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A B S T R A C T   

Nanoclays and graphene oxide nanomaterials represent a class of materials sharing similar shapes constituted of 
high aspect ratio platelets. The increased production of these materials for various industrial applications in-
creases the risk of occupational exposure, consequently with elevated risk of adverse reactions and development 
of pulmonary diseases, including lung cancer. In this study, pro-inflammatory responses and genotoxicity were 
assessed in alveolar epithelial cells (A549) and activated THP-1 macrophages (THP-1a) after exposure to three 
nanoclays; a pristine (Bentonite) and two surface modified (benzalkonium chloride-coated Nanofil9, and 
dialkyldimethyl-ammonium-coated NanofilSE3000); graphene oxide (GO) and reduced graphene oxide (r-GO) 
nanomaterials. The pro-inflammatory response in terms of IL-8 expression was strongest in cells exposed to 
Bentonite, whereas surface modification resulted in decreased toxicity in both cell lines when exposed to 
Nanofil9 and NanofilSE3000. GO and r-GO induced a pro-inflammatory response in A549 cells, while no effect 
was detected with the two nanomaterials on THP-1a cells. The pro-inflammatory response was strongly corre-
lated with in vivo inflammation in mice after intra-tracheal instillation when doses were normalized against 
surface area. Genotoxicity was assessed as DNA strand breaks, using the alkaline comet assay. In A549 cells, an 
increase in DNA strand breaks was detected only in cells exposed to Bentonite, whereas Bentonite, Nano-
filSE3000 and GO caused an increased level of genotoxicity in THP-1a cells. Genotoxicity in THP-1a cells was 
concordant with the DNA damage in bronchoalveolar lavage fluid cells following 1 and 3 days after intra- 
tracheal instillation in mice. In conclusion, this study shows that surface modification of pristine nanoclays re-
duces the inflammatory and genotoxic response in A549 and THP-1a cells, and these in vitro models show 
comparable toxicity to what seen in previous mouse studies with the same materials.   

1. Introduction 

Engineered nanomaterials (ENM) are increasingly being used in in-
dustrial, consumer, medical, and environmental applications [1]. With 
increased production, human exposure, particularly in the working 
environment, is inevitable. Therefore, unravelling ENM hazardous 
physicochemical properties will promote production of materials that 
are safe-by-design and safer handling of materials by workers, who may 
be exposed to ENM via inhalation. Inhaled ENM can reach the deepest 
region of the lung, namely the alveoli, and possibly induce oxidative 
stress and inflammation, leading ultimately to respiratory disease and 
cancer [2]. The multitude of physicochemical properties of ENMs makes 
hazard assessment challenging, requiring case-by-case evaluations. 

Consequently, extensive toxicological testing is required unless specific 
physicochemical properties can be identified as particularly hazardous. 
For instance, the high aspect ratio of some nanomaterials such as 
multi-walled carbon nanotubes (MWCNTs) has been shown to drive 
toxicity to the lung like activation of pathways leading to fibrosis and 
cancer [3–8]. 

Nanoclays and graphene-based materials have different chemical 
properties (i.e. sheets of silicate and carbon, respectively), whereas they 
have similar physical properties in as much as they consists of stacked 
platelets or flakes that are ~1 nm thick and a few hundred nanometers in 
the two dimensions [9–11]. As such, nanoclays and graphene-based 
materials have high aspect ratio, yet with a different shape than CNTs. 
Compared to the literature on CNTs, published studies on genotoxic 
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effects of nanoclays and graphene-based nanomaterials are very sparse 
[11–15]. We have recently assessed the hazard of Bentonite clays to the 
mouse lung and have shown how the surface modification by different 
quaternary ammonium compounds changed the shape and surface area 
of the nanoclay while reducing toxicity [11]. The pristine nanoclay 
induced a large influx of neutrophils in bronchoalveolar lavage (BAL) 
fluid from exposed mice, and significant DNA damage, however none of 
the nanoclays caused reactive oxygen species (ROS) production in an 
acellular assay [11]. In addition, we previously assessed in vivo the 
toxicity of graphene oxide (GO) and reduced graphene oxide (r-GO), and 
observed decreased inflammation with r-GO, but similar genotoxicity 
for GO and r-GO [16]. GO was also found to induce acellular ROS pro-
duction [10], and to induce more differentially expressed genes in mice 
lung tissue than r-GO [17]. Therefore, nanoclays, GO and r-GO share 
similar physical properties, but might be genotoxic by different mech-
anisms of action. 

The aim of this study was to test pro-inflammatory response in terms 
of interleukin 8 (IL-8) expression, and DNA strand breaks, in alveolar 
epithelial cells and macrophages exposed to the same flakes we tested 
previously in vivo; a pristine and two surface modified nanoclays, GO 
and r-GO. The selection of these materials allows comparisons of mode 
of actions driven by ENM shape, composition, and surface chemistry. 
Pro-inflammatory response and DNA damage are two important key 
events in the development of adverse outcomes like lung fibrosis and 
cancer [8,18]. These key events are linked to each other, as 
ENM-induced pro-inflammatory response is known to cause secondary 
genotoxicity [18,19]. Furthermore, we compared the pro-inflammatory 
response and DNA damage in vitro to in vivo data [11,16]. IL-8 is a 
neutrophil chemoattractant in humans and a homologue of CXCL1 in 
mice, which was significantly upregulated in lung tissue of mice exposed 
to MWCNTs [3,4]. The pro-inflammatory response in terms of IL-8 
expression in epithelial cells and macrophages has been shown to 
correlate with neutrophil influx in BAL fluid of mice after pulmonary 
exposure to MWCNTs. For the same set of MWCNT, the DNA damage in 
macrophages was found to be concordant to that in BAL cells. 

2. Materials and methods 

2.1. Nanomaterials 

Five different nanomaterials were used in this study, all of which 
have been previously used in studies on pro-inflammatory responses and 
genotoxicity in mice after intratracheal instillation [11,16]. The char-
acterization data are reported in Table 1. Nanofil9 and NanofilSE3000 
are organo-modified nanoclays (ONC), supplied by Sud-Chemie AG, 
Moosburg, Germany. Nanofil9 has been renamed by the company as 
Cloisite 10A, but the product remained unchanged. The supplier reports 
that the surface modification on Nanofil9 (33 % w/w) consists of 94 % 
benzalkonium chloride (BAC) of varying chain length. NanofilSE3000 is 
coated with dialkyldimethyl ammonium compounds. The National 
Research Centre for the Working Environment received the Bentonite 
sample (without manufacturer and product name) in a project on the 
development of the European dustiness standard EN15051. Bentonite 

consists of 100 % natural montmorillonite clay. The three clay nano-
materials have been previously characterized [11,20,21]. GO and r-GO 
were manufactured and supplied by Graphenea (San Sebastian, Spain). 
GO was received from the manufacturer as a water suspension, whereas 
r-GO was in powder form (washed with methanol, filtered and air-dried 
under vacuum). A detailed description and an in-depth characterization 
of GO and r-GO have been published previously [10]. 

2.2. Dosimetry 

We assessed the effective doses of the ENM on A549 and THP-1a cells 
as previously described [22]. Briefly, the cells were seeded in 12-well 
plates, exposed to the suspended ENM for 24 h, after which the media 
were gently removed, and cells and ENM harvested by washing with 
PBS. The samples were centrifuged at 20.000 g. The pellets of ENM and 
cells were then combined and placed into a crucible for the thermog-
ravimetric analysis (TGA) (Netzsch STA 449F3, Netzsch-Gerätebau 
GmbH, Selb, Germany) coupled with mass spectrometry. The method is 
a one step program starting at 30 ℃ and with a heating rate of 2.5 ◦C 
/min until 800 ◦C is reached. Similarly to MWCNT and carbon black 
[22], GO and r-GO were undergoing complete burning through 800 ◦C. 
However, dosimetry analysis could not be done on the nanoclays, as 
these have a higher thermal stability than carbonaceous materials, 
therefore requiring higher temperatures than those feasible with this 
TGA (up to 1100 ℃) [20]. 

Cell cultures 

Alveolar epithelial cells (A549) and monocytic cells (THP-1) were 
purchased from the American Type Cell Collection. A549 cells were 
cultured in Hams F-12 (F-12) cell culture medium supplemented with 10 
% Fetal Bovine Serum (FBS), and 1% penicillin/streptomycin (P/S). 
Cells were cultured in culture flasks, and trypsinized and subcultured 
when 70 % cell confluence was reached (~2 times a week). A549 cells 
were sub-cultured for up to 12–15 passages and then discareded. 
Monocytic THP-1 cells were cultured in suspension in RPMI-1640 me-
dium containing Glutamax, supplemented with 10 % FBS and 1% P/S. 
THP-1 cells were cultured in the cell density range 3− 9 × 105 cells/mL 
complete culture medium, and sub-cultured three times a week. THP-1 
cells were subcultured for up to 15 passages and then discarded. 
Twenty four hour prior to exposure, 4 × 105 A549 cells were seeded in 2 
mL in Nunc 12-well plates. Before exposure, the old medium was 
removed and fresh medium added for the exposure. Monocytic THP-1 
cells were diluted to 3 × 105 cells/mL in 2 mL complete cell culture 
medium (supplemented with 10 % FBS) and differentiated into macro-
phages (THP-1a) with 10 ng/mL of phorbol-12-myristate-13-acetate 
(PMA), for 48 h, in 12-well plates. Prior to nanomaterial exposure, the 
medium was removed and fresh medium added. 

2.3. Particles suspension and exposure 

All nanomaterial were weighed in glass vials (17− 20 mg), to which 
5− 6 ml of complete cell culture medium (F12 or RPMI-1640 media for 

Table 1 
Physichemical properties of nanomaterials tested.  

Nanomaterial primary particle 
size (nm) 

number of 
layers 

Surface area 
(m2/g) 

Z-average (DLS) 
in F12 (nm) 

Z-average (DLS) 
in RPMI (nm) 

Z-average (DLS) for 
instillation (nm) 

Effective dose in 
F12 (μg) 

Effective dose in 
RPMI (μg) 

Bentonite 300− 1000 × 11 – 73.61 450 ± 44 421 ± 71 9381 – – 
NFSE3000 100− 500 × 11 – 2.71 698 ± 110 653 ± 138 7161 – – 
NF9 100− 500 × 11 – 24.01 1122 ± 110 843 ± 117 17841 – – 
GO 2–32,3 2–32,3 411.02 6142 ± 2700 4841 ± 2700 6252 87 25 
r-GO 1-22,3 2–32,3 411.02 356 ± 20 244 ± 23 2712 66 30  

1 Data extracted from Di Ianni et al., 2020. 
2 Data extracted from Bengtston et al., 2016. 
3 Primary particle size assessed by TEM - Not applicable. 
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A549 or THP-1 cells, respectively, containing 10 % FBS and 1 % P/S) 
was added to obtain a final particle suspension of 3.34 mg/mL. The 
particle suspensions were sonicated using a Branson Sonicator as pre-
viously described [23]. Briefly, samples were sonicated for 16 min, at 10 
% amplitude, and 10 s impulses. During sonication, the vials containing 
nanomaterials were kept in a cold water bath containing ice. The stock 
suspensions were then diluted for exposure in the submerged conditions; 
A549 cells were exposed to 10, 40 or 160 μg/mL; THP-1a cells were 
exposed to 10, 40 or 80 μg/mL. Complete cell culture medium was used 
as vehicle control (reported as 0 μg/mL). All exposures were replicated 
minimum three times in independent experiments. 

2.4. Cell viability 

Following cell exposure to nanomaterials for 6 or 24 h, cell medium 
was discarded, cells (A549 or THP-1a cells) were washed twice with 
PBS. Two hundred μl of trypsin was added to each well, the plates were 
incubated for 4 min after which 300 μL of cell culture medium was 
added to each well. Cells were gently pipetted to obtain single cell 
suspensions and further detach those cells that were still adherent. Cell 
viability was measured by NucleoCounter NC-100 (Chemometec, 
Allerød, Denmark). 

2.5. Pro-inflammatory response 

Total RNA was isolated from harvested cell samples with Macherey- 
Nagel® NucleoSpin 96-well RNA Core Kit, as recommended by the 
manufacturer, and the isolated RNA was analyzed by NanoDrop 2000/ 
2000c spectrophotometer (Thermo Fischer Scientific, Roskilde, DK) for 
quality and concentration. cDNA was synthesised with Taqman® 
reverse transcription reagents (Applied Biosystems, USA), as recom-
mended by the manufacturer. The quantitative PCR was performed with 
ViiA7 Real-Time PCR System (Applied Biosystems, Naerum, Denmark), 
using Universal Mastermix (Applied Biosystems, Naerum, Denmark) and 
the predeveloped probes and primers for IL-8 (part. no. 4327042 F) and 
r18S (part. no.4310881E) as reference gene from Applied Biosystems. 
All assays were quantified in separate wells. The samples were run in 
triplicate. The final mRNA levels were normalised to controls (0 μg/mL 
of tested nanoparticles). 

2.6. DNA damage 

DNA strand breaks levels were quantified by the alkaline comet assay 
as previously described [24] and reported according to the Minimum 
Information for Reporting on the Comet Assay (MIRCA) recommenda-
tions [25]. After cell exposure to nanomaterials, for 6 or 24 h, cell media 
were discarded, and cells (A549 or THP-1a) were washed twice with 
PBS. Then, 200 μl of trypsin were added to each well, the plates were 
incubated for 4 min, after which 300 μl of freezing medium (80 % FBS 
and 20 % DMSO) was added to each cell sample. Cells were diluted to 2 
× 105 cells/mL and stored at -80 ◦C. Embedding of cells in agarose was 
performed as previously described [26]. Briefly, frozen cell samples 
were thawed quickly at 37 ◦C and suspended in agarose at 37 ◦C with 
final agarose concentration of 0.7 %. Cells were embedded on 20-well 
Trevigen CometSlides at 4 ◦C, after which these were placed in elec-
trophoresis buffer for 40-min alkaline treatment. Electrophoresis was 
run with 70 mL/min circulation (5 %) of the solution for 25 min with 
applied voltage at 38 V (1.15 V/cm in the whole electrophoresis tank) 
and current of 294 mA. The slides were neutralized in Tris buffer (2 × 5 
min), fixed in ethanol for 5 min and dried on a warm plate at 45 ◦C for 15 
min. Cells on slides were stained in 40 mL/slide bath with TE buffered 
SYBR Green fluorescent stain for 30 min, dried at 37 ◦C for 10 min after 
which UV-filter and cover slips were placed on slides. DNA damage was 
analyzed using the IMSTAR Pathfinder system. The results are presented 
as averaged % tail of DNA of all cells scored on each Trevigen Comet-
Slide. All slides included A549 cells exposed to PBS or 45 μM H2O2 as 

negative and positive controls for the electrophoresis [41]. 

2.7. Statistics 

IL-8 expression (log-fold increase with respect to controls) was 
assessed by one-way ANOVA and dose was set as independent variable. 
DNA damage levels were assessed by one-way ANOVA to assess the ef-
fects of treatment in a block, which was adjusted for day to day variation 
in the background levels of DNA damage. Both analyses were followed 
by post-hoc Tukey-type multiple comparison test for effects showing 
significance in the ANOVA test. As we hypothesized that the genotoxic 
effects observed in nanoclays-exposed cells or animals might be due to 
inflammation (secondary genotoxicity) rather than direct (primary 
genotoxicity), associations between markers of inflammation (predic-
tor) and DNA damage (outcome) were assessed by linear regression with 
adjustment for effect of doses and time points. The magnitude of asso-
ciation between DNA damage and biomarkers of inflammation has been 
inferred by the partial regression coefficient, which is adjusted for the 
effect of different doses and time points. Statistical significance was 
tested at P < 0.05. All analysis were performed in R (The R Project for 
Statistical Computing version 3.5.3). The package ggplot2 was used in R 
for plotting the data [27]. 

2.8. In vitro-in vivo comparisons of inflammation and genotoxicity 

In order to integrate in vitro and in vivo results into a more coherent 
assessment of toxic effects, we have employed an approach where the 
dose response relationships for IL-8 expression, and DNA strand break 
induction (comet assay) are compared [22]. All in vivo data, from mice 
exposed via intra-tracheal instillation, were previously published [11, 
16]. The methods to perform comparisons have been described in Di 
Ianni et al., 2021 [22]. Briefly, to correlate pro-inflammatory response 
in vitro with neutrophil influx in vivo, regression analysis were per-
formed to obtain the slopes of inflammation with the doses (mass or 
surface area) of each nanomaterial. Then, the slopes of the materials in 
vitro and in vivo were correlated by Pearson correlation. For comparing 
the genotoxic effects in vitro and in vivo, we have used a scoring system 
that is based on categorization of effects in standard deviation units 
[22], which quantitates the difference between exposed and controls in 
terms of standard deviation (SD) differences, and allows for assessment 
of differences in genotoxicity on different scales [22] (Table S1). A 
nanomaterial was classified as genotoxic if the difference between any 
nanomaterial dose group and controls was ≥ 2 SD, and if statistical 
significance was observed in any dose group following ANOVA test. The 
scores of genotoxicity for each material were used to make comparison 
between the two in vitro cell models and in vivo model. 

3. Results 

3.1. Cell viability following exposure to nanomaterials 

The viability of A549 and THP-1a cells did not decrease below 70 % 
at Bentonite, NanofilSE3000, GO and r-GO concentrations up to 160 μg/ 
mL in A549 cells, and 80 μg/mL in THP-1a cells (Fig. 1). The high 
concentration of Bentonite and NanofilSE3000 caused a slight decrease 
in A549 cell viability at 6 and 24 h, respectively. All materials tested in 
THP-1a cells caused a slight decrease in cell viability at 6 h, while only 
Bentonite caused a more evident decrease (22 % compared to controls) 
in cell viability of THP-1a cells at 24 h. The concentrations of Nanofil9 
did not exceed 20 μg/mL because a pilot study indicated that it was 
cytotoxic at higher concentrations (results not shown). Also, strong 
cytotoxicity was observed in our previous in vitro studies on Nanofil9 
using FE1 Muta™mouse lung epithelial (MML) cells [11]. 
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3.2. Pro-inflammatory response in cell cultures following exposure to 
flake nanomaterials 

We assessed the NM-induced pro-inflammatory response by quanti-
fication of IL-8 expression in A549 and THP-1a cells (Fig. 2). In A549 
cells, Bentonite induced the strongest response following 6 h exposure, 
with 130-fold increase of IL-8 expression in cells exposed to 160 μg/mL. 
Following 24 h, the same dose induced a smaller pro-inflammatory 
response, with significant 5- and 15-fold increase in cells exposed to 
40 and 160 μg, respectively. Forty and 60 μg/mL of NanofilSE3000 
induced significant effects in A549 cells, with similar pro-inflammatory 
response between 6 and 24 h. Only 20 μg/mL (high dose) induced sta-
tistically significant 5- and 6-fold increase in cells exposed at 6 and 24 h, 
respectively. A small, yet significant IL-8 increase was identified in cells 
exposed to GO and r-GO for 6 h. In THP-1a cells, Bentonite induced IL-8 
expression after exposure to 40 and 80 μg/mL for 6 h, whereas 10, 40 
and 80 μg/mL induced 10, 50 and 170-fold increase after 24 h. Exposure 
of THP-1a cells to 20 μg/mL of Nanofil9 caused significant 30-fold in-
crease of IL-8 expression after 6 h, which increased to 90-fold following 
24 h. Dose-response relationships, with significant effects in all dose 
groups, were observed in cells exposed to NanofilSE3000, with increase 
up to 30-fold either at 6 or 24 h. No significant changes in IL-8 expres-
sion was detected in THP-1a cells exposed to both GO and r-GO. 

3.3. DNA damage in cell cultures following exposure to flake 
nanomaterials 

In order to assess the NM-induced DNA damage, we quantified DNA 
strand breaks by the alkaline comet assay in exposed cells (Fig. 3). No 
change in DNA damage was observed in cells exposed for 6 h (Fig. 3). In 
A549 cells, only Bentonite (10 μg/mL) induced a significant increase in 
DNA strand breaks following 24 h exposure, with a bell-shaped dose 
response curve. In THP-1a cells, Bentonite and NanofilSE3000 generated 
DNA strand breaks at the high dose (80 μg/mL). Low and medium dose 
of GO (10 and 40 μg/mL, respectively) caused DNA strand breaks in 
THP-1a cells after 24 h. DNA damage was assessed also in negative and 
positive control, for the latter cells were exposed to 45 μM H2O2 (DNA % 
tail = 3.2 ± 2.3 and 20.5 ± 1.8, for negative and positive controls, 
respectively). 

3.4. Correlations of pro-inflammatory responses in cell cultures and 
neutrophil influx in mice lungs 

The pro-inflammatory response in terms of IL-8 expression in cells 

exposed to flake nanomaterials was compared to inflammation in vivo in 
terms of neutrophil influx in BAL cells of exposed mice [11,16]. The 
Pearson correlations were assessed with doses as mass or normalized 
against NM Brunauer-Emmett-Teller (BET) surface area (Fig. 4). With 
doses as mass, the slopes of pro-inflammatory response in vitro were 
poorly correlated with the slopes of neutrophil influx in vivo: A549 cells 
vs neutrophils; r = 0.37 (p = 0.53) and r = 0.29 (p = 0.62) at 6 and 24 h, 
respectively; THP-1a cells vs neutrophils: r = 0.34 (p = 0.57) and r =
0.49 (p = 0.4) at 6 and 24 h, respectively. Strong correlations were 
observed after doses were normalized against surface area: A549 cells vs 
neutrophils; r = 0.96 (p < 0.01) and r = 0.97 (p < 0.01) at 6 and 24 h, 
respectively; THP-1a cells vs neutrophils: r = 0.93 (p = 0.02) and r =
0.92 (p = 0.02) at 6 and 24 h, respectively. With the normalization, 
NanofilSE3000 produced the strongest pro-inflammatory effect in both 
cells and mice, followed by Nanofil9, and Bentonite and GO/r-GO 
(grouped together). 

3.5. Correlations of DNA damage in vitro and in vivo 

The DNA damage in vitro was compared to the DNA damage in vivo 
(Fig. 5) with the scoring system we recently developed to make in vivo- 
in vitro comparisons for MWCNT-induced DNA damage [22]. As shown 
in the heat map in Fig. 5, 2/5 materials produced genotoxic responses in 
A549 cells, 4/5 were genotoxic in THP-1a cells, 3/5 were genotoxic in 
BAL cells following 1 day exposure, 4/5 were genotoxic in BAL cells at 
day 3 post-exposure. Collectively, the results indicate that Bentonite was 
genotoxic in both cells and animals. Nanofil9, NanofilSE3000, GO and 
r-GO did not produce a consistent genotoxic effect across cell cultures 
and animals, i.e. effects were observed in either cells or animals. 

3.6. Association between inflammation and DNA damage 

In order to assess the impact of nanoclay-induced inflammation on 
genotoxicity markers, we assessed the statistical association between the 
variation in inflammation and level of DNA strand breaks across doses 
and time points in the cell and animal models. The level of DNA strand 
breaks in BAL cells was positively associated with number of neutrophils 
(partial correlation coefficient = 0.23, P < 0.001, adjusted for dose and 
time). The statistical analysis showed a positive association between IL-8 
gene expression and DNA strand breaks in THP-1 a cells (partial corre-
lation coefficient = 0.28, P < 0.001, adjusted for dose and time). There 
was no statistically significant association between IL-8 and DNA dam-
age in A549 cells (r = 0.07). The variation in inflammation only 
explained 5.4 %, 7.8 % and 0.5 % of the variation in DNA damage levels 

Fig. 1. Viability of A549 and THP-1a cells following 6 and 24 h exposure to flake nanomaterials. The error bars are omitted to increase readability of the plots.  
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in BAL fluid, THP-1a and A549 cells. 

4. Discussion 

In this study, we assessed the pro-inflammatory response and DNA 
damage caused by flake nanomaterials in alveolar epithelial cells and 
macrophages and compared the response to previously published data 
from mice [11,16]. Bentonite nanomaterial induced strongest effects 
including pro-inflammatory response and genotoxicity in both cell lines. 
The surface modification of clay nanomaterials reduced the effects in 
exposed cells. GO and r-GO induced a small pro-inflammatory response 

only in A549 cells (not THP-1a), and GO generated DNA damage only in 
THP-1a cells. The pro-inflammatory response in vitro was comparable to 
the inflammation in terms of neutrophil influx when normalized by 
surface area, and DNA damage in vitro is concordant with that in BAL 
cells from mice 1 and 3 days post-exposure. 

All nanomaterials tested have been previously characterized [10,11] 
and the data are shown in Table 1. Clay and graphene oxide ENM are 
made of stacked platelets. Bentonite is made of multiple flakes strongly 
bound [11], while GO has 2–3 layers [10]. GO and r-GO formed large 
agglomerates and displayed irregular sizes. Furthermore, we have 
quantified the effective doses of GO and r-GO tested in the two cell lines, 

Fig. 2. Pro-inflammatory response in terms of IL-8 expression in A549 cells (left) or THP-1a cells (right), following 6 and 24 h exposure to flake nanomaterials. The 
data were log-transformed to ease readability of the results. Error bars represent standard deviations. Stars represent significance at p < 0.05, p < 0.01, p < 0.001 (*, 
**, ***, respectively). 
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after dispersion in the two different cell media. The importance and 
implications of the dosimetry when interpreting the results of toxicity 
and ranking in potency has been demonstrated [28]. We have recently 
used a TGA-MS method to quantify the effective doses of high aspect 
ratio ENM such as MWCNT when tested in vitro. This showed effective 
doses in the range of 25–56% of the administered doses [22], which was 
similar to what we have observed here with GO and r-GO. 

The pro-inflammatory response in vitro was assessed by quantifica-
tion of gene expression levels of IL-8, a neutrophil chemoattractant, in 
A549 and THP-1a cells following exposure to NMs for 6 and 24 h. In our 
recent study on MWCNT, the potency as IL-8 expression induction in 
vitro correlated with the potency as neutrophil influx in lungs of exposed 
mice, when doses were normalized against surface area [22]. This 
indicated that IL-8 expression might be a good biomarker to quantify in 
vitro and to correlate to neutrophil influx in vivo. Similarly to our pre-
vious studies in mice on nanoclay toxicity [11], BET surface area pre-
dicted the IL-8 induction caused by the three clays in vitro. This explains 
the strongest effects caused by Bentonite in both cell lines, as this has 3 
and 24 times larger surface area than modified Nanofil9 and Nano-
filSE3000, respectively. Nanofil9 was tested at lower doses (up to 20 

μg/mL) since the BAC used as coating makes this more cytotoxic than 
the other tested nanomaterials, as previously shown in vitro and in vivo 
[11,29]. The surface modification of pristine nanoclays such as 
Bentonite increase the basal spacing between the platelets, thus 
decreasing the surface area, while also “masking” silanol groups and 
other metal cations (Al) on the surface of clays such as montmorillonite, 
which are known to cause toxicity [15]. Accordingly, we [11] and others 
[30] have previously observed that the nanoclay surface modification by 
quaternary-ammonium compounds (QAC) might change shape of the 
nanoclays, making them less “sharp-edged”, and reducing the thickness 
of the flakes [30], thus likely making the material less rigid and causing 
less intra-cellular damage, e.g. lysosomal disruption. Rigid nano-
materials may cause lysosomal disruption, with release of cathepsin B, 
and consequent activation of the NLRP3 inflammasome [31]. 

GO and r-GO exposure led to a small, yet statistically significant IL-8 
induction only in A549 cells following 6 h exposure. The IL-8 induction 
in A549 cells, and the unaltered IL-8 levels in THP-1a cells, suggest a 
somewhat similar pro-inflammatory response of GO and r-GO in the two 
cell lines. This is in contrast to what we have previously observed in vivo 
[16], where the neutrophil influx caused by r-GO in mice lungs was 

Fig. 3. DNA strand breaks in A549 (A) and THP-1a cells (B) following exposure to flake nanomaterials for 6 (left column) and 24 h (right column). Error bars 
represent standard deviations. Stars represent significance at p < 0.05, p < 0.01, p < 0.001 (*, **, ***, respectively). 
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smaller than that caused by GO which has a higher OH content and 
caused much more acellular ROS production [10]. Furthermore, our 
group has recently shown that GO exposure induced more differentially 
expressed genes, affected more functions, and perturbed more pathways 
compared to r-GO in lung tissue, with the largest differences observed 
for the pulmonary innate immune response and acute phase response 
[17]. In THP-1a cells, GO was found to induce inflammation in a size 
dependent manner, however the largest GO used in that study (10 μm) 
was 5 times larger than the GO and r-GO tested here (2 μm) [32]. 
Nevertheless, others have suggested that the expression of cytokines 
caused by GO/r-GO increases with reduction of lateral size and increase 
of functional groups [33]. Similarly, other groups reported that small 
GO/r-GO (< 1 μm) have capacity for higher interactions with the cell 
membrane, with enhanced cell uptake and ultimately causing more 
biological effects [34,35]. GO was also found to induce 
pro-inflammatory responses in human monocyte-derived macrophages 
only after cells were primed with lipopolysaccharide, although the same 
authors also showed a 2-fold increase of IL-8 in un-primed cells exposed 
to 50 μg/mL GO [36]. These conflicting results show the importance of 
characterization of ENM to determine structure-activity relationships, 
and on the cell models used for assessing the hazard in vitro, as the 

different effects have been suggested to be cell type dependent [36]. 
Strong correlations were observed in flake-induced pro-inflammatory 
response in A549 or THP-1a cells and flake-induced neutrophil influx in 
lungs of mice, however, only when doses were normalized against sur-
face area. This is in line with what we have recently observed for 
MWCNTs [22]. Namely, long and thick MWCNT induced strongest ef-
fects in vitro and in vivo [22]. In addition, we observed that MWCNT 
diameter predicted pro-inflammatory responses in vitro, while MWCNT 
length neutrophil influx in vivo. It might be speculated that GO and 
r-GO, which are composed of few layers, might have less rigidity than 
stacked nanoclays such as Bentonite. However, this requires further 
investigation as to date it remains challenging to assess NM rigidity. 
Although we observed in vitro-in vivo correlations in the hazard ranking 
of the NMs, the doses needed for inducing effects in vitro and in vivo 
were different. The growth area of the well of the cell culture plate was 
3.5 cm2 and the mouse lung surface area has previously been determined 
to be 80 cm2 [37], meaning that 2.8–45.7 μg/cm2 (growth area) and 
2.8–22.8 μg/cm2 were administered to A549 and THP-1a cells, respec-
tively, while dose of 0.23− 2 μg/cm2 (lung surface) were used in vivo. 
This indicates that much larger doses are needed in vitro to observe 
significant effects, perhaps due to the 2-D models lower complexity than 
the lung in vivo, where the response might be enhanced by cell-cell 
communication such as paracrine signalling. Our results on the corre-
lations indicate that for comparing hazard rankings in vitro and in vivo, 
it is useful to compare the dose-response relationships and thereby 
toxicity of ENM in the in vitro and in vivo models, at any dose tested. 
Taken together, these data might suggest that thickness, aspect ratio and 
rigidity of ENM like flakes and CNTs [22,38] could predict the inflam-
matory response, and can therefore be valuable in safe-by-design 
development of nano-enabled products. 

We quantified DNA strand break levels in cells exposed to the flake 
nanomaterials, as a biomarker of a key event leading to lung cancer 
[18]. In A549 cells, only Bentonite increased the level of DNA damage. 
The genotoxic effect is similar to earlier observations on Bentonite in 
Caco-2 cells, which showed a modest increase (approximately a net in-
crease on 2 % tail DNA) [12], which is similar to the <3.6 % tail DNA in 
the present report. Nevertheless, previous studies have indicated that 
clay surface coating produced a stronger effect on DNA damage and 
apoptosis [12,39]. In addition, the results of DNA damage in A549 cells 
are in line with the lack of effect our group has shown previously in 
FE1-MML cells exposed to the same GO/r-GO [10]. Dose-dependent 
increase in DNA damage was observed in THP-1a cells exposed to 
Bentonite and NanofilSE3000, while a bell-shaped curve was observed 
for GO. Similarly, these materials induced a significant DNA damage in 
BAL cells of mice following 1 day (Bentonite) and 3 days (Bentonite, GO 
and NanofilSE3000) [11,16]. Clays and GO nanomaterials seem to 
induce genotoxicity in vitro and in vivo via different mechanisms. The 
QAC on the ONC have been suggested to cause direct DNA damage in 
exposed cells [12]. In addition, ONC exposure induced DNA damage in 
cells [12,40,41], and a significant reduction in glutathione levels [42], 
but no ROS production [12,41,42]. In line with this, Ferk et al. showed 
with the comet assay that BAC and dimethyldioctadecyl-ammonium 
bromide to be genotoxic in primary rat hepatocytes in a 
concentration-related manner [43]. The genotoxic effects were not 
caused by oxidative stress, which was assessed using the 
formamidopyrimidine-modified comet assay [43]. Similarly, Deutschle 
et al. reported DNA damage caused by BAC on epithelial BEAS-2B cells, 
using the alkaline comet assay [44]. We have previously observed that 
some ONC may leak QAC in the exposure medium, which could induce 
cell death [11]. This might explain the significant DNA damage in 
THP-1a cells exposed to NanofilSE3000. One could speculate that the 
QAC released in the medium, or inside the cells after uptake, might have 
caused damage to DNA, as observed also in BAL cells of mice exposed to 
NanofilSE3000, only after 3 days from intra-tracheal instillation. How-
ever, this requires further investigation, in studies focusing on for 
example QAC used for NanofilSE3000 or in assessment of DNA damage 

Fig. 4. In vitro-in vivo correlations of inflammation caused by the three 
nanoclays, GO and r-GO, for the in vitro datasets at 6 and 24 h exposure, and 
doses as mass or surface area. The influx of neutrophils has been assessed at 24 
h after a single intratracheal instillation in mice. 
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in cells exposed to samples filtered by particles, as previously done [12]. 
In contrast to the lack of genotoxicity previously observed for unmodi-
fied nanoclays [12,41,42], Bentonite induced elevated levels of DNA 
strand breaks in A549 and THP-1a cells, as well as BAL cells [11], while 
not causing increased ROS production in an acellular assay [11]. This 
suggests that the mechanism at play might be secondary genotoxicity 
caused by a strong pro-inflammatory response and potential cell dam-
age. We have observed a statistically significant correlation between 
inflammation and DNA damage in BAL and THP-1a cells. In BAL cells, 
the variation in inflammation described 5.4 % of the variation in the 
DNA damage, whereas it described 7.8 % of the variation in DNA 
damage in THP-1a cells. No statistically significant association was 
observed between IL-8 and DNA damage in A549 (0.5 % variation). The 
notion that particle-mediated genotoxicity may be due to an indirect 
(secondary) pathway has been a central topic of discussion in the 
nanotoxicology field [45–49]. While secondary genotoxicity was 
demonstrated in vitro [19,50], there is still lack of evidence in animal 
studies. We have previously seen that low doses of carbon black caused 
DNA damage but very limited inflammation in vivo [51]. In another in 
vivo study, titanium dioxide, cerium dioxide and carbon black nano-
particles intratracheally instilled in mice caused similar pulmonary 
inflammation, and translocation to the liver. However, only carbon 
black induced particle-dependent ROS and DNA damage in liver, sug-
gesting that the DNA damage was caused by the ROS-generating parti-
cles rather than pulmonary inflammation [52]. Further, inhalation of 
ozone induced transient DNA damage immediately after inhalation, 
while inflammation was only induced at later time points, when DNA 
damage was no longer observed, this separating DNA damage and 
inflammation in time [53]. 

The effect of GO on the DNA strand breaks in THP-1a cells might be 
explained by increased ROS production, which we have previously 
demonstrated in an acellular assay [10]. Likewise, GO induced DNA 
strand breaks, measured by the comet assay, in fibroblasts and the ef-
fects were due to GO surface charge and oxidative stress [54]. However, 
it should be noted that the description of the comet assay in that study 
suggests the use of 0.1 % agarose in the gel, which is an unusually low 
percentage and even 0.4 % (final concentration) is too fragile to be 
recommended for use in the comet assay [55]. A recent study by Burgum 
et al. further supported that the genotoxicity of GO nanomaterials, 
quantified by cytokinesis-blocked micronucleus assay, is oxidative stress 
dependent, with decreasing levels following N-acetylcysteine 
pre-treatment of the cells [56]. The authors reported that a co-culture of 

epithelial cells and macrophages revealed genotoxic effects, indicating 
that the involvement of secondary genotoxicity [56], which is not 
possible to detect in mono-cultures [56]. Similarly to what we observed 
with MWCNT [22], the genotoxicity in THP-1a cells is concordant to 
that in vivo following exposure of mice to ENM, following three days 
exposure. 

5. Conclusion 

In this study, we assessed the pro-inflammatory response and geno-
toxicity caused by flake engineered nanomaterials on alveolar epithelial 
cells and macrophages, and integrated the in vitro response to previ-
ously published in vivo data. Strong in vitro-in vivo correlations of in-
flammations were observed only with doses normalized against ENM 
surface area and Bentonite produced the strongest pro-inflammatory 
response in cells and mice. In addition, concordance in DNA strand 
breaks was observed between THP-1a cells and BAL cells from mice at 
day 3 following intra-tracheal instillation. 
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