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A B S T R A C T   

Carbon nanotubes (CNTs) were the first nanomaterials to be evaluated by the International Agency for Research 
on Cancer (IARC). The categorization as possibly carcinogenic agent to humans was only applicable to multi- 
walled carbon nanotubes called MWCNT-7. Other types of CNTs were not classifiable because of missing data 
and it was not possible to pinpoint unique CNT characteristics that cause cancer. Importantly, the European 
Commission’s Joint Research Centre (JRC) has established a repository of industrially manufactured nano-
materials that encompasses at least four well-characterized MWCNTs called NM-400 to NM-403 (original JRC 
code). This review summarizes the genotoxic effects of these JRC materials and MWCNT-7. The review consists of 
36 publications with results on cell culture experiments (22 publications), animal models (9 publications) or both 
(5 publications). As compared to the publications in the IARC monograph on CNTs, the current database rep-
resents a significant increase as there is only an overlap of 8 publications. However, the results come mainly from 
cell cultures and/or measurements of DNA strand breaks by the comet assay and the micronucleus assay (82 out 
of 97 outcomes). A meta-analysis of cell culture studies on DNA strand breaks showed a genotoxic response by 
MWCNT-7, less consistent effect by NM-400 and NM-402, and least consistent effect by NM-401 and NM-403. 
Results from other in vitro tests indicate strongest evidence of genotoxicity for MWCNT-7. There are too few 
observations from animal models and humans to make general conclusions about genotoxicity.   

1. Introduction 

Carbon nanotubes (CNTs) are tubes with diameters that are most 
often less than 100 nm and as such are considered to be nanomaterials. 
Depending on the type of material, the length can be a few hundred 
nanometers up to tens of micrometers. This fiber-like structure has some 
resemblance to the physical structure of asbestos fibers, which has led 
particle toxicologists to suspect that CNTs could be carcinogenic by 
similar mechanisms of action as asbestos. Likewise, asbestos has been 
used as reference materials or positive control in studies on CNT-induced 
genotoxicity and cancer. However, electron microscope images of CNTs 
typically reveal tubes that are shorter, thinner, curved and even entan-
gled as compared to the needle-shape of certain asbestos materials [1]. 
The CNTs are segregated into multi-walled carbon nanotubes 
(MWCNTs), single-walled carbon nanotubes (SWCNTs) and carbon 
nanofibers. Double-walled carbon nanotubes fall into the group of 
MWCNTs, although they are sometimes regarded as a separate group 

[2]. Human exposure to CNTs occurs in every part of the materials’ 
lifecycle, including occupational exposure during research and devel-
opment, primary production of the CNTs, and secondary production of 
advanced materials such as composite [3]. Exposure by other jobs than 
production (e.g. maintenance or repair of equipment), consumer prod-
ucts, environmental release and waste disposal are also possible, 
although research, development and production are considered to be the 
most important sources of exposure [3]. Non-occupational exposures to 
CNTs should also be taken into account as even strong associations may 
be observed in epidemiological studies. For instance, a recent study 
showed elevated risk of malignant melanoma in women by environ-
mental exposure to asbestos (relative risk = 2.9, 95 % confidence in-
terval: 0.7–9.1) or had been living with persons who were employed in 
jobs with asbestos exposure (relative risk = 10.5, 95 % confidence in-
terval: 5.5–19.4) [4]. 

The International Agency for Research on Cancer (IARC) has 
concluded that there is sufficient evidence of carcinogenicity in humans 
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for asbestos exposure (Group 1) [5]. The same is true for fibers like 
erionite and fluoro-edenite, which are mainly based on observational 
evidence of cancers in the human population [2,5]. In contrast, IARC 
concluded that the evidence of carcinogenicity of CNTs was limited; one 
type of material called MWCNT-7 (or sometimes Mitsui XNRI MWNT-7 
or just Mitsui-7 from the name of the original manufacturer and product) 
was categorized in Group 2B as possibly carcinogenic to humans [2]. 
MWCNT-7 consists of relatively thick (i.e. 75− 110 nm) and long (length 
3− 6 μm) fibers. Other MWCNTs and SWCNTs were not classifiable as to 
their carcinogenicity to humans (Group 3). Table 1 summarizes the 
long-term studies on MWCNT exposure, demonstrating a consistency in 
carcinogenic potential of MWCNT-7 between animal studies [6–13]. 
Observations on other types of MWCNTs have not been reproduced by 
independent laboratories [14–17]. A detailed review from the members 
of the IARC monograph subgroup on mechanism of carcinogenicity 
discussed the knowledge gaps in the literature, explaining that 
MWCNT-7 was classified as a carcinogenic agent because there was 
evidence of tumor formation in animal bioassays, but there was insuf-
ficient mechanistic evidence [18]. The mechanistic evidence of carci-
nogenicity such as genotoxicity was more developed for other types of 
CNTs, but there were no animal bioassays on cancer endpoints or 
read-across studies on mechanisms of action to support a conclusion that 
other CNTs are similar to MWCNT-7 and therefore carcinogenic by 
structural similarity. 

The mechanisms of fiber-induced lung cancer and mesothelioma are 
persistent inflammation, oxidative stress, cell injury and repair, trig-
gering DNA damage, mutations and/or chromosomal damage [18]. 
Many studies have used CNTs that are not commercially available [19]. 
As an example, PARTICLE_RISK was one of the first multidisciplinary 
projects funded by the European Commission’s Framework Program 6 
with focus on nanotoxicology and thoroughly characterized a SWCNT 
material [20]. This particular SWCNT caused oxidative stress, inflam-
mation and genotoxicity in mammalian cells and mice [21–25]. How-
ever, the sample of SWCNTs is no longer available and the results cannot 
be reproduced by other researchers who may desire to use it as reference 
material. Arguably, it is not ideal that projects start from scratch by 
selecting new CNTs and spend valuable resources on characterization of 
the material before toxicology studies can begin. This seems to have 
been anticipated by the European Commission as its Joint Research 
Centre (JRC) has established a repository of industrially manufactured 
nanomaterials, which can be distributed world-wide for safety testing 
and research [26]. The materials have been characterized in the Orga-
nization for Economic Co-operation and Development (OECD) Testing 
Program and several EU funded research projects on hazards of nano-
materials [27]. The 400-series of the JRC materials are CNTs with 
different physical and chemical characteristics [28]. The first four 
samples (i.e. NM-400 to NM-403) are MWCNTs. MWCNT-7 is not 
included in the list of JRC repository of nanomaterials. However, the 
producer has given relatively large batches of the material to researchers 
for toxicity testing. For instance, the National Research Centre for the 
Working Environment (NRCWE) in Denmark received a batch, which 
has been used in several research projects under the name of 
NRCWE-006. A different batch of the same Mitsui product has been used 
by researchers in USA under the name of Mitsui-7. This material has 
been shown to be carcinogenic in mice and rats after intraperitoneal 
injection [6,7,10], and in rats after pulmonary exposure [11,12]. 
Therefore, it can be regarded as a positive control for MWCNT-induced 
carcinogenicity. On the same note, it was early on reported that an 
anonymous sample of MWCNTs did not generate mesothelioma in rats, 
using injection of the material into the peritoneal cavity, whereas in-
jection of crocidolite (2 mg/rat, positive control) was associated with 
approximately ten-fold increased risk of mesothelioma [17]. Unfortu-
nately, the situation is a bit complicated because the material is not 
completely identical to any material in the JRC repository, although 
NM-400 (also called Nanocyl NC7000) is almost identical to the material 
that was used in the cancer study [19]. Thus, NM-400 can be considered 

as a negative MWCNT control in terms of mesothelioma. It is not known 
whether NM-400 causes tumors in the lung following airway exposure, 
but a recent study using MWCNTs with similar dimension (diame-
ter = 7.4 nm, length = 1.0 μm) as NM-400 (diameter = 10− 16 nm, 
length = 0.8− 1.5 μm) showed increased incidence of lung tumors after 
exposure by intra-tracheal intra-pulmonary spraying (TIPS) in rats [16]. 
In a study on four relatively long (8− 10 μm) tailor-made MWCNTs, 
Rittinghausen and co-workers noted that thick fibers (i.e. diame-
ter = 85 nm) had higher carcinogenic potential than thin fibers (diam-
eter = 37 nm) [15]. In essence, the long and thick fibers had a 
needle-like shape, which hampers the removal of fibers from the peri-
toneal cavity and causes persistent inflammation, oxidative stress, tissue 
damage and genotoxicity that drives the development of tumors [29]. In 
addition, it has been described that CNTs can interact with the mitotic 
apparatus and cause centrosome fragmentation, which can give rise to 
an abnormal number of chromosomes (aneuploidy) in dividing cells [30, 
31]. 

In this article we have reviewed the literature on genotoxicity of 
MWCNTs in the JRC repository as well as MWCNT-7 in mammalian cells 
and laboratory animals. Table 2 outlines physical dimensions of the 
MWCNTs. In Table 2 and the main text, the MWCNTs are ordered ac-
cording to the physical dimensions and knowledge about carcinoge-
nicity. In one end there is MWCNT-7 (i.e. considered to be possibly 
carcinogenic to humans by IARC), while NM-400 is in the opposite end 
of the panel because cancer was not observed after long-term exposure 
in rats [17]. Overall, MWCNT-7 and NM-401 are characterized as thick 
(large diameter), long and straight, whereas NM-400, NM-402 and 
NM-403 are thin (small diameter), short and curved. We have catego-
rized the MWCNTs into fibers that are more likely to be carcinogenic to 
humans (MWCNT-7; and NM-401 due to similar physical characteristic 
as MWCNT-7) and fibers that are less likely to be carcinogenic to humans 
(NM400; and possibly NM-402 and NM-403 due to similar physical 
characteristic as NM-400). It should be stressed that the highlighted 
terms (i.e. more/less likely to be carcinogenic to humans) are useful for the 
binary categorization of the selected panel of MWCNTs, but they are 
somewhat arbitrary descriptors and generalization to all types of pris-
tine and functionalized CNTs is speculative. It is possible that short, thin 
and tangled MWCNTs have particle-like aerodynamic characteristics 
and may cause genotoxicity by the same mechanisms of action as poorly 
soluble low toxicity particles, although it is still debated if this hazard 
occurring at high exposure level is relevant for humans [32]. The present 
review contains first a narrative description of the literature and sub-
sequently a meta-analysis of genotoxic hazards of DNA strand breaks, 
measured by the comet assay. Finally, the overarching conclusions from 
the published data are summarized and discussed. 

2. Literature search 

We selected MWCNT-7 and CNTs in the JRC repository for the review 
of reference materials. As it turns out, there are only toxicological 
studies published on NM-400, NM-401, NM-402 and NM-403. In fact, 
the JRC homepage does not mention other types of CNTs in the 400-se-
ries. JRC recently issued an updated list of nanomaterials with a number 
of CNTs and a new identification number system (see Table 2 for de-
tails). JRC also had a material called NM-411 (a type of SWCNT). NM- 
411 has been used in certain projects, but it is not included on the 
updated JRC list of nanomaterials. The authors of the present review 
have conducted studies on NM-411 [33]. However, it is not included in 
the review because it is the only study published on NM-411. 

We used mainly the PubMed database for the identification of papers 
using this combination of terms “(Carbon nanotube OR Carbon nano-
tubes OR CNT OR SWCNT OR SWCNTs OR MWCNT OR MWCNTs OR 
MWCNT-7 OR NM-400 OR NM-401 OR NM-402 OR NM-403 OR NM- 
411 OR Nanocyl NC7000 OR Graphistrength C100)” AND “(Genotox-
icity OR DNA damage OR Oxidative DNA damage OR Comet assay OR 
Strand breaks OR 8-oxodG OR 8− OHdG OR Micronucleus assay OR 
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Table 1 
Lung cancer and malignant mesothelioma in rats and mice by exposure to carbon nanotubes.  

Material Exposure Mesothelioma Lung cancer incidence Onset (death) Reference 

MWCNT-7 (Lot 
06125-01k) 

3 mg once by i.p. 
injection in male p53+/−

mice and sacrifice at 25 
week post-exposure 

Vehicle: 0/19 

Not reported 

Early onset of mortality 
by mesothelioma (day 84 
post-exposure) in 
MWCNT-7 group 

Takagi 2008 [6] Fullerene: 0/19 
3 mg: 14/16 
Crocidolite: 14/18 

MWCNT-7 (Lot 
06125-01k) 

3, 30 or 300 μg by i.p. 
injection in male p53+/- 

mice and sacrifice at one- 
year post-exposure 

Vehicle: 0/19 

Not reported 
Onset of mortality by 
mesothelioma was not 
dose-dependenta 

Takagi 2012 [7] 
3 μg: 5/20 
30 μg: 17/20 
300 μg: 19/20 

MWCNT-7 
(XNRI- 
05072001- 
K28) 

1 mg/kg once a week for 
4 weeks (total 
dose = 4 mg/kg) by 
oropharyngeal aspiration 
in wild-type C57BL/6 and 
p53+/- mice (mixed males 
and females). Sacrifice at 
11 months post-initial 
exposure 

Wild type: Wild type: Two p53+/-− mice in the 
exposure group died 
before the end of follow- 
up (unknown cause; 
another mouse in the 
exposure group was 
excluded due to 
development of alveolar 
proteinosis) 

Duke 2018 [8] 

Vehicle: 0/10 Vehicle: 0/10 
4 mg/kg: 0/8 4 mg/kg: 0/8 
p53+/− mice: p53+/− mice: 
Vehicle: 0/14 Vehicle: 0/14 

4 mg/kg: 0/5 4 mg/kg: 0/5 

MWCNT-7 (Lot 
06125-01k) 

0.24 mg (or 0.47 for 
crocidolite) by 
intrascrotal injection in 
male F344 rats and 
sacrifice by one-year 
post-exposureb 

Vehicle: 0/5 

Not reported 

Early onset of mortality 
at weeks 37− 50 (5 out of 
7 rats in the MWCNT-7 
group) 

Sakamoto 2009 [9] 

0.24 mg: 6/7 

Crocidolite: 0/10 

MWCNT-7 (Lot 
06122-02, 
called NT50a) 

0.5 or 5 mg twice a week 
by i.p. injection in F344/ 
Brown Norway F1 hybrid 
rats (both sexes) for 1 
week and sacrifice 1 year 
post-exposure (total 
dose = 1 or 10 mg) 

Vehicle: 0/23 

Not reported 

Week 30 (1 mg; onset of 
premature death in high- 
dose group is not 
reported) 

Nagai 2011 [10] 

1 mg: 13/13 

10 mg: 43/43c 

MWCNT-7 

125 μg by TIPS once a 
week for 12 weeks (total 
dose = 1.5 mg) in male 
F344 rats and sacrifice at 
week 104b,d 

Vehicle: 0/15 

Not reported 

Shorter survival in the 
MWCNT-7 group 
(average = 79 weeks) 
compared to crocidolite 
and vehicle groups 
(average = 102 weeks)e 

Numano 2019 [11] 

1.5 mg: 18/19 

Crocidolite: 0/19 

MWCNT-7 (Lot 
08126 until 
week 88 and 
then Lot 
071223) 

0.02, 0.2 or 2.0 mg/m3 

by inhalation (6 h/day 
and 5 days/week) for two 
years in male F344 ratsb 

Vehicle: 0/100 Vehicle: 5/100 Exposure did not affect 
the survival of the rats, 
although it caused 
pulmonary inflammation 
and tissue damage in the 
lungs 

Kasai 2016 [12] 

0.02: 3/100 0.02: 4/100 
0.2: 1/100 0.2: 17/100 

2.0: 1/100 2.0: 27/100 

MWCNT-7 (Lot 
061220-31)f 

5 mg/m3 by inhalation 
(5 h/day, for 15 days; 
total deposited 
dose = 31.2 μg) in male 
B6C3F1 mice. Sacrifice 
by 17 months post- 
exposure 

Vehicle: 0/56 Vehicle: 13/56 MCA exposure by i.p. 
injection increased the 
lung tumor rate (13/49). 
MCA and MWCNT co- 
exposed mice had very 
high lung tumor rate (38/ 
42). The same tendency 
was observed for 
mesothelioma (MCA: 1/ 
49; MCA and MWCNT co- 
expose: 5/42) 

Sargent et al., 2014 [13] 5 mg/m3: 0/54 5 mg/m3: 13/49 

MWCNT 
(Nikkiso, 
Tokyo, 
Japan)g 

125 μg by TIPS (eight 
times over two weeks; 
total dose = 1.0 mg) in 
male F344 rats and 
sacrifice at week 109b,d 

Vehicle: 0/28 Vehicle: 0/28 
Early onset of mortality 
in MWCNT exposed rats 
(week 64) 

Suzui 2016 [14] 1 mg: 6/38 1 mg: 14/38 

Tailor-made 
MWCNTh 

0.05− 3.0 mg by i.p. 
injection in male Wistar 
Han rats and sacrifice by 
two years 

Vehicle: 1/50 

Not reported 

Early onset of mortality 
in all groups of MWCNT 
exposed rats (5− 24 
months post-exposure) 

Rittinghausen 2014 [15] 

A (0.2): 49/50 
A (1.0): 45/50 
B (0.6): 46/50 
B (3.0): 45/50 
C (0.08): 42/50 
C (0.4): 47/50 
D (0.05): 20/50 
D (0.25): 35/50 
Amosite: 33/50 

MWCNTs (called 
type A and B)i 

62.5 or 125 μg once a 
week for 8 weeks by TIPS 
(total dose = 0.5 or 
1 mg/ray) in male F344 
rats and sacrifice by two 
yearsb,d 

Vehicle: 0/19 Vehicle: 1/19 
All rats survived. Higher 
incidence of hyperplasia 
in rats that were exposed 
to MWCNT-B 

Saleh 2020 [16] 

A (0.5): 0/20 A (0.5): 5/20 
A (1.0): 0/20 A (1.0): 4/20 
B (0.5): 0/20 B (0.5): 5/20 
B (1.0): /20 B (1.0): 7/20* 
Crocidolite: 0/20 Crocidolite: 3/20 

(continued on next page) 
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Micronuclei OR Chromosome aberrations OR Sister chromatid ex-
changes OR Mutation OR Mutations)” AND “(Human OR Humans OR 
Rat or Rats OR Mice OR Mouse OR Guinea pig OR Hamster OR 
Mammalian cells OR BEAS-2B OR A549 OR CHO OR Lymphocytes OR 
THP-1 OR HepG2 or HK-2 OR Fibroblasts OR Liver, OR Lung OR Spleen 
OR Kidney OR Mesothelial cells)”. We used the same terms in the Google 
search engine to collect studies on genotoxicity of CNTs that may be 
missed in PubMed database (e.g. governmental or non-governmental 
reports, academic theses or scientific journals that are not indexed in 
PubMed). The European Union has funded several projects where gen-
otoxicity of CNTs has been tested, but apparently without reporting the 
results in scientific journals. In particular, we know of test results from 
both in vitro and animal studies on MWCNTs from the NANOGENOTOX 
project, which ended in 2013. The exposure conditions and results are 
not similar to other published data, suggesting that these results have 
not been published [34,35]. Only publications in English language, 
describing DNA damage in mammalian cells, were included in the re-
view. Fig. 1 shows the result of the PubMed search and outcomes that 
have been used in the review. The titles (first step) and abstracts (second 
step) were used as information for selecting relevant publications. Other 
publications were already selected for the database because they have 
been included in previous reviews on the genotoxic hazard of CNTs [18, 
19,36]. Supplementary Tables S1-S10 contain information about the 

included studies as well as studies that are not included in the review. 

3. Assessment of studies 

We have included studies on genotoxicity endpoints in mammalian 
cells, using assays that are recommended by OECD as guideline tests and 
certain assays for genotoxicity that are not included in the panel of 
OECD guideline tests (i.e. Pig-A assay, γH2AX and oxidative damage to 
DNA by the comet assay). It should be emphasized that the criterion for 
adoption of an assay in the panel of OECD guideline tests is rooted more 
in hazard identification than risk assessment. For instance, mutagenicity 
in Salmonella tester strains is one of the most important OECD guideline 
tests. In addition, it is important to keep in mind that none of the OECD 
guideline tests completely predicts the carcinogenic hazard. Using OECD 
guideline tests, which detect different genotoxic mechanisms of action, 
is a clever strategy to assess the hazard of new materials [37]. 

The exposure to particles produces a pro-oxidative and pro- 
inflammatory milieu in cells and tissues, which may give rise to oxida-
tive damage to DNA [38]. The most predominant lesion is 8-oxo-7, 
8-dihydroguanine-2′-deoxyguanosine (8-oxodG), which has been 
measured by chromatographic, enzymic and antibody-based assays 
[39]. There is a risk of spurious DNA oxidation by the chromatographic 
assays and it is therefore recommended to dismiss results if background 

Table 1 (continued ) 

Material Exposure Mesothelioma Lung cancer incidence Onset (death) Reference 

MWCNT (similar 
to the NM-400 
JRC material) 
without (-) or 
with (+) 
defects 

2 or 20 mg by i.p. 
injection and sacrifice by 
2 years in male Wistar 
rats 

Vehicle: 1/26 

Not reported 

Crocidolite (2 mg) and 
MWCNTs (20 mg) 
elicited the same 
inflammatory response in 
the peritoneal cavity 

Muller 2009 [17] 

2 mg (+): 2/50 
20 mg (+): 0/50 
20 mg (-): 0/50 

Crocidolite: 9/26  

a Mathematical modelling of the data and the earlier publication by Takagi et al., 2008 [6] indicated onset of mortality at day 126, 146, 148 and 138 in exposure 
groups of 3, 30, 300 and 3000 μg/mouse. 

b Called from F344/DuCrlCrj or F344/Crj on the Charles River Japan web-side. 
c Seventeen rats died within a few days after i.p injection. Other type of materials included NT50b with similar fiber characteristic as MWCNT-7 (6 out of 6 rats 

developed mesothelioma by 10 mg), NT145 with wider diameter than MWCNT-7 (5 out of 29 and 28 out of 30 rats developed mesothelioma by 1 and 10 mg, 
respectively), and a tangled type of MWCNT-7 (0 out of 15 rats developed mesothelioma). A subgroup of 6 rats were followed up to 3 years after i.p. injection of tangled 
MWCNTs (10 mg/rat) without developing mesothelioma [158]. 

d Trans-tracheal intra-pulmonary spraying (TIPS) is a method where a syringe with a very narrow tip is inserted into the trachea and MWCNT suspension is sprayed 
into the lungs synchronously with the spontaneous inspiration of air. 

e Lack of lung tumors (adenoma and adenocarcinoma) in the MWCNT-7 group is explained by the early onset of mortality (beginning at week 47) due to malignant 
melanoma. 

f The study is a 2 × 2 factorial design with a tumor initiator (methylcholanthrene, MCA) treatment by i.p injection one week prior to MWCNT exposure (inhalation). 
Overall, the results demonstrate a tumor promotor rather than initiator mechanism of action by MWCNT-7. 

g The exposure groups encompassed unfiltered samples, flow-through fibers and filter-retained fibers. These were pooled in the original publication and in the table. 
The dimension of the MWCNTs is similar to MWCNT-7 (i.e. average length of 4.2 μm before filtration, 30− 100 nm in diameter). 

h Doses were based on the number of fibers (1 or 5 × 109 fibers/rat) rather than mass. The materials are called A (length: 8.6 μm, diameter: 85 nm), B (length: 
9.3 μm, diameter: 62 nm), C (length: 10 μm, diameter: 40 nm), D (length: 7.9 μm, diameter: 37 nm) and amosite (dose: 1.4 mg, length: 14 μm, diameter: 394 nm). 

i The samples were characterized as “straight” (MWCNT-A, length: 5.5 μm, diameter: 150 nm) and “tangled” (MWCNT-B, length: 5.1 μm, diameter: 7.4 nm). 

Table 2 
Physico-chemical characteristics of multi-walled carbon nanotube reference materials.  

Type Diameter Length Dimension Surface area Contaminants 

MWCNT-7a 75− 110 nm 3− 6 μm Straight 26 m2/g 0.4 % (Na, Fe, P and O) 
NM-401 67 nm 4 μm Straight 18 m2/g 0.3 % (Na, Fe, S, P, O) 
NM-402 10− 14 nm 1.4 μm Curved 226 m2/g 3.9− 7% (Al, O, Fe, S, P) 
NM-403 10− 17 nm 0.4 μm Curved 135− 189 m2/g 0.9 % (Mg, Mn, Al, O, P) 
NM-400b 10− 16 nm 0.8− 1.5 μm Curved 245− 300 m2/g 10− 16% (Al, O, Fe, Na, S) 

Information abstracted from [19]. The materials are labeled according to the original JRC identification codes. The new codes are JRCN0401a (same as NM-401), 
JRCN0402a (same as NM-403) and JRCN0400a (same as NM-400). The updated list of nanomaterials is available on JRC homepage: https://ec.europa.eu/jrc/sit 
es/jrcsh/files/JRC%20Nanomaterials%20Repository-List%20of%20Representative%20Nanomaterials-201606.pdf. 

a Samples called Mitsui XNRI MWNT-7 (Mitsui-7) and NRCWE-006 are similar batches of the same product as MWCNT-7. 
b Samples called Nanocyl NC7000 and NRCWE-026 are similar batches of the same product as NM-400. 
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levels of 8-oxodG are higher than five lesions per million 2′-deoxy-
guanines [40,41]. The enzymic detection of oxidatively damaged DNA is 
mainly carried out using the comet assay with base excision repair en-
zymes from bacteria (i.e. formamidopyrimidine DNA glycosylase (Fpg)) 
or humans (i.e. 8-oxoguanine DNA glycosylase (hOGG1)). These pro-
cedures do not cause spurious oxidation of DNA, but the quality of the 
enzymic reaction is a general concern [42,43]. The quality of the Fpg- 
and hOGG1-modified comet assays has been regarded as acceptable if 
the publications have stated the producer of the enzyme, reported 
oxidatively damaged DNA as enzyme-sensitive sites (i.e. the 
enzyme-treatment with background level of DNA strand breaks sub-
tracted) and used assay controls that are specific for oxidative damage to 
DNA [44]. Alkylating agents and hydrogen peroxide are considered to 
be unsuitable controls in the enzyme-modified comet assay because they 
do not directly produce DNA oxidation or generate too many DNA strand 
breaks [42]. 

For the meta-analysis of DNA strand break results in cell cultures, we 
have used the standardized mean difference (SMD) because the studies 
have used different units of DNA migration in the comet assay. The SMD 
is calculated as the mean difference between the exposed and control 
group, divided by the pooled standard deviation (SD). We have calcu-
lated SMD and 95 % confidence interval (CI) in random effects models 
using Review Manager 5.4 (The Nordic Cochrane Centre, The Cochrane 

Collaboration). The random effects model assumes that the induction of 
DNA damage effect can vary across studies because of real differences in 
the treatment effect and sampling variability. There will be heteroge-
neity in treatment effects because of differences in cell lines, actual 
magnitude of exposure (e.g. the mass concentration may not adequately 
approximate the dose of MWCNTs to each cell in the experiment), 
exposure duration, and other factors. The random effect model in-
corporates the heterogeneity between studies into the overall effect 
measure. Authors appear to prefer exposures as either mass per volume 
concentration (μg/mL) or mass per surface area concentration (μg/cm2), 
and the conversion from one metric to the other depends on the 
dimension of the exposure flask/well and the applied volume of expo-
sure medium (see Supplementary Table S11 for a summary of the con-
centrations in the articles). We have used categorized concentrations in 
the meta-analysis (level 0 = unexposed; level 1: ≤12.5 μg/mL; level 2: 
>12.5− 25 μg/mL; level 3: >25− 50 μg/mL; level 4: >50− 100 μg/mL; 
level 5: >100 μg/mL). Trends over the exposure groups were analyzed 
by linear regression using the group SMD as dependent variable, group 
concentration level as independent variable, and number of replications 
as weight factor. The regression analysis was carried out in Stata 15.0, 
StataCorp LLC, College Station, Texas, USA. 

4. Genotoxicity tests used in studies on mammalian cells or 
animals 

The database on genotoxic effects by MWCNT exposure encompasses 
endpoints in terms of DNA damage, mutations and chromosomal 
changes. There are advantages and limitations of each of these tech-
niques (Table 3). Combined they provide a continuum of events from 
repairable DNA lesions to irreversible changes. The most popular DNA 
damage tests in particle toxicology are the single cell gel (comet) and 
micronucleus assays [45]. Results from these assays are also highly 
representative in our database on MWCNT genotoxicity studies. Some of 
the genotoxicity tests have been used for a long time and they have high 
status in regulatory toxicology as demonstrated by the adoption of test 
guidelines by OECD. There are OECD test guidelines for the micronu-
cleus assay in both cell cultures [46] and erythrocytes from laboratory 
animals [47]. There is also an OECD test guideline for the in vivo comet 
assay on DNA strand breaks [48]. However, the comet assay is much 
more versatile, encompassing detection of more specific DNA lesions 
such as oxidatively damaged DNA and repair activity. The comet assay 
has been evaluated in the intergovernmental framework called Euro-
pean Cooperation in Science and Technology (COST), which has pro-
duced publications on technical recommendations [49] and guidelines 
for increasing the quality of reporting comet assay conditions and results 
[44]. Detailed guidelines are published on isolation of cells for bio-
monitoring studies, DNA damage measurements, DNA repair activity 
and issues related to the use of the comet assay in molecular epidemi-
ology [50–53]. The γH2AX assay is based on detection of phosphory-
lated histone H2A proteins, which occurs as part of the damage response 
to DNA double strand breaks [54]. As such, it is an indicator of DNA 
damage rather than a true measurement of DNA lesions. However, it is a 
good assay for detecting genotoxic compounds that cause DNA double 
strand breaks directly or indirectly by producing DNA lesions that block 
replication forks [55]. We refer to the γH2AX assay as measuring “DNA 
damage response” because it does not directly measure DNA double 
strand breaks. In vitro mutagenicity assays were among the first methods 
in the OECD guideline test panel on genotoxicity in mammalian cells, 
using the X-chromosome linked hypoxanthine guanine phosphoribosyl 
transferase (Hprt), xanthine-guanine phosphoribosyl transferase transgene or 
thymidine kinase genes in cells from male species [56–58]. Transgenic 
rodent assays for mutations have recently been adopted by OECD as test 
guideline for somatic and germ cell mutations [59]. These include 
MutaMouse and Gpt delta models, which have been used in studies on 
MWCNTs. In vitro models of the same target genes as the in vivo models 
(i.e. LacZ, cII and gpt) have been used in genetic toxicology [60]. The 

Fig. 1. PubMed search and abstracted information on genotoxicity results in 
mammalian cells and animals. The search identified 34 publications and 
another two publications were recently accepted for publications from the 
authors [33,75]. Abbreviations: Fpg-modified comet assay (Fpg), chromosome 
aberrations (CA) and sister chromatid exchanges (SCE). 
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Pig-A gene mutation assay has emerged as a new technique that uses 
flow cytometry for detection of inactivating mutations in the N-acetyl-
glucosamine transfer complex, which is involved in the glyco-
sylphosphatidylinositol cell surface anchors [61]. The OECD test 
guidelines for chromosome aberrations in mammalian cells include both 
tests in cell cultures and specified target tissues such as bone marrow 
and spermatogonia in animals [56,62]. It can be argued that the in vitro 
chromosomal aberration test is more relevant than the in vivo test in 
nanotoxicology as the bone marrow or testis are not direct target tissues. 
The same goes for the mammalian erythrocyte micronucleus assay, 
which was adopted by OECD as guideline test for bone marrow geno-
toxicity [47]. Finally, the sister chromatid exchange assay has been 
deleted from the panel of OECD test guidelines because of a lack of 
understanding of the mechanism(s) of action of the effect detected by 
the test [56]. 

5. Genotoxicity of MWCNTs in cell cultures and animals 

The in vitro studies on genotoxicity encompass a number of cell types 
that may have been selected as a model of the presumed target tissue or a 
cell type that can be used for a specific genetic endpoint. Table 4 sum-
marizes characteristics of the cell types that have been used in studies on 
MWCNT reference materials. Lung epithelial cells (BEAS-2B, A549 and 
FE1-MML) and monocytic cells (primary human lymphocytes, non- 
stimulated THP-1 or activated THP-1 cells (THP-1a)) have been the 
most widely used cell types for assessment of genotoxicity of MWCNT 
reference materials. The animal models on pulmonary MWCNT expo-
sure encompass mice and rats. 

5.1. Genotoxicity of MWCNT-7 

Genotoxic effects of MWCNT-7 have been assessed in 14 cell culture 
studies (Supplementary Table S1) and 8 animal studies (Supplementary 
Table S2). The first study on the genotoxicity of MWCNT-7 was done in 
Chinese hamster ovary cells using the chromosome aberration, micro-
nucleus and Hprt mutation assays [63]. The experiments did not indicate 
structural aberrations, whereas there was increased frequency of poly-
ploidy. Similarly, there were more bi-nucleated and multi-nucleated 
cells in the micronucleus assay, whereas the number of micronuclei 
was only increased when the results were assessed as a 
concentration-response relationship using the Cochran-Armitage test. It 
should be noted that the results come from a single experiment and 
therefore do not take experimental variation into account. The same 
limitation pertains to the test for mutagenicity, which was considered to 
be a negative response because the mutation rate was less than 2-fold 
[63]. Nevertheless, the results suggested that MWCNT-7 exhibited 
similar genotoxicity as chrysotile asbestos, whereas both types of fibers 
had markedly lower genotoxicity than the positive controls (i.e. mito-
mycin C and ethyl methanesulfonate) in the assays. The same authors 
later reproduced the results on the chromosomal aberration assay, 
demonstrating that MWCNT-7 exposure in Chinese hamster ovary cells 

Table 3 
Genotoxicity tests used in mammalian cell studies on carbon nanotubes.  

Test Description Pros (advantages) Cons 
(disadvantages) 

Comet assay 
(DNA strand 
breaks and 
enzyme- 
sensitive 
sites) 

Measures DNA 
damage by single 
cell gel 
electrophoresis. 

Inexpensive, fast, 
can be used on all 
types of cells and 
tissues from 
mammalian 
species. 

Uncertain about the 
type of lesions 
detected by the 
standard comet 
assay. OECD guideline 

for in vivo test 
(No 489). 

Oxidatively 
damaged (e. 
g. 8-oxoGua 
or Fpg- 
sensitive 
sites) 

Measures by 
chromatographic 
assays (or 
antibody-based 
methods). 

Specific pro- 
mutagenic lesion, 
can be measured 
in animal tissues, 
can be used in 
humans. 

Spurious oxidation 
of DNA 
(chromatographic 
assays) and 
unspecific antibody 
binding produce 
high background 
levels. 

Enzyme-modified 
comet assay has 
been tested in 
validation trails 

Not an OECD TG 
test. 

DNA damage 
response 
(γH2AX 
assay) 

Measures 
phosphorylated 
histones by 
antibody-based 
assays. 

Double strand 
breaks are 
potentially very 
hazardous to 
cells. 

Is only an indicator 
assay for DNA 
damage response 
(double strand 
breaks or lesions 
that cause stalling of 
replication forks). 

Can be used in 
cells from 
humans. 

Not an OECD TG 
test. 

HPRT 
mutation 
assay 

Measures 
mutations (e.g. 
base pair 
substitutions, 
frameshifts, small 
deletions and 
insertions) 

Can be used on 
lymphocytes 
from humans 
(biomonitoring 
studies). 

Used only on males 
(X-linked reporter 
genes). 

OECD TG for the 
in vitro test (No. 
476). 

Transgenic 
rodent 
mutation 
assays (LacZ, 
cII, gpt) 

Measures 
mutations (e.g. 
base pair 
substitutions, 
frameshifts, small 
deletions and 
insertions) 

Can be used on 
both males and 
females. 

Can only be used in 
genetically modified 
mice or rats. 

OECD guideline 
for the in vivo test 
(No. 488) 

High spontaneous 
mutation rate 

Pig-A assay 

Measures 
mutations in the 
Pig-A gene that 
inhibits the 
synthesis of GPI cell 
surface anchors 

Applicable to in 
vitro studies, 
animals and 
human 
biomonitoring 
studies. 

Restricted to effects 
in the bone marrow. 

Applicable in 
both males and 
females. 

Not an OECD TG 
test. 

Micronucleus 
assay 

Measures changes 
to chromosomes or 
mitotic spindle 
apparatus 

Faster than 
chromosome 
aberration tests. 

Requires actively 
proliferating cells, 
only OECD TG for 
erythrocytes in vivo 

Can be used in 
cells from 
humans. 
OECD TG for in 
vitro (No. 487) 
and in vivo (No. 
474) tests. 

Sister 
chromatid 
exchanges 

Measures 
reciprocal changes 
of DNA between 
sister chromatids 

Can be used in 
humans. 

Not used anymore 
for regulatory 
purposes (deleted 
from the list of 
OECD TG tests) 

Chromosome 
aberrations 

Measures changes 
to the 
chromosomes that 

Can be used in 
whole organisms, 
including 

Requires 
proliferation of 
cells.  

Table 3 (continued ) 

Test Description Pros (advantages) Cons 
(disadvantages) 

may result from 
clastogenic events 

humans (i.e. 
lymphocytes). 
OECD TG for the 
in vitro assay (No. 
473) 

Time consuming. 

Information in the table has been collected from various articles, including 
OECD technical guideline (TG) on the comet assay [48], micronucleus assay [46, 
47], hypoxanthine-guanine phosphoribosyl transferase (HPRT) assay [57], 
chromosome aberrations [62], transgenic rodent mutation assays [59]. Infor-
mation on the Pig-A assay has been abstracted from a review by Olsen et al. 2017 
[61]. GPI: glycosylphosphatidylinositol. 
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led to polyploidy, whereas structural chromosome aberrations were not 
seen [64]. Studies on breast cancer cells indicated that the induction of 
binucleated cells was predominantly caused by the fraction of long 
MWCNT-7 fibers (20 μm), whereas short fibers (5 μm) did not cause 
impairment of cytokinesis [65]. These effects on the chromosome 
number have also been independently reproduced by other researchers 
using lung cells [66,67]. Other studies using the micronucleus test have 
shown mixed results, including one study showing increased frequency 
of micronuclei in A549 cells (including increased number of sister 
chromatid exchanges) [68], increased micronucleus frequency at low 
exposure concentrations in human lymphocytes and BEAS-2B cells [69, 
70], no effect in A549 mono-cultures (although an increase in micro-
nucleus frequency in A549 and THP-1a co-cultures was found) [71], and 
decreased number of micronuclei in BEAS-2B cells [72]. Fukai et al. 
reported increased mutagenicity in both mono-cultures of lung fibro-
blasts and co-cultures of fibroblasts and RAW264.7 monocytes [73]. 

The effect of MWCNT-7 exposure on DNA strand breaks has been 
tested in five studies on A549, THP-1 and FE1 MutaMouse lung (MML) 
epithelial cells [33,71,72,74,75]. Mixed results have been obtained with 
reports of no effect [71,74], inconsistent results between cell types (i.e. 
unaltered levels of DNA strand breaks in A549 cells and only a genotoxic 
effect at high concentration in THP-1a cells) [75], and increased levels 
of DNA strand breaks [33,72]. The exposure to MWCNT-7 increased the 
DNA damage response (γH2AX assay) in BEAS-2B cells [70]. Levels of 
oxidatively damaged DNA have been investigated in some studies, 
showing positive responses on 8-oxodG and no effect on Fpg-sensitive 
sites in cell cultures [71,73]. 

Studies on laboratory animals have shown unaltered mutagenicity in 
lung tissue after intratracheal (i.t.) instillation of 1 mg/kg in rats using 
the gpt assay [76]. There was also unaltered mutagenicity in lung tissue 
after i.t. instillation of 36 or 109 μg per mouse once a week for 4 weeks 
[77]. However, increased number of mutations was observed in lung 
tissue of gpt delta mice after four i.t. instillations (200 μg/mouse), 
whereas fewer i.t. instillations did not produce a mutagenic effect [68]. 
Other in vivo effects relate only to detection of DNA strand breaks and 
oxidatively damaged DNA in lung tissue after exposure by inhalation or 
i.t. instillation. Kato et al., observed a dose-dependent increase in levels 
of DNA strand breaks in lung tissue of ICR mice after i.t. instillation of 50 
or 200 μg [68]. Three other studies have found unaltered levels of DNA 
damage response (i.e. γH2AX assay) and DNA strand breaks (comet 
assay) in lung tissue after pulmonary exposure to MWCNT-7 [72,77,78]. 
Increased levels of DNA strand breaks has been observed in bron-
choalveolar lavage fluid cells after i.t. instillation of 18, 54 and 
162 μg/mouse [75]. One study has shown increased level for oxidatively 
damaged DNA, measured by the Fpg- and hOGG1-modified comet assay, 

in lung tissue after i.t. instillation of 4 or 40 μg/mouse once a week for 
10 weeks [78]. 

Pulmonary exposure to MWCNT-7 has not caused systemic geno-
toxicity as demonstrated by unaltered levels of DNA damage response by 
the γH2AX assay in blood mononuclear cells or micronucleated poly-
chromatic erythrocytes [72], micronuclei in erythrocytes [66], muta-
tions in the Pig-A assay in erythrocytes [76], and DNA strand breaks in 
the liver and spleen [79]. 

5.2. Genotoxicity of NM-401 

Genotoxic effects of NM-401 have been assessed in eight cell culture 
studies (Supplementary Table S3) and four animal studies (Supple-
mentary Table S4). Studies using the micronucleus assay have indicated 
a genotoxic effect in BEAS-2B cells at concentrations between 5− 50 μg/ 
mL [80]. Another study showed unaltered levels of micronuclei in 
BEAS-2B, whereas there was increased number of micronuclei in A549 
cells at a concentration of 256 μg/mL [81]. In addition, there was no 
effect on the formation of micronuclei in primary human lymphocytes 
(2.5− 256 μg/mL) [69]. One study has reported that NM-401 caused 
mutagenicity in Chinese hamster lung fibroblasts (V79) [82]. Studies in 
cell cultures have indicated no effect on DNA strand break levels [74,75, 
81,83] or a modest effect without a concentration-response relationship 
in FE1-MML lung epithelial cells [33]. 

In vivo studies have shown significant and dose dependent increased 
levels of DNA strand breaks in lungs at 24 h after i.t. instillation of 18, 54 
or 162 μg/mouse [84]. Another study showed increased level of DNA 
strand breaks, but unaltered mutagenicity, in the lungs of mice after i.t. 
instillation of 26 or 78 μg/mouse [77]. A study in rats showed equivocal 
results on the generation of DNA strand breaks in lung tissue after 
inhalation (0.5 or 1.5 mg/m3 by nose-only, 6 h/day, 5 days/week for 4 
weeks) or i.t. instillation (180 or 540 μg per rat) of NM-401 [85]. There 
were unaltered levels of DNA strand breaks in the liver and spleen 1-year 
post-exposure to a dose of 54 μg/mouse by i.t. instillation [79]. 

5.3. Genotoxicity of NM-402 

Genotoxic effects of NM-402 have been assessed in six cell culture 
studies (Supplementary Table S5) and three animal studies (Supple-
mentary Table S6). Two studies have assessed the formation of micro-
nuclei in cell cultures; Tavares et al. showed no effect in human primary 
lymphocytes at concentrations up to 256 μg/mL [69], whereas Louro 
et al. showed increased micronuclei formation in A549 cells (2-fold at 
the same concentration), but not in BEAS-2B cells [81]. in vitro studies 
have found mainly statistically non-significant effects on levels of DNA 

Table 4 
Summary of characteristics of cells that have been used in genotoxicity studies on MWCNT reference materials.  

Name Cell type (tissue) Disease Sex Biosafety levela MWCNT 

CHL/IU (Chinese hamster) Fibroblast (lung) Normal Female 1 MWCNT-7 
GDL1 (mice) Fibroblast (lung) Normal Female 2 MWCNT-7 
MDA-435 (human) Melanocyte (mammary breast/gland) Melanoma Female 1 MWCNT-7 
AA8 (Chinese hamster) Epithelial (ovary) Normal Female 1 MWCNT-7 
BEAS-2B (human) Epithelial (bronchus) Normal Male 2 All 
A549 (human) Epithelial (lung) Carcinoma Male 1 All 
SAEC (human) Epithelial (lung) Normal Batch specific 1 MWCNT-7 
THP-1 (human) Monocyte (or macrophage) Acute monocytic leukemia Male 1 MWCNT-7, NM-401, NM-402, NM-403 
RAW 264.7 (mouse) Monocyte (or macrophage) Ascites Male 2 MWCNT-7 
V79 (Chinese hamster) Fibroblast (lung) Normal Male 1 NM-401 
HepG2/C3A (human) Epithelial (liver) Hepatocellular carcinoma Male 1 NM-400, NM-402 
HK-2 (human) Proximal tubule (kidney) Papilloma Male 2 NM-400, NM-402 
3-KT (human) Epithelial (bronchus) Normal Female 2 NM-400 
Lymphocytes (human) Lymphocyte Normal Batch specific 1 All 
FE1-MML (mouse) Epithelial (lung) Normal Male 1 All  

a Biosafety level refers to the hazard of organisms. Level 1 are organisms that do not cause disease to humans and pose little hazard to the environment. Biosafety 
level 2 organisms have moderate hazard to laboratory personnel or the environment and precautions are necessary, including contained cell culture facility and license 
to culture hazardous organisms. This includes certain virus-transformed cell lines. 
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strand breaks in various cultured cells [74,81,86,87]. A slightly 
increased level of DNA strand breaks was observed in kidney (HK-2) 
cells, although a concentration-response relationship was not observed 
[88]. Studies on oxidatively damaged DNA have also showed no effect in 
the Fpg-modified comet assay in BEAS-2B and A549 cells [81]. 

In vivo studies have indicated increased levels of DNA strand breaks, 
but not Fpg-sensitive sites, in the lungs of mice after repeated i.t. in-
stillations (25.6 μg/mouse once a week for 5 weeks) [89]. Another study 
exposed rats by inhalation to 0.05, 0.25 or 5 mg/m3 for 90 days (6 h/day 
and 5 days/week) and showed no effect on DNA strand breaks in the 
lung, liver and kidney, or numbers of micronucleated polychromatic 
erythrocytes [90]. Likewise, there were unaltered levels of DNA strand 
breaks in the liver and spleen at 1-year post-exposure to a dose of 
54 μg/mouse by i.t. instillation [79]. 

5.4. Genotoxicity of NM-403 

Genotoxic effects of NM-403 have been assessed in six cell culture 
studies (Supplementary Table S7) and three animal studies (Supple-
mentary Table S8). Two studies on NM-403 in BEAS-2B and primary 
human lymphocytes have shown increased number of micronuclei [69, 
91], whereas another showed no effect in BEAS-2B and A549 cells at 
concentrations up to 256 μg/mL [81]. One study has shown increased 
levels of DNA strand breaks [75], whereas four studies have shown no 
effects on DNA strand breaks or Fpg-sensitive sites in cell culture 
experiment [33,74,81,91]. 

A study in rats showed no effects on the generation of DNA strand 
breaks in lung tissue after inhalation of 0.5 or 1.5 mg/m3 by nose-only 
for 4 weeks (6 h/day and 5 days/week) or i.t. instillation (180 or 
540 μg per rat) [85]. There were unaltered levels of DNA strand breaks 
in bronchoalveolar lavage fluid and lung tissue at 24 h after i.t. instil-
lation of 6, 18 and 54 μg/mouse [75]. Likewise, there was no difference 
in DNA strand breaks in the liver and spleen of mice at 1-year after i.t. 
instillation of 54 μg/mouse [79]. 

5.5. Genotoxicity of NM-400 

NM-400 in the JRC repository is considered to be identical to 
Nanocyl NC7000 [27]. In addition, it is considered identical to the 
material that was provided by a laboratory of Nuclear Magnetic Reso-
nance at the Facultés Universitaires Notre-Dame de la Paix, Namur, 
Belgium to researchers on a landmark study on genotoxicity in cells and 
animals [92] (personal communication with the first author Julie 
Muller). Certain studies have used a material called NRCWE-026, which 
is a different batch of the same product as NM-400 [75,89,93]. In total, 
NM-400 has been tested in 12 cell culture studies (Supplementary 
Table S9) and five animal studies (Supplementary Table S10). 

The first in vitro study showed that NM-400 generated a 
concentration-dependent increase in micronucleus frequency in 
cultured rat epithelial cells and human breast adenocarcinoma cells 
after exposure to 10, 25 and 50 μg/mL for 48 h [92]. This effect was 
ascribed to both clastogenic effects (e.g. chromosome breaks) and 
aneugenic events [92]. However, later studies have shown no effect of 
NM-400 on micronuclei formation in primary lymphocytes, mouse fi-
broblasts and THP-1 cells at concentrations up to 100 and 256 μg/mL 
[69,81,94,95]. 

The induction of DNA strand breaks have been investigated in nine in 
vitro studies [74,75,81,86–88,95–97]. Two have shown genotoxicity in 
terms of DNA strand breaks [86,88]. One study showed a small increase 
in the level of DNA strand breaks in A549 cells at 160 μg/mL, whereas 
there was no genotoxic effect in THP-1a cells and co-cultures of A549 
and THP-1 cells in an air-liquid interface system [75]. One study showed 
equivocal results on DNA strand breaks due to a lack of consistency in 
results as only the low concentration at one time point showed effect 
[95]. Five studies have shown null effects on DNA strand breaks [74,81, 
87,96,97]. Results on oxidatively damaged DNA in cell cultures have 

been negative as well [81,96]. Interestingly, one study showed that the 
repair activity toward oxidatively damaged DNA was increased by 
exposure to NM-400 for 24 h, suggesting that unaltered levels of 
oxidatively damaged DNA may be due to efficient DNA repair [98]. 

The first in vivo study showed increased micronucleus frequency in 
type II pneumocytes at day 3 after i.t. instillation of 2 mg/rat [92]. A 
later in vivo study showed increased level of DNA strand breaks in lung 
tissue at day 3 after a single i.t. instillation of 54 or 162 μg/mouse, 
whereas there was no effect on post-exposure days 1 and 28 [84]. 
Another study showed no effect on DNA strand breaks in bronchola-
veolar lavage cells 24 h after an i.t. instillation of 54 μg/mouse [93]. 
However, it should be emphasized that the measurement of DNA dam-
age in bronchoalveolar lavage fluid cells in animals after high-dose bolus 
exposure such as i.t. instillation has uncertain relevance to cancer 
development because the concomitant pulmonary inflammation alters 
the cell composition between unexposed and CNT-exposed animals and 
bronchoalveolar lavage cells are not target tissue. Repeated exposures 
by i.t. instillation (25.6 μg/mouse per week for 5 weeks) had no effect on 
DNA strand breaks and Fpg-sensitive sites in lung tissue [89]. Lastly, 
there was no effect on DNA strand break levels in the spleen and liver at 
1-year post-exposure of 54 μg/mouse by i.t. instillation [79]. 

6. Meta-analysis of DNA strand breaks in cell cultures 

The description of test results on genotoxicity assays in the preceding 
section, summarized in Tables 5 and 6, demonstrates that the comet 
assay is the technique that has been most widely used to assess the 
genotoxic hazard of MWCNTs. Each type of MWCNT has been assessed 
in at least five different cell culture studies. The in vitro studies have 
investigated the effect of MWCNT exposure on DNA strand breaks in a 
concentration-dependent manner. However, there is a remarkable dif-
ference in the concentrations employed in the various studies, which is 
further complicated by the fact that certain authors prefer to report the 
exposure as mass per volume concentration (μg/mL) and others use mass 
per surface area concentration (μg/cm2). Fig. 2A outlines the 
concentration-response relationship, based on segregation of the mass 
concentration into different exposure groups. Results that are higher 
than zero indicate a genotoxic effect (i.e. SMD = 0 is the reference 
group, not shown in the graph). As can be seen, there is a concentration- 
response relationship for MWCNT-7 (Ptrend < 0.01), whereas other 
MWCNTs have no trend between the concentration and induction of 
DNA strand breaks. The somewhat lower induction of DNA strand 
breaks at highest concentration might be due to agglomeration of 
MWCNTs in the cell culture medium. Further to the meta-analysis, the 
induction of DNA strand breaks when all exposure groups are combined 
for each study shows statistically significant effect of MWCNT-7, NM- 
402 and NM-400 (Fig. 2B). It should be noted that differences in con-
centrations between studies might affect the combined analysis. How-
ever, a number of these studies have used the same exposure condition 
to assess the effect on DNA strand breaks by different MWCNTs [33,74, 
75,81,86–88]. Table 7 shows the effect of DNA strand breaks in studies 
that have investigated more than one type of MWCNT in the same in vitro 
system. The results do not demonstrate a clear segregation of MWCNTs 
ability to generate DNA strand breaks. 

Overall, the results indicate that MWCNT-7 causes DNA strand 
breaks (i.e. concentration-response relationship). The induction of DNA 
strand breaks by NM-400 and NM-402 is less convincing as only the 
combined exposure groups were statistically significant, whereas the 
datasets on NM-401 and NM-403 were even less consistent as there were 
lack of both concentration-response relationship and statistically non- 
significant effect when all exposure groups were combined. The com-
bined analysis of the results suggests that the reference MWCNT mate-
rials cause DNA strand breaks in vitro (i.e. mean SMD > 0) and 
differences in physical characteristics such as length, diameter, and 
surface area are not directly linked to the genotoxic effect, measured by 
the standard alkaline comet assay. 
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7. Relationship between comet assay endpoints and mutations 

The comet assay is a popular technique in genetic toxicology because 
it has low cost and is applicable to all types of mammalian cells 
(including non-proliferating cells). It should be highlighted that the 
concordance (i.e. correct discrimination of rodent carcinogens or non- 
carcinogens) of the standard comet assay is approximately 80 % in 
cell cultures and animal models [99–101]. Nevertheless, the standard 
comet assay does not detect a specific class of DNA lesions, which is a 
limitation in genetic toxicology. From the determination of DNA strand 
breaks alone, it is impossible to pinpoint the genotoxic mechanism of 
action. An association between genotoxicity in the standard comet assay 
(i.e. DNA strand breaks) and mutation assays may be due to co-variance 
of genetic outcomes that are caused by different mechanisms of action, 
rather than a sequence of events where DNA strand breaks are pre-
cursors of mutations. In addition, DNA strand breaks are repaired very 
fast in cell cultures (within one hour) [102,103]. 

The primary comet assay descriptors only convey information about 
the DNA migration in agarose gels, which depends on the assay pro-
cedure [104]. For instance, increasing the electrophoretic strength 
(volts/cm) or the time of electrophoresis produces longer comets, but 

the number of lesions is the same. However, some studies have used 
calibration of the primary comet assay descriptor with the ionizing ra-
diation, which has a known relationship between the dose of ionizing 
radiation and number of DNA strand breaks. Observations from cell 
culture experiments indicate that MWCNTs increased the number of 
DNA strand breaks from approximately 0.4 lesions/106 base pairs in 
unexposed cells to approximately 1 lesion/106 base pairs [33]. The net 
difference (0.6 lesions/106 base pairs) corresponds to 3600 extra DNA 
strand breaks in MWCNT-exposed cells, as a human diploid cell contains 
6 × 109 base pairs. Most of the in vitro studies have observed net in-
creases in the range of a few percentages of fluorescence in the comet 
tail. Using the calibration curve from the European Comet Assay Vali-
dation Group, which is an average of calibration curves from several 
laboratories [105], the net increase of a few percentages of fluorescence 
in the comet tail corresponds to approximately 0.5 lesions/106 base 
pairs. Similarly, the net increase in oxidatively damaged DNA, measured 
as Fpg- and hOGG1-sensitive sites, in lung tissue of mice after i.t. in-
stillations of NM-402 once a week for five weeks was 0.1− 0.2 le-
sions/106 base pairs [89]. A pertinent question is whether the number of 
oxidatively damaged DNA is sufficiently high to increase the mutation 
frequency. Only a tiny fraction of lesions give rise to mutations as most 

Table 5 
Summary of genotoxic effects of carbon nanotubes in cell cultures.  

Type Chromosome damage Mutations Oxidatively damaged DNA DNA damage 

MWCNT-7 ± Asakura 2010 [63] (CA)a -Asakura 2010 [63] +Fukai 2017 [73] (8-oxodG) -Jackson 2015 [74] (SB) 
MWCNT-7 ± Asakura 2010 [63] (MN) +Fukai 2017 [73] -Ventura 2020 [71] (Fpg) +Catalan 2016 [72] (SB) 
MWCNT-7 ± Ema 2012 [66] (CA)a   -Ventura 2020 [71] (SB) 
MWCNT-7 +Kato 2013 [68] (SCE)   +Fraser 2020 [70] (γH2AX) 
MWCNT-7 +Kato 2013 [68] (MN)   +Wils 2021 [33] (SB) 
MWCNT-7 +Tavares 2014 [69] (MN)   +Di Ianni 2021 [75] (SB) 
MWCNT-7 +Yasui 2015 [65] (MN)b    

MWCNT-7 -Catalan 2016 [72](MN)    
MWCNT-7 ± Sasaki 2016 [64] (CA)a    

MWCNT-7 ± Siegrist 2019 [67] (CA)a    

MWCNT-7 + Fraser 2020 [70](MN)    
MWCNT-7 ± Ventura 2020 [71] (MN)c    

NM-401 -Tavares 2014 [69] (MN) +Rubio 2016 [82] -Louro 2016 [81] (Fpg) -Jackson 2015 [74] (SB) 
NM-401 ± Louro 2016 [81] (MN)d   -Louro 2016 [81] (SB) 
NM-401 +Garcia-Rodriguez 2019a [80] (MN)   -Garcia-Rodriguez 2019b [83] (SB) 
NM-401    -Di Ianni 2021 [75] (SB) 
NM-401    +Wils 2021 [33] (SB) 
NM-402 -Tavares 2014 [69] (MN)  -Louro 2016 [81] (Fpg) -Kermanizadeh 2012 [86] (SB) 
NM-402 ± Louro 2016 [81] (MN)e   +Kermanizadeh 2013 [88] (SB) 
NM-402    -Jackson 2015 [74] (SB) 
NM-402    -Louro 2016 [81] (SB) 
NM-402    -Thongkam 2017 [87] (SB) 
NM-403 +Tavares 2014 [69] (MN)  -Louro 2016 [81] (Fpg) -Jackson 2015 [74] (SB) 
NM-403 -Louro 2016 [81] (MN)  -Vales 2016 [91] (Fpg) -Louro 2016 [81] (SB) 
NM-403 +Vales 2016 [91] (MN)   -Vales 2016 [91] (SB) 
NM-403    +Di Ianni 2021 [75] (SB) 
NM-403    -Wils 2021 [33] (SB) 
NM-400 +Muller 2008 [92] (MN)  -Kermanizadeh 2014 [96] (Fpg) +Kermanizadeh 2012 [86] (SB) 
NM-400 -Ponti 2013 [94] (MN)  -Louro 2016 [81] (Fpg) +Kermanizadeh 2013 [88] (SB) 
NM-400 -Tavares 2014 [69] (MN)   -Kermanizadeh 2014 [96] (SB) 
NM-400 -Louro 2016 [81] (MN)   -Jackson 2015 [74] (SB) 
NM-400 -Oner 2017 [95] (MN)   -Louro 2016 [81] (SB) 
NM-400    -Thongkam 2017 [87](SB) 
NM-400    ± Oner 2017 [95] (SB)f 

NM-400    -Phugal 2018 [97] (SB) 
NM-400    ± Di Ianni 2021 [75] (SB)g 

The results are categorized as genotoxic response (+), null effect (-) or equivocal due to conflicting genotoxicity results in different cell types or at different times of 
exposure (±). 

a Refers to effect on the number of numerical chromosome aberrations, whereas there is no effect on the number of structural chromosome aberrations. 
b The authors showed that the fraction of long fibers (approximately 20 μm), rather than short fibers (approximately 5 μm), affected cytokinesis and formation of 

binucleated cells. 
c Positive effect at low concentrations in co-cultures of A549 cells and THP-1a cells. No effect in A549 mono-cultures. 
d No effect in BEAS-2B cells; increased MN frequency at highest concentration in A549 cells (2-fold, 256 μg/mL). 
e No effect in BEAS-2B cells; increased MN frequency at highest concentration in A549 cells (1.5-fold, 256 μg/mL). 
f Only effect at low concentration (25 μg/mL, no effects at 100 μg/mL) and 24 h (no effect at 3 h). 
g Increased level of DNA strand breaks in A549 cells at the highest concentration (160 μg/mL), whereas there was no effect in mono-cultures of THP-1a cells and in 

air-liquid system with co-culture of A549 and THP-1a cells. 
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of lesions that are detected by the Fpg- or hOGG1-modified comet assay 
are repaired. It is difficult to assess the relationship between the number 
of oxidatively damaged DNA and mutations in the current dataset of 
CNTs. Very few studies have assessed both Fpg-sensitive sites and mu-
tations by the same nanomaterials. Table 8 shows results from studies 
where Fpg-sensitive sites and mutations have been assessed in similar 
model systems after exposure to nanosized carbon black, fullerenes C60 
(another nanomaterial), diesel exhaust particles and SWCNTs. The 
direct genotoxic effect of CNTs on oxidatively damaged DNA can be 
inferred because the comet assay does not require cell proliferation and 
the half-life of Fpg-sensitive sites in cell cultures is 1− 4 hour [106–108]. 
Carbon black (75 μg/mL for 3 h) produced 0.08 Fpg-sensitive sites/106 

base pair, whereas only a very extended exposure period (576 h) pro-
duced a slight increase in the frequency of mutant cells (net increase of 
6.2 mutant cells per 106 lung epithelial FE1-MML cells) [109]. Similarly, 
exposure to diesel exhaust particles (75 μg/mL for 576 h) in FE1-MML 
cells increased the number of mutant cells (net increase = 7.1 mutant 
cells per 106 cells) [110]. The induction of Fpg-sensitive sites by diesel 
exhaust particles in FE1-MML cells has not been assessed, but the same 
material produced 0.32 Fpg-sensitive sites per 106 base pairs per 
100 μg/mL in A549 cells [111]. The overall impression of the results in 
Table 8 is that all materials cause oxidative damage to DNA, while 
SWCNTs and fullerenes C60 are not mutagenic. This lack of mutagenicity 
of SWCNTs was speculated to be related to a slower cell proliferation 
[21]. Moreover, studies on NM-400 in cell cultures have shown 
increased DNA repair activity toward oxidatively damaged DNA and 
shortening of telomeres (i.e. proxy-measure of cellular senescence) as 
responses that may affect the progression from DNA damage to muta-
tions in CNT-exposed cells [98]. Using the same tailor-made MWCNTs 
that caused mesothelioma in rats by intraperitoneal injection [15], it 
was shown that human peritoneal mesothelial (LP9) cells had increased 
levels of DNA strand breaks, DNA damage response (γH2AX assay) and 
cellular senescence, but there were unaltered levels of oxidatively 
damaged DNA assessed by the hOGG1-modified comet assay [112]. 

8. Relationship between MWCNT exposure in animals and 
human exposure 

Dose-justification is a recurrent matter in nanotoxicology. For 
instance, it has been argued that testing toxicity of particulate matter at 
realistic exposure levels is important when experiments are designed for 
risk assessment because it is not recommended to extrapolate toxico-
logical responses from high-dose exposures in animal studies to realistic 
human exposures, without further information about dose-response re-
lationships [113]. According to a review on CNT exposure in occupa-
tional settings, airborne concentrations of CNTs have been reported to 
be between <0.1 and 550 μg/m3, measured as elemental carbon [114]. 
This is equivalent to an inhaled mass of 0.001–5.5 mg per working day, 
assuming that humans inhale 10 m3 during a working day of 8 h. In the 
present review, only 3 out of 13 publications on pulmonary exposure to 
MWCNTs have used inhalation. These have exposed animals to 
8.4 mg/m3 and 4 h/day (equivalent inhaled mass in 
humans = 168 mg), 0.5 or 1.5 mg/m3, 6 h/day (inhaled mass = 6.7 or 
20 mg) or 0.05− 5 mg/m3, 6 h/day (0.67− 67 mg) [72,85,90]. Thus, the 
doses in toxicology (0.67− 168 mg) are higher than the realistic doses 
(0.001–5.5 mg), but there is an overlap in the sense that lowest doses in 
toxicology are higher than the doses obtained by realistic exposures in 
the working environment. Importantly, even the highest inhalation ex-
posures have not demonstrated genotoxicity in lung tissue. 

The lowest doses in the non-inhalation studies have been 
0.05− 0.25 mg/kg per i.t. instillation or pharyngeal aspiration [72,76, 
78]. Erdely et al. have calculated that inhalation of 0.01 mg/m3 of CNT 
(measured as elemental carbon) in workspaces results in a deposited 
dose of 4.1 μg per working day of CNTs in the alveoli [115]. Thus, the 
lowest doses in non-inhalation studies are equal to 15–75 working days 
of exposure at the highest concentration measured in real-life occupa-
tional settings (i.e. 550 μg/m3 * [4.1 μg/working day per 0.01 mg/m3 

day]/70 kg = 3.2 μg/kg per day). 
Some animal studies have assessed genotoxic effects in extra- 

Table 6 
Summary of genotoxic effects of carbon nanotubes in animals.a.  

Type Micronucleib Mutations Oxidatively damaged DNAc DNA damage 

MWCNT-7 -Ema 2012 [66] +Kato 2013 [68] +Christophersen 2016 [78] (Fpg) +Kato 2013 [68] (SB) 
MWCNT-7 -Catalan 2016 [72] -Horibata 2017d [76]  +Di Ianni 2021 [75] (SB) 
MWCNT-7  -Rahman 2017 [77]  -Catalan 2016 [72] (γH2AX)e 

MWCNT-7    -Christophersen 2016 [78] (SB) 
MWCNT-7    -Rahman 2017 [77] (SB) 
MWCNT-7    -Knudsen 2019 [79] (SB) 
NM-401  -Rahman 2017 [77]  +Poulsen 2015 [84] (SB) 
NM-401    +Rahman 2017 [77] (SB) 
NM-401    ± Gate 2019 [85] (SB)f 

NM-401    -Knudsen 2019 [79] (SB) 
NM-402 -Pothman 2015 [90]  -Cao 2014 [89] (Fpg) +Cao 2014 [89] (SB) 
NM-402    -Pothman 2015 [90] (SB)g 

NM-402    -Knudsen 2019 [79] (SB) 
NM-403    -Gate 2019 [85] (SB) 
NM-403    -Di Ianni 2021 [75] (SB) 
NM-403    -Knudsen 2019 [79] (SB) 
NM-400 +Muller 2008 [92]  -Cao 2014 [89] (Fpg) ± Poulsen 2015 [84] (SB)h 

NM-400    -Cao 2014 [89] (SB) 
NM-400    -Hadrup 2017 [93] (SB)i 

NM-400    -Knudsen 2019 [79] (SB) 

The results are categorized genotoxic response (+), null effect (-) or equivocal due to conflicting genotoxicity results in different cell types or at different times of 
exposure (±). 

a The results are genotoxic effects unless other specified by italic text (extra-pulmonary effects) or footnotes. 
b Structural and numerical chromosome aberrations have not been investigated in animal models. 
c Oxidatively damaged DNA in animal tissues includes only comet assay endpoints in terms of Fpg or hOGG1-sensitive sites. 
d Includes unaltered mutations in erythrocytes (Pig-A assay). 
e Includes unaltered levels of DNA damage in blood leukocytes, measured by the γH2AX assay. 
f The response is inconsistent with respect to genotoxicity in different exposure groups and time points. 
g Includes unaltered level of DNA strand breaks in liver and kidney. 
h The results indicate a weak genotoxic effect at 24 h exposure (but not 3 h exposure), although there is not a dose-response relationship. 
i Includes only measurement of DNA strand breaks in bronchoalveolar lavage cells. 
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pulmonary tissues without finding any relationship between exposure 
and levels of DNA damage [66,72,76,90]. Based on a literature review, it 
has been argued that approximately 1% of the deposited dose of CNTs in 
the airways translocate to the liver, spleen and bone marrow (with 
highest concentration in the liver) [116]. Thus, it is possible that the 
translocated dose of MWCNTs in extra-pulmonary organs is too small to 
cause obvious DNA damage. 

9. Relationship between MWCNT exposure in cell cultures and 
human exposure 

The exposure level in the cell culture studies on MWCNT reference 
materials has typically been high as compared to the expected human 
exposure. It has been calculated that a full working lifetime exposure to 
1000 μg/m3 of CNTs correspond to an alveolar doses of 12.4–46.5 μg/ 
cm2, depending on the diameter and aspect ratio [117]. Thus, the 
highest aerosol concentration (550 μg/m3) corresponds to 
6.8–25.6 μg/cm2. In cell culture studies, the lowest and highest con-
centrations are 0.6− 16 μg/cm2 (mean approximately 5 μg/cm2) and 
1.9− 128 μg/cm2 (mean approximately 50 μg/cm2), respectively, 
assuming that the cell delivered dose is 100 % (Supplementary 
Table S11). Thus, the lowest concentration corresponds roughly to a 
lifetime exposure (based on the mean values of 5 μg/cm2), whereas the 
highest exposures are ten life-times of exposure (i.e. 50 μg/cm2). It is 
striking that a review from 2005 argued that the lowest concentration of 
air pollution particles that produced oxidative damage to DNA in cell 
cultures (approximately 2.5 μg/cm2, assuming 100 % of the adminis-
tered dose is delivered to the cells) represented 3.7 years of cumulated 
exposure at the highest ambient particle concentration [118]. The 
lowest concentrations in cell culture studies do not appear to have 
become more “realistic” in recent years. The concentrations in cell cul-
ture studies might be dictated by considerations about statistically sig-
nificant effects rather than realistic exposures. It should be emphasized 
that adding lower concentrations or using a wider concentration span 
will not ruin the chance of finding a nice p-value at high concentration. 

The comparison between in vitro and in vivo results is particularly 
interesting for exposures in the pleural cavity. It has been estimated that 
4% of the inhaled CNTs deposit in the alveolar space [115], a further 0.6 

Fig. 2. Generation of DNA strand breaks in cell 
cultures after exposure to carbon nanotubes. A) 
Concentration and DNA strand break level 
response is categorized into five groups. Results 
that are higher than zero indicate a genotoxic 
effect (i.e. SMD = 0 is the reference group, not 
shown in the graph). There was a positive as-
sociation between the exposure level and DNA 
strand breaks for MWCNT-7 (P < 0.01, linear 
regression on categorized exposure groups). 
Means, 95 % confidence intervals and number 
of determinations are reported in Supplemen-
tary Tables S13. Regression coefficients for in-
dividual studies are reported in Supplementary 
Table S14. B) DNA strand break response for 
each MWCNT when all concentrations in each 
study has been pooled. A statistically significant 
effect occurs when the 95 % confidence interval 
(95 % CI) does not include zero. Forest plots of 
the meta-analysis are shown in Supplementary 
Figures S1-S5.   

Table 7 
Comparison of DNA strand break generation by MWCNTs in the same in vitro exposure condition.  

Study MWCNT-7 NM-401 NM-402 NM-403 NM-400 

Jackson 2015 [74] 0.90 (0.07;1.73) 0.50 (-0.29; 1.30) 0.99 (0.09; 1.90) − 0.52 (-1.29; 0.25) 0.79 (-0.02; 1.59) 
Di Ianni 2021 [75] 0.39 (-0.43; 1.20) 0.30 (-0.38; 0.99)  0.75 (-0.13; 1.62) 0.58 (-0.18; 1.34) 
Wils 2021 [33] 1.19 (0.04; 2.33) 1.59 (0.30; 2.87)  0.77 (-0.26; 1.80)  
Louro 2016 [81]  − 0.10 (-0.89; 0.68) 0.20 (-0.55; 0.95) 0.57 (-0.92; 2.07) − 0.10 (-0.81; 0.61) 
Kermanizadeh 2012 [86]   0.85 (-0.23; 1.93)  1.43 (0.13; 2.73) 
Kermanizadeh 2013 [88]   1.27 (0.09; 2.46)  1.20 (0.02; 2.73) 
Thongkam 2017 [87]   0.11 (-0.70; 0.93)  − 0.07 (-1.17; 1.03) 

The results are standardized mean difference (95 % confidence interval). Results from all exposure groups have been pooled in each study. Thus, the effect sizes have 
been compared directly within the same study (i.e. rows can be compared directly), but the comparison of effect size across studies is less certain because of differences 
in concentrations used in the studies (i.e. comparison of effect sizes in columns has some limitations). 

Table 8 
Relationship between oxidatively damaged DNA in the comet assay and muta-
genicity in cell cultures.  

Material Net Fpg-sensitive 
sites (HepG2 cells, 
per 106 bp)a 

Net Fpg-sensitive 
sites (FE1-MML 
cells, per 106 bp)b 

Net induction of 
mutants (FE1-MML 
cells, per 106 cells)c 

Carbon 
black 

0.34* (25 μg/mL) 0.08* (100 μg/mL) 6.2*** (100 μg/mL) 

Fullerene 
C60 

0.43* (25 μg/mL) 0.03* (75 μg/mL) Unaltered (75 μg/mL) 

DEP 0.35* (25 μg/mL) 0.32* (100 μg/mL) 7.1*** (100 μg/mL) 
SWCNT 0.67** (25 μg/mL) 0.08* (75 μg/mL) Unaltered (75 μg/mL) 

DEP; Diesel exhaust particles. SWCNT; Single walled carbon nanotubes. 
*P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA or Kruskal-Wallis, obtained from 
the original publication). 

a Results from Vesterdal et al. 2011 [23]. 
b Results on diesel exhaust particles in A549 cells are published in Danielsen 

et al., 2011 [111]. The other results have been published in Jacobsen et al., 2007 
[109] (carbon black) and Jacobsen et al., 2008 [21] (SWCNT and fullerenes 
C60). 

c Results from Jacobsen et al., 2007 [109] (carbon black, Jacobsen et al., 2008 
[110] (diesel exhaust particles) and Jacobsen et al., 2008 [21] (SWCNT and 
fullerene C60). 
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% translocate from the alveoli to the pleural cavity [119], the pleural 
surface area and body weight are related by the 2/3 power [120], and 
1% of the pleural surface area consist of stomata where mesothelioma 
mainly develops [121]. It is reasonable to assume an uneven distribution 
of CNTs because a trapping of long CNTs at stomata is considered a key 
mechanism of mesothelioma development [29]. Keeping calculations 
simple, it has been shown that doses of 1.0–1.5 mg kg bodyweight by 
TIPS in rats were associated with development of mesothelioma [11,14]. 
This corresponds to a translocated dose of 6− 9 μg/cm2 in the stomata 
area of the pleura, using the assumptions above (and using rats have 
approximately 100 cm2 of mesothelium). This dose is within the range 
that has produced DNA damage in cell cultures (see e.g. Supplementary 
Table S11). It should further be noted that the surface area concentra-
tions in cell cultures is somewhat overestimated because it has been 
calculated from the mass concentration (μg/mL) and the delivered dose 
to the cells is not 100 % in cell cultures [33,75,122]. 

In nanotoxicology, it is increasingly voiced that the “true” dose that 
deposits on cells is important in cell culture studies. This depends on the 
concentration of particles in the medium, the stability of the suspension 
and the duration of exposure. Only few studies have assessed the 
deposited dose of CNTs to cells in connection with measurements of 
(geno)toxicity (Fig. 3). Two studies from the same group of researchers 
dispersed MWCNTs using a Branson Sonifier mounted with a disrupter 
horn inserted in the sample, which directly delivers energy to the sus-
pension. One study found 7% and 12 % of the administered dose of 
MWCNT-7 (100 μg/mL) in cell culture medium with 10 % fetal bovine 
serum was deposited by 3 and 24 h, respectively [33]. A similar sus-
pension protocol, although with a higher concentration (160 μg/mL) of 
MWCNT-7 and NM-400 in cell culture medium gave rise to 25 % 
deposited dose by 24 h [75]. These differences in the delivered dose did 
not appear to be a significant factor for the induction of DNA strand 
breaks in cell cultures [33,75]. In another study, Septiadi et al. assessed 
the deposited dose of MWCNT-7 and NM-400 in cell culture medium 
with 10 % fetal bovine serum and found higher levels of deposition for 
MWCNT-7 (e.g. approximately 50 % after 24 h) as compared to NM-400 
(e.g. approximately 20 % after 24 h) after sonication in an ultrasonic 
water bath [122]. It is possible that the low energy transfer by sonication 
in a water bath increases the deposited dose because agglomerates of 
CNTs are less efficiently disrupted. Based on the results in Fig. 3, it might 
be expected that approximately 10 % of CNTs have deposited in cell 
cultures at 3− 4 h and approximately 20 % after 24 h, although it de-
pends on the sonication procedure and the hydrodynamic diameter of 
the MWCNTs. 

It has been argued that it is “absolutely crucial for consistency, risk 
assessment and regulatory relevance” to determine the delivered dose to 
the cells in cell culture studies [123]. Others have expressed concern 

about the integration of information on the delivered dose to the cells, 
which is a complex issue that requires a nuanced and critical assessment 
before it becomes standard tool in particle toxicology [124]. It is an open 
question if these in vitro concentrations relate to realistic exposure in 
humans, and whether or not it is even meaningful to make comparisons 
between in vitro exposure in cell lines and exposures to alveolar 
epithelial cells in animals or humans. It is important to emphasize that 
the concentrations in a cell culture may not be representative of the in 
vivo condition as fibers are not evenly distributed in the airways [125]. 
However, the most important question pertaining to in vitro studies in 
risk assessment is whether the cells that harbor the culture flask have 
any resemblance with the same cell type in the tissue. To set the bar low, 
cross-contamination is a well-known issue in cell culture works [126, 
127]. It means that we cannot be sure that e.g. the BEAS-2B cells from 
one laboratory is identical to BEAS-2B cells in another laboratory, or 
even that they are BEAS-2B cells unless this is ascertained by genetic 
profiling of the cell culture. Primary cells undergo a “culture shock” 
when they are cultured outside the body, and those that survive are 
adapted to the harsh conditions in the cell culture dish, including de-
fense against oxidative stress [128]. Thus, it is likely that surviving cells 
of primary cultures are more robust than cells in vivo and therefore 
require higher exposures to display toxic effects. Recent studies on cell 
lines like HeLa and MCF7 have shown a tremendous heterogeneity in 
genetic and phenotypic traits between different strains that had been (or 
were) used in research projects in different laboratories [129,130]. As an 
example, the doubling time of different HeLa strains differ between 17.5 
and 32.3 h under identical culture conditions [130]. Likewise, the 
doubling time of different strains of MRC7 cells ranges from 22 to 78 h 
[129]. Genetic instability of cell lines is an inherent limitation of testing 
in genetic toxicology [131], but it might also be that the situation is 
inadvertently worsened by researcher’s behavior. For instance, a survey 
on the use of cell lines in genotoxicity has shown that 33 % of the re-
sponders had obtained their stock of cells as a gift from other researchers 
[132]. It implies that the origin of the cells can be uncertain because of 
difficulty in establishing an unbroken chain of keepers back to the 
original source of the cells. 

Overall, the assessment of the delivered dose of MWCNTs to cells 
may explain differences in toxicity between different MWCNTs within a 
study. However, it is uncertain if these measurements of the “true” 
cellular dose will have any external validity when differences in cell 
strains are not taken into account. There are published recommenda-
tions for good cell culture practice in genotoxicity testing [132]. It could 
be argued that if it is absolutely crucial for consistency to measure the 
dose delivered to the cells, then it is also of paramount importance to 
document good cell culture practice and ascertain that the cells are 
similar to benchmark cells obtained in a cell repository. 

10. Remarks 

This review shows that the database on genotoxicity of MWCNT 
reference materials has increased from earlier assessments by IARC and 
others [2,18,19]. In comparison to the IARC monograph (8 publications 
on MWCNT reference materials), the database now contains 36 publi-
cations. Observations are dominated by cell culture studies in the 
updated database (66 outcomes in cell culture studies as compared to 31 
in animal studies). A stratification of results into potentially repairable 
DNA damage (i.e. comet assay endpoints, 8-oxodG and γH2AX assay) 
versus permanent manifestations (chromosome damage, micronuclei 
and mutations) also indicates that “easy” assays are more popular than 
time-consuming and expensive assays (62 and 35 outcomes, respec-
tively). Chromosome aberrations and mutations have mainly been tested 
in studies on MWCNT-7 and NM-401 exposure [63,64,66–68,73,76,77, 
82]. Overall, 82 outcomes out of 97 in the present database are geno-
toxicity measured by the comet assay and micronucleus assay. Based on 
the dataset, the following overarching summary regarding MWCNT 
reference materials can be made: 

Fig. 3. Fraction of administered dose in cell culture medium that has deposited 
on a monolayer of cells. The results have been compiled from studies on 
MWCNT-7 [33,75,122], NM-401 [33], NM-403 [33] and NM-400 [33,75,122]. 
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1) There are more studies on genotoxicity endpoints in cell cultures 
than animals.  

2) There are more studies on potentially repairable DNA lesions (e.g. 
comet assay endpoints) than permanent changes in DNA (i.e. muta-
tions and chromosome changes).  

3) Studies from recent years have mainly added to the database on DNA 
strand breaks and micronuclei.  

4) Studies on chromosome aberrations and mutations have only been 
carried out on MWCNT-7 and NM-401 exposure (i.e. the possibly 
carcinogenic MWCNTs with long and rigid fiber structure). 

The literature on DNA strand breaks covers all types of MWCNT 
reference materials and replication of results in different laboratories. 
Overall, the meta-analysis on DNA strand breaks (measured by the 
standard comet assay) indicates that MWCNT-7 is genotoxic, with a 
clear relationship between the level of exposure (concentration) and 
DNA strand breaks. Of the JRC reference materials, NM-400 and NM- 
402 have more consistent evidence of genotoxicity than NM-401 and 
NM-403. It should be mentioned that a similar assessment of DNA strand 
breaks in cell cultures showed a strong relationship between standard-
ized concentrations and DNA strand breaks in cells by exposure to ti-
tanium dioxide nanomaterials [133]. Moreover, the analysis showed 
that the same titanium dioxide material, labelled as NM-105, Aeroxide 
P25 and as a product from Sigma-Aldrich (with catalogue number 
718467) produced the same concentration-response relationship on 
DNA strand breaks [133]. The original articles suggested that many of 
the authors were not aware that the same titanium dioxide material, 
with different labels, has been tested in different studies. It strengthens 
the notion that comet assay results are reproducible. Thus, the some-
what mixed effect on DNA strand breaks by JRC reference materials 
indicates that they are only weak genotoxic agents in the in vitro stan-
dard comet assay. The observations on laboratory animals indicate the 
same haphazardly distribution of positive and null effect findings on 
DNA strand breaks (Table 6). 

The effect of MWCNT exposure on induction of DNA strand breaks is 
not directly related to the fiber structure. This is in line with an earlier 
assessment of comet assay results in cell cultures, which did not indicate 
that fiber characteristics were associated with levels of DNA damage 
[134]. In addition, a recent study on various CNTs and nanofibers 
showed little association between physical dimensions and genotoxicity 
in terms of micronucleus formation and DNA damage response (γH2AX 
assay) in BEAS-2B cells [70]. In case it is correct that MWCNT-7 and 
NM-400 are a carcinogenic and non-carcinogenic material, respectively, 
it causes concerns about the usefulness of the assessment of DNA strand 
breaks as a tool for hazard identification of carcinogenic CNTs. In this 
respect, it should be noted that certain equivocal or null effect findings 
on comet assay endpoints and other genotoxicity tests have been pro-
cured in the European Commission sponsored NANOGENOTOX project, 
but they have most likely not been published in journals with 
peer-review process and indexed in open databases such as PubMed. In 
particular, the final report of the NANOGENOTOX project on cell culture 
studies showed no effect on DNA strand breaks in BEAS-2B, human 
bronchial epithelial (16-HBE), A549 and Caco-2 cells after either 3 or 
24 h exposure to MWCNT-7, NM-400, NM-401, NM-402 and NM-403 
[34]. Studies on micronucleus formation indicated a positive geno-
toxic effect in BEAS-2B cells and some positive responses in A549 cells (i. 
e. MWCNT-7 and NM-402), whereas there were no genotoxic effects in 
16-HBE cells [34]. Some of these results might be similar to published 
results from the NANOGENOTOX project [69,81,91]. However, the 
negative micronucleus assay results in 16-HBE cells and unaltered mu-
tation frequency in L5178Y TK+/− cells do not appear to have been 
published [34]. Likewise, the final report from the NANOGENOTOX 
project describes genotoxicity in rats after exposure to NM-400, 
NM-401, NM-402 and MWCNT-7 by either i.t. instillation or oral 
gavage (0.12, 0.24 or 0.48 mg/kg per day on three consecutive days). In 
particular, i.t. exposure produced equivocal or null effects on comet 

assay endpoints in lung tissue of rats [35]. It is worrying if equivocal or 
null effect findings are not published at the same rate as results on 
genotoxic effects because researchers are discouraged to pursue the 
more difficult task of publishing null results. Such a publication bias 
might be the symptom of an EU funding tradition where resources are 
allocated to procuring large amounts of data, but dissemination in sci-
entific journals is not a deliverable. 

The meta-analysis of DNA strand breaks and qualitative assessment 
of all types of genotoxicity in cell cultures (Table 5) indicate a relatively 
large heterogeneity in responses. This might be due to differences in 
dispersion protocols, including dispersants and sonication. It appears 
that dispersion protocols have been developed to promote high stability 
of nanomaterials in suspension. It is our impression that researchers 
desire to use the same procedure for all types of nanomaterials such as 
the NANOGENOTOX dispersion protocol that has been used in several 
EU projects. However, it should be noted that the energy of the soni-
cation is a crucial factor as it may both break CNTs and lead to oxidative 
modifications of the tubes [135]. To the best of our knowledge, there are 
no empirical evidence to suggest that certain types of MWCNT reference 
materials are more susceptible to surface-modification, whereas it seems 
logical that long fibers have higher chance of breaking than short fibers. 
Unfortunately, there are multiple ways the dispersion procedure may 
affect the physical characteristics and surface-modification of the 
MWCNTs, which makes it impossible to approximate the delivered dose 
retrospectively in the published studies. Nevertheless, high stability of 
MWCNT suspensions may correlate with low generation of genotoxicity 
in adherent cells as the delivered dose is low, whereas the opposite as-
sociation occurs for cells in suspension. It is important to obtain 
knowledge about the delivered dose of MWCNTs. However, it is not a 
trivial task to assess the deposited dose of MWCNTs in a quantitative 
manner as these experiments entail specific techniques, to which re-
searchers in genetic toxicology may not even have access. 

There are many other types of MWCNTs beyond the reference ma-
terials discussed in this review. Moreover, SWCNTs, nanofibers and 
other high-aspect ratio materials exist and it is relevant to assess the 
genotoxicity of these materials. There are different proposals for geno-
toxicity testing batteries, although these typically encompasses tests for 
gene mutations, chromosomal aberrations and aneuploidy [136]. The 
current dataset on MWCNTs is not sufficiently developed to support a 
specific testing battery using these assays. Other authors have recom-
mended gene mutation and chromosomal aberration assays as primary 
tests, whereas the in vivo comet assay can be used as additional test 
[137]. It has also been suggested to include the Cell Transformation 
Assay in a testing battery for predicting nanomaterial-induced cell 
transformation in vitro [138]. The comet assay has several advantages as 
it can be used for all types of cells, including the non-proliferating cells 
and tissues with few cells. For instance, a recent study used the comet 
assay to assess genotoxicity in pleural mesothelial cells from mice after 
intra-pleural injection of different MWCNTs [139]. It is recommended to 
use the enzyme-modified comet assay because it provides information 
on both DNA strand breaks and oxidatively damaged DNA. Another 
screen test is the γH2AX assay, which provides information about 
possible DNA double strand breaks. The micronucleus assay may be the 
method of choice for clastogenic and aneugenic agents [46]. Together 
with the comet assay, the micronucleus assay is already the most widely 
used in nanogenotoxicology [45]. Assays for detection of mutations in 
cells and tissues have been used sporadically in studies of MWCNTs 
(Tables 5 and 6). However, assays for mutations should be included in a 
testing battery unless further research demonstrates that mutagenic 
events are not the primary mechanism of action for MWCNT 
carcinogenicity. 

There are differences in the type of cell lines and complexity of the 
cell culture experiments used in the studies on genotoxicity by 
MWCNTs. The detection of mutations and chromosome aberrations are 
typically assessed in specific cell lines, whereas other endpoints can be 
assessed in all types of cells (e.g. DNA strand breaks measured by the 
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comet assay). We suspect that cell lines are usually chosen as repre-
sentative target tissue cells or because other researchers have used the 
same cells. This review does not indicate that particular cell types are 
more susceptible to MWCNT-induced genotoxicity than other cell types. 
There are advantages and disadvantages of each cell line. Choosing a 
suitable lung epithelial cell may be a balance between a cancer cell line 
that is widely used, easy to culture, uses cheap culture medium and has 
low biosafety (e.g. A549 cells) and virus-transformed non-cancer cells 
that have higher running cost to culture medium and requires more 
advanced cell culture facility due to high biosafety level (e.g. BEAS-2B 
cells). Advanced cell culture models such as co-cultures and micro- 
tissue models are more laborious than single cultures, but it is not 
certain that the extra effort is rewarded by higher predictivity of geno-
toxicity in animal models or humans [75]. The review does not indicate 
that specific cell lines are more appropriate than others or that certain 
cell lines should not be recommended for genotoxicty testing of 
MWCNTs. 

There are still few MWCNTs, which have been tested in long-term 
bioassays for carcinogenic outcomes. Another reference material may 
be coming soon as the National Toxicology Program is currently inves-
tigating a MWCNT material in a 2-year bioassay [140]. This material 
called Long 1020 MWCNT (or L-MWNT-1020) has a diameter of 
15.3 nm, length of 2.6 μm, and surface area of 175 m2/g. Electron mi-
croscopy images suggest that L-MWNT-1020 has a curved structure. 
Overall, L-MWNT-1020 appears to be more similar to the short, thin and 
curved materials (i.e. NM-400, NM-402 and NM-403) than the long and 
straight materials (i.e. MWCNT-7 and NM-401). Results from a 30-day 
inhalation study in mice and rats have shown effects on the respira-
tory tract such as inflammation and tissue injury at concentrations from 
1 mg/m3 (6 h/day, 5 days per week) [140]. A recent publication from 
the same overall study showed minimal pulmonary inflammation and 
injury in mice by exposures to 0.06, 0.2 and 0.6 μg/m3 for 30 days, but 
splenic toxicity was noted [141]. The study highlights the needs to assess 
extra-pulmonary effects in order to obtain a more comprehensive pic-
ture of CNT toxicity. 

The in vitro and in vivo genotoxicity studies on MWCNTs are highly 
relevant for the understanding of hazards. However, the generalization 
of observations from simple in vitro systems and animal models to 
humans is always a concern. In particle toxicology, it is standard prac-
tice to assess markers of genotoxicity in humans by controlled exposure, 
like a randomized clinical trial, or cross-sectional study of groups with 
sufficient contrast in exposure such as workers and a reference popu-
lation. The panel of genotoxicity assays in the present review has been 
used extensively in studies on environmental and occupational exposure 
to particulate air pollution [142,143]. Studies from Taiwan on 
nanomaterial-exposed workers, including 14–33 % of the subjects 
working with CNTs, although aerosol mass concentrations were not 
measured, showed no difference in levels of DNA strand breaks in leu-
kocytes measured by the comet assay [144–146]. However, it should be 
noted that the publications lack important information about the comet 
assay procedure and assay controls, which makes it impossible to assess 
the quality of the experiments. The publications mention the micronu-
cleus assay as part of the panel of genotoxicity tests, but the results are 
not reported [144–146]. In addition, 8-oxodG was measured in spot 
urine by liquid chromatographic with tandem mass spectroscopy and 
isotope-labeled 8-oxodG as internal standard, a potentially solid mea-
surement of 8-oxodG, but the results are not particular useful because 
the concentrations have not been corrected for diuresis by measurement 
of creatinine clearance. Analyzed correctly, elevated urinary levels of 
8-oxodG and 8-oxo-7,8-dihydroguanine (i.e. the nucleobase of 8-oxodG) 
have been shown to be a predictor for risk of lung cancer in non-smokers 
in a prospective cohort study [147,148]. 

A number of human biomonitoring studies have assessed biomarkers 
that may co-vary with levels of DNA damage in particle-exposed sub-
jects, suggesting that they are linked in the same causal network. A study 
of workers in a company producing MWCNTs in Russia showed higher 

level of inflammatory markers in sputum and/or blood [149]. A study of 
workers in Europe found some associations between MWCNT exposure 
and biomarkers of inflammation, but the researchers also noted that 
correction for a false discovery rate was not conducted [150,151]. Lee 
et al. reported higher levels of oxidative stress biomarkers in exhaled 
breath of MWCNT-exposed workers in a manufacturing workplace 
(elemental carbon: 6.2–9.3 μg/m3) as compared to office workers in a 
study from South Korea [152]. It is also noteworthy that a study on 
workers handling CNTs and nanofibers only found that 18 % of the 
potentially exposed subjects had CNTs in sputum, and associations be-
tween CNT exposure and biomarkers of oxidative stress and inflamma-
tion in sputum and blood were not always in the expected direction 
[153–155]. These observations suggest that exposure to CNTs in the 
workplace may be only weakly associated with inflammation and 
oxidative stress. Therefore, attention should be paid to statistical power 
in genotoxicity studies on CNT-exposed workers because only modest 
increases in levels of DNA damage are expected. 

The literature on genotoxicity endpoints has certain research gaps, 
related to the extrapolation of observations from experimental models to 
humans and generalizability of reference materials to other types of 
MWCNTs. Further studies on MWCNTs are needed to resolve these 
knowledge gaps, including:  

1) The genotoxic hazard by MWCNT exposure in humans should be 
investigated.  

2) There is a need for studies on MWCNT exposure in animal models, 
including measurements of genotoxicity in lung tissue, pleural 
mesothelial cells and other extra-pulmonary tissues.  

3) Assessment of irreversible genotoxic changes is needed. There are 
very few studies on mutations in cells and animals. Although all 
types of MWCNT reference materials have been assessed in the 
micronucleus assay, only MWCNT-7 has been tested in the chromo-
some aberration assay. It is relevant to know if polyploidy is also 
induced by samples with similar characteristics as MWCNT-7 (e.g. 
NM-401) and shorter MWCNTs (i.e. NM-400, NM-402 and NM-403).  

4) There is a paucity of studies on oxidatively damaged DNA, using 
reliable assays such as chromatographic techniques or the enzyme- 
modified comet assay. Assessment of small nucleobase oxidation 
products provides information on oxidative stress, which is an 
important mechanism of action. However, oxidative stress-generated 
DNA lesions may also encompass DNA adducts that are formed by 
lipid peroxidation products.  

5) It is desirable to investigate causes of the heterogeneity in genotoxic 
outcomes by the same MWCNTs. There is little knowledge about 
inter-laboratory variation in the genotoxicity outcomes. This 
knowledge can be obtained by inter-laboratory validation trials 
where laboratories use standardized exposure and genotoxicity assay 
conditions. Round robin experiments on cytotoxicity have been 
conducted and may serve as inspiration for similar trials on geno-
toxicity endpoints [156,157].  

6) It is desirable to estimate the delivered dose of MWCNTs in cell 
culture studies. 

In summary, MWCNT reference materials are important because 
they make it possible to assess if the genotoxic hazard is robust, i.e. 
findings of genotoxicity are reproducible in different cell culture models 
and animals. In addition, MWCNT reference materials are attractive 
because they are well-characterized and less effort on characterization is 
needed. The knowledge of genotoxic effects of MWCNT reference ma-
terials is dominated by observations from cell culture experiments, using 
mainly DNA strand breaks by the comet assay and the micronucleus 
assay. These assays indicate that MWCNT-7 is genotoxic in vitro, whereas 
the evidence of genotoxicity is less clear for JRC reference materials. 
There is insufficient number of studies in animals to make conclusions 
concerning the genotoxicity of MWCNT reference materials. 
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