as raw
materials in powder (Supplementary Figure S2). As
powders, all ONC appear to have similar shape,
except for NanofilSE3000, which has a smooth-
edged shape. The suspensions of Nanofil9,
NanofilSE3000, and especially Bentonite in HBSS
seem to exfoliate the clay flakes, as compared to
the raw powder. Sonication of the Bentonite par-
ticles disaggregates the larger agglomerates into
much smaller particles such that very thin, possibly
individual flakes were visible.

QAC content in supernatant by HPLC-MS
QAC released from the clay materials during disper-
sion in MilliQ water are shown in Figure 2. Nanofil9
leaked BAC in the supernatant, while Nanofil8 and
NanofilSE3000 leaked various amounts of QAC
(varying chain lengths). In fact, Nanofil8 had much
higher leakage of QAC, indicative of the excess con-
tent of QAC used during the surface treatment of
this product. QAC of 284, 310, and 312Da were also
detected in the supernatant of sonicated Nanofil8.
Bentonite and Nanofil5 did not leak any QAC.

In vitro

ROS production

Levels of ROS were determined using both the cel-
lular and the acellular versions of the 20,70 dichloro-
dihydrofluorescein diacetate (DCFH2-DA) assay.
Following 3 h of incubation, carbon black caused
increased ROS production in both cellular and acel-
lular assays (Supplementary Figure S4). However,
neither Bentonite nor the four ONC induced ROS
production in the assays.
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Figure 1. SEM of nanomaterials suspended in cell media: (a) Nanofil5, (b) Nanofil8, (c) Nanofil9, (d) NanofilSE3000, (e) Bentonite,
(f) carbon black. For graphical reasons, light and contrast of Bentonite images (middle and right-row e) were enhanced, and car-
bon black was 0.2mm filtered (See supplement for original version – Figure S3).
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Viability

The cell viability and proliferation of nanoclay-treated
cells were assessed following 24 and 48h of incuba-
tion with concentration spans of 0–400lg/ml (Figure
3). All nanoclay materials induced cell death in a
concentration-dependent manner, although to very
different extents. Nanofi9 and Nanofil8 induced the
strongest effects on viability, with 24h Lethal
Concentration (LC50) equal to 23 and 78lg/ml,
respectively, while the LC50 for Bentonite was found
to be equal to 200lg/ml. Nanofil5 and

NanofilSE3000 induced the lowest effects, with 24h
LC50 >400mg/ml. A further increase in cell death fol-
lowing 48h exposure was found with 100mg/ml of
Nanofil8 (90%) and 400mg/ml of Nanofil5 (80%),
respectively, while Nanofil9 and NanofilSE3000
remained unchanged (Figure 3). Carbon black did
not affect the viability regardless of the concentratio-
nand time.

Carbon black at lower concentrations (50 and
100 mg/ml) had a positive effect on proliferation
(above 100%), as compared to control (Figure 3).

Figure 2. QAC release from organo modified nanoclays dispersed in water. All nanoparticles were suspended in MilliQ water, and
after centrifugation the supernatant was analyzed by LC-MS. The concentration of the individual QAC with different alkyl chain
lengths (228–550Da) is reported. No QAC was released from Bentonite. To the right is a list of QAC with different alkyl chains
lengths and their masses (Da).

Figure 3. Cell death (top) and effects on proliferation (bottom) of FE1-MutaTMMouse lung epithelial cells following 24 h and 48 h
of exposure to four ONC, Bentonite, and Carbon black. The latter 2 were not evaluated at 48 h. Carbon black was included for
comparisons. Each bar represents the mean of 2 separate experiments of each 2 replicates ± SEM. NanofilSE3000 noted as SE3000.
The controls were cells exposed to ‘0mg/ml.’
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The largest inhibitory effect was seen with Nanofil9,
with only 10% proliferation at 25 mg/ml, followed by
Nanofil8 with 30% proliferation at 100 mg/ml, as
compared to the control. For these two ONC, an
increase in the number of countable cells was seen
at the highest tested concentrations (200 and
400 mg/ml). However, as can be observed from
Figure 3, the cells exposed in the low range that
were dead appeared to disintegrate and were thus
not recognized by the Nucleocounter. At higher
Nanofil8 and Nanofil9 concentrations, cells were sta-
ble, intact, and countable despite being dead.
Linear concentration-dependent inhibitory effects
were observed for Nanofil5, NanofilSE3000, and
Bentonite, compared to the control, decreasing to
20, 30, and 60% proliferation at 400 mg/ml, respect-
ively, compared to the control. The effects on prolif-
eration further increased with exposure duration
from 24 to 48 h (Figure 3). Viability of the cells was
also assessed after shorter exposures (supplemen-
tary information).

The re-suspended sediment (Figure 4) caused a
similar or slightly lower toxicity as compared to the
initial nanoclay suspensions in cell medium (400 lg/
ml). Generally, there was no toxicity (cell death or
decreased proliferation) following exposure to
supernatants of either Nanofil5 or NanofilSE3000.

Supernatants of Nanofil9 and Nanofil8 induced tox-
icity by blocking proliferation and inducing cytotox-
icity; however, the effects were only visible above
100 mg/ml.

Toxicity of pure QAC

Similar cell death occurred in FE1-MML cells with
QAC containing only one long alkyl chain, regard-
less of the chain length (14–16 C). However, with
QAC containing two long alkyl chains, cytotoxicity
decreased with increasing chain length.
Supplementary Figure 2(C) illustrates the difference
in toxicity between QAC with one and two 14 C
long alkyl chains. The presence of BAC increased
the cytotoxicity of the QAC containing it
(Supplementary Figure S5).

In vivo

Before conducting in vivo experiments on materials
not previously tested, it is a 3R requirement from
the local animal care committee at the National
Research Institute for the Working Environment that
such nanomaterials are assessed for overt toxicity
in vitro. Materials deviating most in physical chem-
ical characteristics such as surface area, SEM

Figure 4. Cell death (top) and effects on proliferation (bottom) of FE1-Muta
TM

Mouse lung epithelial cells following 24 h of expos-
ure to the resuspended sediment or to the supernatant from the four ONC. Each bar represents the mean of 2 separate experi-
ments of each 2 replicates ± SEM. NanofilSE3000 noted as SE3000.
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appearance, surface modification as well as the
cytotoxicity were selected for the in vivo experi-
ment, and these were Nanofil9 and NanofilSE3000
for the in vivo experiment. As a high in vitro toxicity
was observed for Nanofil 9, we decided to reduce
the highest dose level from 162 mg dose to 54 mg.

Cell count in broncho-alveolar lavage fluid

All the materials tested (Bentonite, carbon black,
Nanofil9, and NanofilSE3000) induced time- and

dose-dependent increase of neutrophil cell numbers
in the BALF of exposed mice (Table 3). One day
post exposure, Bentonite induced the largest
inflammatory response, with 10-, 20-, and 64-fold
increase of neutrophil counts in BALF of mice
exposed to low-, medium-, and high-dose, respect-
ively, as compared to mice in the control group.
Following in severity, NanofilSE3000 caused 5- and
17-fold increase in medium and high dose.
However, only the high dose of Nanofil9 caused a
significant (5-fold) increase of neutrophils.

Table 3. BAL fluid counts in mice 1, 3, and 28 days post-exposure to 18, 54, or 162 mg of Bentonite, NanofilSE3000, and Carbon
black. Lower doses were used for Nanofi9 (6, 18, and 54 mg, respectively). Mice were exposed for 1, 3, or 28 days. �, ��, ���:
Statistically significant compared to control mice at the 0.5, 0.01, and 0.001 level, respectively.

Vehicle

Bentonite Nanofil9

18 mg 54 mg 162 mg 6 mg 18 mg 54 mg

Day 1
Neutrophils 7.7 ± 1.7 83.3 ± 3.4��� 142.1 ± 31.5��� 454.0 ± 136.7��� 9.9 ± 1.0 18.7 ± 2.4 32.0 ± 5.8��
Macrophages 53.2 ± 2.5 52.7 ± 5.9 28.5 ± 3.9�� 57.5 ± 11.6 34.1 ± 1.8 32.5 ± 3.7 24.9 ± 2.7���
Eosinophils 0.3 ± 0.4 3.1 ± 3.4 1.5 ± 1.5 1.4 ± 0.9 1.1 ± 0.8 2.3 ± 1.0 7.0 ± 2.0
Lymphocytes 1.6 ± 0.2 1.2 ± 0.4 1.9 ± 0.7 3.2 ± 1.4 1.3 ± 0.3 1.3 ± 0.3 1.5 ± 0.4
Epithelial cells 11.1 ± 1.6 9.4 ± 1.7 8.0 ± 1.6 21.2 ± 6.1 8.5 ± 0.9 9.4 ± 1.5 6.5 ± 1.4
Total BAL cells 73.8 ± 3.6 149.8 ± 4.5 181.9 ± 31.6 537.4 ± 149.5��� 54.8 ± 3.4 64.2 ± 5.0 72.0 ± 8.2

Day 3
Neutrophils 3.0 ± 2.3 105.4 ± 25.3��� 512.4 ± 62.5��� 568.0 ± 81.6��� 10.7 ± 4.4 28.2 ± 10.9�� 77.0 ± 26.2���
Macrophages 56.4 ± 4.2 115.2 ± 20.8� 226.6 ± 24.5��� 191.3 ± 62.6��� 47.8 ± 3.7 54.4 ± 7.6 135.1 ± 41.7
Eosinophils 0.4 ± 0.6 63.7 ± 27.7��� 87.8 ± 22.7��� 41.0 ± 17.5 3.3 ± 1.9 7.4 ± 3.5 14.3 ± 13.4
Lymphocytes 0.9 ± 0.2 21.0 ± 4.7��� 14.6 ± 3.7 5.7 ± 4.2 1.0 ± 0.3 3.4 ± 0.9 19.9 ± 10.4���
Epithelial cells 8.5 ± 0.8 16.5 ± 1.8 26.9 ± 4.5 46.4 ± 18.8��� 9.3 ± 2.4 10.9 ± 3.4 15.3 ± 3.8
Total BAL cells 69.2 ± 6.4 321.9 ± 67.1�� 868.3 ± 75.7��� 890.8 ± 177.9��� 72.0 ± 4.0 104.3 ± 25.6 261.6 ± 79.8

Day 28
Neutrophils 1.2 ± 0.2 0.6 ± 0.2 1.3 ± 0.4 16.4 ± 6.9 1.0 ± 0.3 2.7 ± 0.8 1.3 ± 0.4
Macrophages 82.4 ± 5.7 96.4 ± 28.2 95.9 ± 9.2 186.9 ± 47.5�� 84.3 ± 6.8 109.4 ± 17.1 134.2 ± 10.0
Eosinophils 0.3 ± 0.0 0.6 ± 0.4 0.0 ± 0.0 19.7 ± 19.4 0.1 ± 0.1 0.0 ± 0.0 0.2 ± 0.2
Lymphocytes 2.1 ± 0.4 2.6 ± 0.5 3.2 ± 1.0 15.7 ± 5.0 1.4 ± 0.3 4.2 ± 2.5 5.7 ± 1.7
Epithelial cells 10.0 ± 2.2 8.1 ± 2.4 9.2 ± 2.1 11.8 ± 5.7 6.4 ± 0.6 11.7 ± 3.6 12.6 ± 3.6
Total BAL cells 95.9 ± 5.8 108.2 ± 30.3 109.6 ± 9.7 256.4 ± 33.6��� 93.1 ± 6.9 128.1 ± 20.0 153.9 ± 14.8

Vehicle

NanofilSE3000 Printex90

18 mg 54 mg 162 mg 18 mg 54 mg 162 mg

Day 1
Neutrophils 7.7 ± 1.7 21.5 ± 14.4 37.1 ± 5.6��� 120.5 ± 16.1��� 65.4 ± 20.0��� 137.4 ± 27.5��� 163.7 ± 17.8���
Macrophages 53.2 ± 2.5 53.2 ± 8.1 48.3 ± 4.1 50.1 ± 10.5 53.2 ± 6.8 50.2 ± 6.3 37.4 ± 5.7
Eosinophils 0.3 ± 0.4 0.6 ± 0.3 3.1 ± 2.0 20.3 ± 7.9��� 1.1 ± 0.4 3.1 ± 2.1 4.2 ± 2.6
Lymphocytes 1.6 ± 0.2 0.8 ± 0.4 1.4 ± 0.3 1.3 ± 0.4 1.4 ± 0.6 2.5 ± 0.7 1.7 ± 0.9
Epithelial cells 11.1 ± 1.6 7.4 ± 1.3 9.5 ± 1.0 12.0 ± 1.1 7.9 ± 1.1 8.1 ± 0.9 14.8 ± 2.3
Total BAL cells 73.8 ± 3.6 83.5 ± 21.3 99.4 ± 7.5 204.2 ± 20.2 129.0 ± 16.7 201.4 ± 28.2 221.8 ± 24.1

Day 3
Neutrophils 3.0 ± 2.3 2.0 ± 0.9 5.1 ± 1.9 12.3 ± 1.4� 21.4 ± 5.9�� 63.3 ± 4.8��� 124.0 ± 12.6���
Macrophages 56.4 ± 4.2 57.1 ± 10.7 53.6 ± 3.7 84.9 ± 7.1 86.2 ± 12.0 63.3 ± 6.9 89.3 ± 12.0
Eosinophils 0.4 ± 0.6 1.4 ± 0.6 2.5 ± 0.9 21.9 ± 6.2 12.8 ± 5.8 16.1 ± 4.3 29.1 ± 9.9
Lymphocytes 0.9 ± 0.2 0.9 ± 0.3 3.1 ± 1.3 7.2 ± 3.6 3.8 ± 1.0 4.3 ± 1.0 8.4 ± 1.8
Epithelial cells 8.5 ± 0.8 7.1 ± 0.8 12.9 ± 1.8 8.7 ± 1.0 8.6 ± 2.0 9.5 ± 1.1 15.0 ± 1.7
Total BAL cells 69.2 ± 6.4 68.6 ± 12.1 77.1 ± 7.6 135.1 ± 17.0 132.8 ± 14.8 156.6 ± 9.1 266.0 ± 23.6

Day 28
Neutrophils 1.2 ± 0.2 0.4 ± 0.1 1.6 ± 0.2 1.9 ± 0.6 3.1 ± 0.5 15.3 ± 3.1 49.9 ± 12.5�
Macrophages 82.4 ± 5.7 67.4 ± 6.8 96.9 ± 11.4 103.7 ± 6.8 72.6 ± 9.4 99.1 ± 14.5 74.5 ± 4.3
Eosinophils 0.3 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 0.3 ± 0.2 3.4 ± 3.4 0.1 ± 0.1 0.1 ± 0.1
Lymphocytes 2.1 ± 0.4 1.8 ± 0.6 1.9 ± 0.7 4.3 ± 2.2 3.5 ± 1.2 12.1 ± 2.7 22.1 ± 6.1
Epithelial cells 10.0 ± 2.2 17.8 ± 11.0 9.4 ± 0.9 8.4 ± 0.8 10.3 ± 1.4 9.2 ± 1.8 13.3 ± 1.6
Total BAL cells 95.9 ± 5.8 87.5 ± 7.0 109.9 ± 11.6 118.6 ± 7.7 92.9 ± 10.3 135.8 ± 20.6 160.0 ± 16.4
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After 3 days from the single exposure, the number
of neutrophils increased further in all mice groups
exposed to Bentonite (35-, 170-, and 189-fold in
low, medium, and high dose), and in mice groups
exposed to medium and large dose of Nanofi9 (9-
and 26-fold). However, the number of neutrophils
decreased in mice groups exposed to
NanofilSE3000, with a significant effect (4-fold) in
the high-dose-group. No increase in neutrophils
was found at day 28 in all mice groups exposed to
Bentonite and the two ONC, in comparison with
the control group. A significant increase in lympho-
cytes was found in the mice groups exposed to low
dose of Bentonite and high dose of Nanofil9 3 days
post exposure. The data on cellularity in BALF for
the carbon black group were previously published
(Saber et al. 2012), as the benchmark group was
shared between two studies. Bentonite induced
more inflammation at 1 and 3 days post-exposure
compared to carbon black, but not at day 28.

The neutrophil influx correlated with total depos-
ited surface area for all nanoclays, as well as carbon
black, at day one and 3 post-exposure (R2¼0.74,
0.70, and 0.25, for day 1, 3, and 28, respectively).

The correlations for day 1 and 3 are shown in
Figure 5.

Total protein concentration in BALF

Protein concentration in BALF (Figure 6) was
assessed as a marker of increased membrane per-
meability due to cell damage. Bentonite caused the
largest increase in protein content in BALF, among
all materials tested, 1 and 3 days after exposure,
with clear dose–response relationships. The signifi-
cant high amount of protein persisted in the group
exposed to 162 mg of Bentonite also
through 28days.

Significant amount of protein in BALF was
detected in mice groups instilled with 54 mg (high
dose) of Nanofi9, 1 and 3 days post-exposure, while
the medium dose (18mg) caused a slight, but sig-
nificant increase at day 3. Carbon black significantly
increased protein in BALF at 162 mg on day 1, while
on day 28 even higher increase in protein content
was observed in the groups exposed to 54 and
162 mg. No increase in protein in BALF was detected
for NanofilSE3000.

Figure 5. Correlations of Neutrophils in BAL with specific surface of NPs, (a) at day 1 and (b) at day 3. Correlations of Saa3 in
lung tissue with specific surface of NPs, (c) at day 1 and (d) at day 3. The controls (surface area ¼ 0) were omitted for graphical
reasons. Data for 28 days not shown. Carbon black was included for comparisons (Saber et al. 2012).
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Figure 6. Protein content in BAL fluid of mice that were exposed by single intratracheal instillation to vehicle, 18, 54, or 162mg
of Bentonite (a), NanofilSE3000 (c) and Carbon black (d). Carbon black was included for comparisons (Saber et al. 2012). Lower
doses were used for Nanofi9 (b) (6, 18, and 54mg, respectively). Mice were examined 1, 3, or 28 days post-exposure. Each mice
group is represented as a data distribution through quartiles. �, ��, ���: Statistically significant compared to control mice at the
0.5, 0.01, and 0.001 level, respectively.

Figure 7. Saa3 in lung tissues of mice that were exposed by single intratracheal instillation to vehicle, 18, 54, or 162mg of
Bentonite (a), NanofilSE3000 (c) and Carbon black (d). Carbon black was included for comparisons (Saber et al. 2012). Lower doses
were used for Nanofi9 (b) (6, 18, and 54mg, respectively). Mice were examined 1, 3, or 28 days post-exposure. Each mice group is
represented as a data distribution through quartiles. �, ��, ���: Statistically significant compared to control mice at the 0.5, 0.01,
and 0.001 level, respectively.
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Acute phase response

Pulmonary expression of Saa3 mRNA, quantified to
assess the acute phase response caused by expos-
ure to the selected nanoparticles, was found to be
time- and dose-dependent (Figure 7). Notably, one
day post exposure, Bentonite and Nanofi9 induced
significantly higher Saa3 expression levels in all
dose groups, as compared to the control, whereas
medium and high dose (54 and 162mg) of
NanofilSE3000 induced significantly higher expres-
sion levels. On day 3 post-exposure, the strong
effect of Bentonite persisted, with significantly high
levels of Saa3 in all mice groups. Significantly
higher levels of Saa3 than control were found
also in mice groups exposed to 6 and 18 mg of
Nanofil9, while no increase occurred for all mice
groups exposed to NanofilSE3000 at day 3 post-
exposure. On day 28, the Saa3 gene expression
profiles in the mice lung tissues exposed to
Nanofil9 and NanofilSE3000 had returned to base-
line. Despite a decrease, significantly increased
levels were found in the high-dose group for

Bentonite. The data for carbon black were shared
between two studies and have been previously
published (Saber et al. 2012).

It is well established that there is a correlation
between the pulmonary total deposited nanopar-
ticle surface area and the level of inflammation
and acute phase response developed (Saber et al.
2014). In line with this the acute phase response
in the present paper correlated with neutrophil
influx, and with the total deposited surface area
(Figure 5), one and 3 days (R2¼0.76, 0.66, and
0.42, for day 1, 3, and 28, respectively).

Fibrosis/tissue damage

A dose-dependent increase in Tgf-b mRNA levels in
the lungs (as a marker of pro-fibrotic/tissue dam-
age) were observed for both Bentonite and carbon
black at day 1 and 3 post-exposure. However, only
the medium and high dose of Bentonite induced
statistically significant increase in Tgf-b mRNA levels
3 days post exposure (Figure 8), as compared to
control groups. After 28 days from exposure, the

Figure 8. Tgf-b in lung tissues of mice that were exposed by single intratracheal instillation to vehicle, 18, 54, or 162mg of
Bentonite (a), NanofilSE3000 (c), and Carbon black (d). Carbon black was included for comparisons (Saber et al. 2012). Lower doses
were used for Nanofi9 (b) (6, 18, and 54mg, respectively). Mice were examined 1, 3, or 28 days post-exposure. Each mice group is
represented as a data distribution through quartiles. �, ��, ���: Statistically significant compared to control mice at the 0.5, 0.01,
and 0.001 level, respectively.
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pro-fibrotic Tgf-b levels in mice exposed to
Benotnite or carbon black were equal to the control
groups. None of the two ONC changed the Tgf-b
levels compared to the controls, at the doses tested
and in the three time-points.

DNA damage

All doses of Bentonite significantly increased DNA
strand break levels in BAL cells 1 day post intratra-
cheal exposure (Figure 9). On day 3, a bell-shaped
curve was observed with an increase in DNA strand
breaks occurring only following 18mg of exposure
to Bentonite. No damage was observed 28 days fol-
lowing exposure. No DNA damage was observed in
BAL cells from mice exposed to NanofilSE3000 1 day
post exposure (all doses). However, at 3 days post
exposure, a significant increase in DNA strand break
levels was detected in the dose groups of 54 and
164 mg. After 28 days, the level of DNA strand
breaks returned to baseline. Nanofil9 induced a
small but significant increase in DNA strand break
levels on day 28 for the low dose (6mg). DNA strand
break levels for carbon black were previously pub-
lished (Bourdon et al. 2012; Saber et al. 2012).

The DNA strand breaks levels in liver tissues
were determined only for the highest doses for all
materials (162mg for Bentonite, NanofilSE3000, and
carbon black; 54 mg for Nanofil9). At 1 and 3 days
post exposure, significant increase in DNA strand
break levels in liver was detected for all nanopar-
ticles, except for Nanofil9. After 28 days no DNA
damage was observed (Figure 10).

Liver histology

Several histological changes were seen in the livers
from the mice exposed to Bentonite, Nanofil9 and
NanofilSE3000 (Figure 11), but the incidences were
generally low and not statistically significantly dif-
ferent from those in the control group except for
extravasation in the Bentonite group on day 3
(p< 0.001; Supplementary Table S1). The histo-
logical changes were slight/minimal in the severity
with an exception of moderate severity recorded
for a cytoplasmic vacuolation of hepatocytes on
day 3 in all exposed and the control groups, and
for increase in binucleate hepatocytes and of
extravasation on day 3 in Bentonite group
(Supplementary Table S1). Overall, the type,

Figure 9. DNA strand breaks (normalized tail length) in BAL cells obtained from mice exposed to 0, 18, 54, or 162lg of
Bentonite (a), NanofilSE3000 (c), and Carbon black (d) or 0, 6, 18, and 54lg of Nanofil9 (b). Carbon black was included for com-
parisons (Saber et al. 2012). �, ��, ���: Statistically significant compared to control mice at the 0.5, 0.01, and 0.001 level,
respectively.
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incidence, and severity of the changes indicated no
difference between the control and the exposed
groups in morphology of the liver. The exception
was the combined number of big inflammatory cell
infiltrates which was elevated in the mice livers
28 days post NanofilSE3000 exposure (all 6 mice; 17
in total), whereas it was detected in 3 of 5 control
mice (3 in total; Table 4).

Discussion

In this study, we assessed how surface modifica-
tions of nanoclays influence their toxicity following
pulmonary exposure, to further extend the know-
ledge regarding their safe use in the working envir-
onment. We assessed in vitro the cytotoxicity of
Bentonite, carbon black, and 4 different QAC-func-
tionalized nanoclays, in a mouse epithelial cell line
(FE1-MML). Following the in vitro screening, two of
the ONC (Nanofil9 and NanofilSE3000) as well as
the pristine Bentonite and carbon black were
instilled intratracheally in mice. Our in vitro results
indicate that only two ONC decreased cell viability.
In vivo, Bentonite induced much stronger toxicity
than the ONC, for all endpoints assessed including
inflammation, acute phase response, pro-fibrotic

response (tissue repair), and genotoxicity (lung
and liver).

The characterization of the tested nanoclays indi-
cates that the QAC surface modification of
Bentonite changes the physical-chemical properties.
QAC treatment reduces the specific surface area
(Table 1) and the shape (Figure 1) of the clay par-
ticles. Accordingly, Bentonite particles suspended in
HBSS appear as smaller, thinner, and sharper-edged
flakes compared to the ONC. Similar effects of the
modification were evident in a previous analysis
(Wagner et al. 2017). The larger size of ONC has
been linked to increased basal spacing; space
between the two silicate-sheets of Bentonite, which
increases with the modifier cation exchange cap-
acity (Xi et al. 2004) or with increasing alkyl length
(Xie et al. 2001). Furthermore, the ONC leak QAC to
water (Figure 2), which could potentially also occur
in the cell medium, in the instillation medium, and
in the mice lungs. In support of this, large release
of BAC from Nanofil9, as well as excess of QAC in
Nanofil8, have previously been shown in a thermo-
gravimetric analysis (Clausen et al. 2019).

The low cytotoxicity observed for Nanofil5 and
NanofilSE3000 (24 h LC50 >400mg/ml) is in line with
two previous published studies encompassing simi-
lar products. These were Cloisite 30B (30% w/w

Figure 10. DNA strand breaks (normalized tail length) in liver tissue obtained from mice exposed to 0, 18, 54, or 162lg of
Bentonite, NanofilSE3000, and Carbon black or 0, 6, 18, and 54lg of Nanofil9. Carbon black was included for comparisons (Saber
et al. 2012). �, ��, ���: Statistically significant compared to control mice at the 0.5, 0.01, and 0.001 level, respectively.
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Figure 11. Microscopic changes in the liver of mice after a single intratracheal exposure to different nanomaterials. The doses of
the nanomaterials were 162mg/mouse, except of 54mg/mouse for Nanofil9 and the dosing volume was 50mg/mouse. (A–C)
Vehicle control 1, 3, and 28 days post-exposure; (D–F) Bentonite 1, 3, and 28 days post-exposure; (G–I) Nanofil9 1, 3, and 28 days
post-exposure. (J–L) NanofilSE 3000 1, 3, and 28 days post-exposure; (M–0) carbon black 1, 3, and 28 days post-exposure. Long
arrows – Focal inflammatory cell infiltrates: small on A, C, J, K, M, and O or big on D, G–I, L, and N (note adjacent necrotic hepa-
tocytes with distinct eosinophilic cytoplasm). Thick short arrows – cytoplasmic vacuolation in hepatocytes (A–D, F, H, I, M–O).
Small arrows – binucleate hepatocytes (A, C, E, M). Sinusoid dilatation – white long spaces between hepatic cords (J–M).
Heamatoxylin and eosin stain, magnification as scale on the figure O.
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QAC; methyl, alkyl chains (C14–C18), bis-2-hydrox-
yethyl), which caused a dose dependent cytotoxicity
with more than 40% cell death at 226 mg/ml
(Sharma et al. 2010), and Cloisite 93 A (37.5% w/w
QAC; methyl, alkyl chains (C14–C18), proton), which
increased lactate dehydrogenase release to �50%
following 24 h exposure at 500 and 1000 mg/ml
(Lordan, Kennedy, and Higginbotham 2011).
Although the surface modifications on Nanofil5,
Nanofil8, and NanofilSE3000 are produced from the
same QAC starting batch, the excess amounts of
QAC on Nanofil8 may have caused this material to
induce a larger cytotoxicity. The contrast in toxicity
between ONC and Bentonite, shown in the current
study, supports the scientific literature, which shows
that some ONC are cytotoxic in vitro due to the
presence of the QAC organic modifiers (Elmore
2003; Janer et al. 2014; Connolly et al. 2019). The
surprising proliferation curve observed following
higher exposures of Nanofil9 (Figure 3) is an artifact
caused by the BAC (QAC). At low concentrations all

cells are dead and most dis-integrated, whereas
high exposures appear to stabilize the cell mem-
brane keeping the dead cells intact (mummified)
and countable after 24 h of exposure. BAC has been
shown to stabilize the cell membrane and hinder
the detection of cytotoxicity, resulting in apparent
higher viability at higher concentrations (Deutschle
et al. 2006). Lastly, we also tested the cell viability
(see supplementary information) of a library of pure
QAC containing different alkyl chain length and
numbers (Table 2). Similarly to what has been previ-
ously shown (Wagner et al. 2017), we identified a
decrease in cytotoxicity with increasing number of
alkyl-chains and the alkyl-chain length.

The in vitro screening and the characterization of
the materials guided the selection of two ONC for
mouse pulmonary instillation experiments. Nanofil9
and NanofilSE3000 were selected based on surface
area (highest and lowest), cytotoxicity (most and
least), and appearance in SEM images
(NanofilSE3000 appeared different compared to the

Table 4. Incidence and number of inflammatory cell infiltrates in the liver.

Focal inflammatory cell infiltrates Vehicle control
Bentonite

162 mg/animal
Nanofi9

54 mg/animal
NanofilSE3000
162 mg/animal

Carbon black
162 mg/animal

Small
Day 1

Incidencea 2/6 2/6 0/4 1/6 2/5
Total number per groupb 7 3 0 1 3
Mean number per groupc 1.17 0.5 0 0.17 0.6
Multiplicityd 3.5 1.5 0 1.0 1.5

Day 3
Incidence 2/6 0/4 0/4 1/6 2/5
Total number per group 5 0 0 1 2
Mean number per group 0.83 0 0 0.17 0.4
Multiplicity 2.5 0 0 1.0 1.0

Day 28
Incidence 1/5 0/4 2/6 2/6 3/6
Total number per group 1 0 2 2 6
Mean number per group 0.2 0 0.33 0.33 1.0
Multiplicity 1.0 0 1.0 1.0 2.0

Big
Day 1

Incidence 3/6 3/6 2/4 3/6 3/5
Total number per group 5 4 3 9 8
Mean per group 0.83 0.67 0.75 1.50 1.60
Multiplicity 1.67 1.33 1.5 3.0 2.67

Day 3
Incidence 4/6 0/4 3/4 4/6 2/5
Total number per group 8 0 3 6 6
Mean per group 1.33 0 0.75 1.0 1.2
Multiplicity 2.0 0 1.0 1.5 3.0

Day 28
Incidence 3/5 2/4 4/6 6/6 2/6
Total number per group 3 2 9 17 2
Mean per group 0.6 0.5 1.5 2.83 0.33
Multiplicity 1.0 1 2.25 2.83 1.0

aIncidence of lesion is expressed by the number of livers with lesion of total number of examined.
bNumber of inflammatory cell infiltrations of a given type from all liver samples examined.
cMean number of inflammatory cell infiltrations of a given type/number of liver samples examined.
dMean number of inflammatory cell infiltrations of a given type per group/numbers of liver samples with the given inflammatory cell infiltration in
the group.
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other ONC). NanofilSE3000 and Bentonite were
intratracheally instilled in mice lungs at 18, 54, and
162 mg. However, we instilled lower doses of
Nanofil9 (6, 18, and 54 mg, respectively), since this
material was highly cytotoxic in vitro.

Inflammatory cells composition in BALF is an
important indicator of inflammation. Both Bentonite
and carbon black induced larger inflammatory
responses, quantified as neutrophil, macrophage,
and total cell influx, compared to the two ONC. The
higher inflammatory response could be explained
by the larger surface area of Bentonite and carbon
black, as the coating on the two ONC lowered their
surface areas considerably (Figure 5). Likewise, pre-
vious studies have shown that the total deposited
surface area of nanoparticles, either spherical or
HARN, is positively associated with inflammation
(Duffin et al. 2007; Nakanishi et al. 2015; Poulsen
et al. 2016; Barfod et al. 2020), and we have previ-
ously shown that surface treatment leading to
increased specific surface area increased inflamma-
tion and acute phase response (Barfod et al. 2020).
However, Bentonite induced more inflammation
than carbon black, even though the latter has a
�5-fold larger specific surface area. It may well be
that the small ‘blade’-like flakes of Bentonite con-
tribute to the increased inflammation, by damaging
the lung tissue during inhalation/exhalation, which
is further supported by the high levels of protein in
BALF of mice exposed to this particle, particularly 1
and 3days after exposure. Lower inflammation with
presence of surface coating is in agreement with a
previous inhalation study. Notably, pristine mont-
morillonite caused edema on day 1 and large
inflammatory response that persisted throughout
the experiment, whereas the ONC exposure resulted
only in mild inflammation. The authors suggested
that the organic coating of the ONC might protect
lung cells from surface silanol groups, aluminum
oxide, and other bound ions (e.g. Ca, Fe), which are
cytotoxic (Stueckle et al. 2018). Our results indicate
that a surface modification of nanoclays using QAC
may reduce their inflammatory potential, in agree-
ment with previously published works.

We quantified Saa3 because it is an established
member of the acute-phase response, with a causal
link between particle exposure and risk of cardio-
vascular diseases. Similarly to carbon black,
Bentonite induced a higher acute phase-response

than the two ONC, with a persistent significant
effect in the high dose mice groups throughout the
experiment. Pulmonary Saa3 mRNA levels were cor-
related with neutrophil influx and with total depos-
ited surface area (Figure 5(a–c)). This is in
agreement with previous studies of other nanopar-
ticles (carbon black and titanium dioxide nanopar-
ticles, multi- and single-walled carbon nanotubes),
diesel exhaust particles, and airborne dust; Saber
et al. 2013; Poulsen et al. 2017). Further research
should address the quantification of levels of acute
phase proteins SAA and C-reactive protein (CRP) in
the systemic circulation of workers exposed to
nanoclays, as these are clearly associated with
increased risk of cardiovascular disease in prospect-
ive epidemiological studies (Ridker et al. 2000).

TGF-b is a well-known regulator of pathways
leading to tissue repair or fibrosis in case of sus-
tained presence of particles and recurrent tissue
damage (Distler et al. 2019). Tgf-b mRNA expression
levels were assessed in lung tissue as a marker of a
pro-fibrotic response (tissue repair), because some
nanomaterials have been shown to cause fibrosis
such as, e.g., CNTs (Poulsen et al. 2015). Only
Bentonite significantly increased Tgf-b mRNA levels
in a dose dependent manner 3 days post-exposure.
These levels returned to baseline, due perhaps to a
recovery of the lung tissue. A significant increase of
this marker in the lung has been shown for mont-
morillonite, already after 1 day from the exposure
(Stueckle et al. 2018). As we did not include histo-
logical examination of lung tissue, fibrosis was not
assessed. However, we have previously shown that
one long-thick MWCNT induced TGF-b signaling in
mouse lungs and dose-dependent development of
fibrosis at 3 days post-exposure in an identical
experimental set up (Poulsen et al. 2015). The differ-
entiation of fibroblasts into epithelial mesenchymal
cells, resulting in increased TGF-b levels, is a key
event of fibrosis (Labib et al. 2016; Halappanavar,
et al. 2020). The increased Tgf-b mRNA levels with
exposure to Bentonite indicate that the material
could cause fibrosis, however, a longer follow-up
period would be required to assess fibrosis by colla-
gen staining.

We assessed DNA strand breaks by comet assay,
in BALF cells and liver of mice exposed to pristine
and modified nanoclays, which to our knowledge
has not previously been performed. Bentonite
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induced the highest levels of DNA damage in BAL
cells in all dose groups at day 1 post exposure.
None of the ONC nor Bentonite generate ROS as
determined by the DCFH2-DA assay (Supplementary
Figure S4). However, the levels of ROS in vivo might
have been different, due to the high inflammation,
secondary ROS production, and probably oxidative
stress in the lung. Bentonite nanoparticles could
possibly induce cellular damage due to the material
shape, leading consequently to downstream geno-
toxicity. By contrast, the surface modification on
ONC gives them a rounded softer appearance,
which may protect the epithelial cells from such
damage. Kato and colleagues showed that kaolin
clay plates induced DNA strand breaks in the
lungs of mice, which was particularly pronounced
after intratracheal instillation with kaolin having
sharp edges (Kato et al. 2017). Our results are in
contrast with a previous in vitro study, which indi-
cated ONC to induce greater genotoxicity than
Bentonite, suggesting that it was the QAC that
causes genotoxicity (Sharma et al. 2010). Although
we have not assessed the genotoxicity in the
in vitro screening, we could verify that an excess
of QAC in the Nanofil8 could affect cell viability.
Similarly, lower residual amounts of QAC of
NanofilSE3000 might cause genotoxicity, however,
this needs further research in vitro to be con-
firmed. The conflicting results might reflect the
difference in complexity between in vitro and
in vivo models. The lung is a dynamic organ in
continuous movement, hence increasing in vivo
the chances of larger tissue damage due to
deposited platelet flakes. Bentonite and
NanofilSE3000 induced DNA damage in hepatic
tissue, which might be explained by a possible
systemic inflammation, mediated by increased
expression of Saa3 in lung tissue. Also,
NanofilSE3000 might have lost the coating, and
these chemicals may translocate more easily to
the systemic circulation and therefore cause
adverse effects in the liver. The elevated levels of
DNA strand breaks had declined to a normal level
by day 28 post-exposure. As previously reported,
carbon black induced DNA damage in liver tissue
(Bourdon et al. 2012).

It is known that a fraction of the alveolar depos-
ited nanomaterial translocates from the lung and
end up in distant organs, including the liver

(Modrzynska et al. 2018). Exposure of mice to the
three test compounds or carbon black did not sig-
nificantly affect liver morphology as compared to
the vehicle controls based on the incidence and
severity of the histological findings. Inflammatory
cell infiltrations are known to occur under physio-
logical conditions (Rogers and Dintzis 2012).
However, the group exposed to the high dose of
NanofilSE3000 deserves attention, as this exposure
resulted in a higher number of big inflammatory
cell infiltrates than in the control group. This tested
material may enhance inflammation in the liver.

Conclusion

We have demonstrated that the unmodified nano-
clay, Bentonite, is the most toxicologically potent
material across endpoints, time points and doses
tested in the mouse lung. The QAC/BAC surface
modification of Bentonite gives it a ‘rounded’ shape
and lowers the surface area, resulting in reduced
toxicological effects in the mouse lung. The pul-
monary inflammation and acute phase response
correlates with the total deposited surface area of
the studied nanoclays, which explain the high tox-
icity of Bentonite. Furthermore, Bentonite induced a
larger cellular damage and pro-fibrotic response
compared to ONC. Although only CB induced ROS,
the high levels of DNA strand breaks detected fol-
lowing Bentonite exposure might be the result of
inflammation and cellular damage. From the
in vitro experiments of pure QAC, we identified a
correlation between increased cytotoxicity and
reduced number (and length) of QAC chains. In
conclusion, this study shows that surface modifica-
tion of pristine clays decreases hazard potentials,
and provides a structure–activity relationship that
can be used for the development of nanocomposite
materials that are safe by design.
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