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Abstract 

The number of publications in the field of nanogenotoxicology and the amount of genotoxicity data on nanoma‑
terials (NMs) in several databases generated by European Union (EU) funded projects have increased during the last 
decade. In parallel, large research efforts have contributed to both our understanding of key physico‑chemical (PC) 
parameters regarding NM characterization as well as the limitations of toxicological assays originally designed for 
soluble chemicals. Hence, it is becoming increasingly clear that not all of these data are reliable or relevant from the 
regulatory perspective. The aim of this systematic review is to investigate the extent of studies on genotoxicity of 
NMs that can be considered reliable and relevant by current standards and bring focus to what is needed for a study 
to be useful from the regulatory point of view. Due to the vast number of studies available, we chose to limit our 
search to two large groups, which have raised substantial interest in recent years: nanofibers (including nanotubes) 
and metal-containing nanoparticles. Focusing on peer‑reviewed publications, we evaluated the completeness of PC 
characterization of the tested NMs, documentation of the model system, study design, and results according to the 
quality assessment approach developed in the EU FP‑7 GUIDEnano project. Further, building on recently published 
recommendations for best practices in nanogenotoxicology research, we created a set of criteria that address assay‑
specific reliability and relevance for risk assessment purposes. Articles were then reviewed, the qualifying publica‑
tions discussed, and the most common shortcomings in NM genotoxicity studies highlighted. Moreover, several EU 
projects under the FP7 and H2020 framework set the aim to collectively feed the information they produced into the 
eNanoMapper database. As a result, and over the years, the eNanoMapper database has been extended with data of 
various quality depending on the existing knowledge at the time of entry. These activities are highly relevant since 
negative results are often not published. Here, we have reviewed the NanoInformaTIX instance under the eNanoMap‑
per database, which hosts data from nine EU initiatives. We evaluated the data quality and the feasibility of use of the 
data from a regulatory perspective for each experimental entry.
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Background
Nanomaterials (NMs) are materials with at least one 
size dimension between 1 and 100  nm [1]. Due to the 
reduced size and the corresponding increased sur-
face area, NMs have unique properties suitable for 
many industrial applications that, however, also raise 

Open Access

*Correspondence:  julia.catalan@ttl.fi

1 Finnish Institute of Occupational Health, Box 40, Työterveyslaitos, 
00032 Helsinki, Finland
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12989-022-00499-2&domain=pdf


Page 2 of 24Siivola et al. Particle and Fibre Toxicology           (2022) 19:59 

concerns about their adverse health effects [2, 3]. 
Therefore, NMs—especially metals, metal oxides and 
nanofibers—have been extensively investigated for their 
safety [2, 4].

An important concern related to the safety of NMs is 
their capacity to produce genetic damage [3, 5]. Unre-
paired genotoxic events can lead to permanent changes 
in the genetic material (i.e., mutations) that, if occur-
ring in critical genes, might lead to cancer [6]. Therefore, 
every mutagen is considered potentially carcinogenic [3]. 
Due to the important consequences to human health, 
mutagenicity is a hazard endpoint required in all product 
regulations and, consequently, a key endpoint in most of 
the testing strategies developed for NMs [5, 7–10].

There has been a steady rise in the number of nanogen-
otoxicology research papers published in the twenty-first 
century [11]. In parallel, a vast amount of data relevant 
to NM toxicity have been produced in several initiatives 
(e.g., EU projects). Yet, for regulatory purposes, these 
data may only be retrieved if published, which is gener-
ally not the case for negative results. Unfortunately, man-
ual retrieve and review of information from publications 
is time consuming, which hampers re-use of data. As an 
example, a recent Scientific Committee on Consumer 
Safety (SCCS) Opinion on NMs in cosmetics could not 
resolve a conclusion on the use of  SiO2 due to the lack 
of data [12]; yet a quick search under the eNanoMapper 
database provided at least 200 entries related to toxicity 
of this substance. It is therefore not clear if stakeholders 
are not aware of databases, if database searching is too 
time-consuming or if the information provided in these 
databases is of no use from a regulatory perspective.

Concomitantly, large research efforts have contributed 
to both our understanding of key physico-chemical (PC) 
parameters regarding NM characterization as well as the 
limitations of toxicological assays originally designed 
for soluble chemicals [5, 13, 14]. As a consequence, it is 
becoming increasingly clear that not all generated infor-
mation is reliable or relevant from the regulatory per-
spective; that is, that it can give evidence of the clarity 
and plausibility of the findings, and of the extent to which 
data and tests are appropriate for hazard characterization 
[15].

In order to make use of the existing toxicological data, 
quality evaluation methods and recommendations for 
best practices in nanotoxicology research have been 
developed, e.g., in the EU FP-7 GUIDEnano [5, 16] and 
H2020 caLIBRAte projects [17], and by the Interna-
tional Life Sciences Institute (ILSI) Health and Environ-
mental Sciences Institute (HESI) Genetic Toxicology 
Technical Committee (GTTC) [13]. Based on these 
research approaches, one key aspect is currently missing: 

understanding of how the obtained information fits to a 
regulatory approach.

Therefore, the aim of this systematic review was to 
investigate the extent of studies and data on genotoxic-
ity of NMs that can be considered reliable and relevant 
by current standards and bring focus to what is needed 
for a study to be useful from the regulatory point of view. 
Peer-reviewed publications were evaluated for the com-
pleteness of PC characterization of the tested NMs, and 
reliability of the studies according to the GUIDEnano 
quality assessment approach. In addition, the relevance 
of the studies was assessed by a set of assay-specific cri-
teria that were created building on recently published 
recommendations for best practices in nanogenotoxi-
cology research. In parallel, a similar evaluation of the 
genotoxicity data retrieved from the NanoInformaTIX 
instance was performed with a main focus on the regula-
tory needs regarding data quality. The qualifying publica-
tions are discussed, and future research needs, based on 
the most common shortcomings found, are proposed.

Literature search
The searches for peer-reviewed research publications on 
the genotoxicity of NMs were conducted in PubMed and 
Scopus and limited between 2009 and 2019. We focused 
on the two large groups of NMs—nanofibers (includ-
ing nanotubes), and metal-containing nanoparticles 
(NPs)—for which there is more available information on 
the genotoxic potential in the literature and databases as 
compared with other NMs. The searches were performed 
separately for each group of NMs. Within each material 
type, separate searches were done for in vitro and in vivo 
studies.

The publications were limited to validated assays, 
according to the inclusion criteria stated in Table  1, 
where the search terms used for nanofibers and metal-
containing NPs are also described. The bacterial gene 
mutation assays were omitted as they are generally unin-
formative for NMs due to limited particle uptake [18]. 
The in vitro single-cell gel electrophoresis (comet) assay 
was not included due to the considerable variation in pro-
tocols in absence of guidelines and standardization, and 
the possibility of false positive results owing to NM inter-
fering with DNA after lysis [19]. On the other hand, all 
routes of exposure were accepted for the in vivo studies. 
As few studies performed by inhalation were expected, 
other methods of administration through the respira-
tory route—(oro)pharyngeal aspiration or intratracheal 
instillation—were considered, as they have been reported 
to be reliable methods for assessing the pulmonary out-
comes of NM exposure [20, 21].

The suitability of the publications produced by each 
search was confirmed based on the abstracts. The 
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search terms for in vitro studies produced a number of 
in  vivo studies not covered by the in  vivo search and 
vice versa. These studies were moved under the cor-
rect topic and included in the evaluation. The publica-
tions, which included both in  vitro and in  vivo work, 
were evaluated in both groups for the corresponding 
parts.

Quality evaluation of peer‑reviewed literature
The quality of the studies was evaluated according to 
the method developed in the EU FP-7 GUIDEnano pro-
ject [16]. The approach builds upon previous initiatives, 
mainly on that of Card and Magnusson [22] as far as 
human toxicity studies. The GUIDEnano approach con-
sists of two scores related to completeness of substance 
characterization (S) and reliability of the study (K). The 
criteria included in each score, which were published 
earlier by Fernández Cruz et  al. [16], are reproduced in 
Additional file 1: Tables S1–S3. Due to the broad scope of 
the GUIDEnano approach, it needs to be complemented 
with additional criteria to evaluate the relevance of the 
studies for each given environmental and human toxicity 
endpoint.

Evaluation based on the GUIDEnano quality approach
First, the S score was applied to filter out studies with 
incomplete NM characterization. The S score (Additional 
file  1: Table  S1) addresses whether a minimum set of 
key PC properties of NMs, both as provided and meas-
ured in the exposure medium, have been assessed in the 
study under consideration. Out of the selected parame-
ters, some are considered as compulsory properties (‘red 
questions’, e.g., chemical composition, size, shape and 
surface chemistry), which disregard the study if they are 
not fulfilled [16]. In addition, studies are also disregarded 
if a minimum score is not reached.

For the studies that contained test results for more than 
one NM, the S score was determined separately for each 
NM and the NMs with acceptable material characteriza-
tion were subjected to further evaluation.

Secondly, the K score was employed to assess the reli-
ability of the studies with acceptable NM characteriza-
tion. The K score (Additional file  1: Tables S2 and S3) 
was designed to ascertain an adequate description of 
the model system and study design, proper results docu-
mentation, and plausibility of the results. Different sets 
of questions are addressed to in  vitro and in  vivo stud-
ies, and some of them are identified as ‘red questions’. 
After being evaluated, the study is assigned to one of the 

Table 1 Inclusion and exclusion criteria, and search terms used in the literature review

a As TK is an acronym of thioketal, it was added as an excluding term within the in vitro metal-containing NPs search. bAs the search was limited to nanoparticles, some 
studies on high aspect ratio metal-containing nanomaterials (e.g., nanorods or nanowires) may have not been caught

Inclusion criteria
 1. In vitro studies performed using validated assays:

  • Mammalian cell micronucleus (MN) assay

  • Chromosomal aberration (CA) assay

  • Mammalian gene mutation assays: tests using hypoxanthine–guanine phosphoribosyltransferase (Hprt) or xanthine phosphoribosyltransferase 
(Xprt), and thymidine kinase (Tk) genes, including the mouse lymphoma assay (MLA)a

 2. In vivo studies performed using validated assays:

  • In vivo comet assay

  • Mammalian erythrocyte MN assay

  • Mammalian CA assay

  • Gene mutation assays

 3. In vivo studies performed by inhalation, oropharyngeal aspiration, intratracheal instillation, dermal, oral exposure, or any type of injection

Exclusion criteria
 4. The words fibers, nanotubes, graphene, and therapy, were excluded from the search for in vivo studies of metal‑containing NPs, as the search 
produced a considerable number of publications unrelated to the topic of this review

 5. Full text was not available in English through conventional sources

Search terms
 6. In vitro nanofibers: (nanotubes OR nanofibers OR nanofibres) AND (Hprt OR Xprt OR Tk OR micronucleus OR "chromosomal aberration*") AND 
(human OR mouse OR rat OR mammalian)

 7. In vivo nanofibers: (nanofibers OR nanofibres OR nanotubes) AND genotox* AND (“in vivo” OR rats OR mice)

 8. In vitro metal‑containing NPs: nanoparticles AND (Hprt OR Xprt OR Tk OR micronucleus OR "chromosomal aberration*") AND (human OR mouse 
OR rat OR mammalian) NOT thioketal

 9. In vivo metal‑containing NPs: nanoparticles AND (comet OR micronucleus OR aberrations OR "gene mutation") AND (inhalation OR aspiration OR 
instillation OR dermal OR oral OR gavage OR injection) AND metal NOT (fibers OR fibres OR graphene OR nanotubes OR therapy)b
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categories established by Klimisch et al. [23]: K1 (reliable 
without restrictions), K2 (reliable with restrictions) or 
K3 (unreliable). Studies that failed in the latter category, 
either because they did not pass all the red questions or 
failed to reach the minimum score, were not considered 
for further assessment.

Assay‑specific evaluation of the genotoxicity assays
In addition to applying the GUIDEnano quality evalu-
ation approach, we further assessed the relevance and 
limitations of genotoxicity assays used in testing NMs by 
creating a set of criteria that addresses the assay-specific 
details. The criteria were based on the recommendations 
set by Doak et al. [24], Pfuhler et al. [25], Elespuru et al. 
[13], Catalán et al. [5], and the corresponding OECD test 
guidelines (TGs) [26–33].

The criteria for the evaluation of the in vitro mamma-
lian cell genotoxicity tests are presented in Table 2. Some 
criteria were considered as obligatory either because they 
are already required in the corresponding OECD TGs 
and considered, as such, applicable for NMs, or because 
there is strong enough evidence of their relevance for 
assessing the genotoxicity of NMs. Among the former 
e.g., background frequencies must be reported because 
excessively high levels may indicate an inappropriate 
experimental set-up, the positive controls should pro-
duce a statistically significant increase, or a concurrent 
cytotoxicity assessment using a validated parameter 
should be performed. The latter includes requesting that 
Cytochalasin B (Cyt-B)—an actin polymerization inhibi-
tor commonly used to inhibit cytokinesis and enable 
identification of dividing cells [34]—should be added no 
less than 6 h after starting the exposure when performing 
the cytokinesis-block micronucleus (MN) assay. In this 
way, it is possible to ensure a period of exposure of the 
cells to the NM in the absence of Cyt-B, which may block 
the cellular uptake of the NMs [35, 36]. However, as this 
criterion was established to avoid including false negative 
results, clearly positive results could be accepted regard-
less of it.

Another obligatory criterion refers to the treatment 
schedule. In order to be able to induce primary direct 
genotoxicity, NMs should be internalized by cells and 
come in contact with the genetic material [3]. As some 
NMs cannot pass through the nuclear membrane, opti-
mally the cells should complete at least one cell cycle in 
the presence of the NM so that internalized NMs may 
come into direct contact with the DNA when the nuclear 
membrane breaks down during mitosis [37, 38]. How-
ever, again both requirements concern mainly negative 
results, whereas clearly positive results can be considered 
relevant regardless of proof of cellular uptake or ade-
quate treatment time. It should be noted that regarding 

treatment times the current OECD guidelines for in vitro 
genotoxicity testing may not be suitable for NMs. Adap-
tation and validation of OECD guidelines for testing 
NMs is currently in progress under the umbrella of the 
OECD Working Party on Manufactured Nanomaterials, 
e.g., project 4.95: Guidance Document on the Adaptation 
of In Vitro Mammalian Cell Based Genotoxicity TGs for 
Testing of Manufactured Nanomaterials [39].

We also established a set of non-obligatory criteria for 
the purpose of collecting information that could be used 
for assessing the assay relevance on a case-by-case basis. 
These criteria were not considered compulsory as they 
are not required in the guidelines or are more difficult to 
apply to the NMs. For instance, the highest test concen-
tration of 2 mg/ml established by the OECD TGs for low 
toxicity substances (not reaching the 55 ± 5% cytotoxic-
ity limit) is generally recognized as excessive for NMs. 
High concentrations that lead to extensive agglomeration 
should be avoided [40]. Furthermore, artefactual positive 
effects could be induced by suffocation of the cells as a 
consequence of the high amount of deposited material 
[41]. However, lower top dose limits of 100  µg/ml [40] 
or 200  µg/ml (EU NANoREG project) have only been 
recently suggested and would also depend on the dispers-
ibility and stability of each specific material. Hence, we 
decided to set a 250 µg/ml limit that could fit to most of 
them.

The evaluation criteria for the mammalian in vivo gen-
otoxicity assays are listed in Table 3. As before, obligatory, 
and non-obligatory criteria were established. Among 
the former, the inclusion of an appropriate cytotoxic-
ity parameter or including a sufficient number of cells 
to reach acceptable sensitivity, according to the last ver-
sion of the corresponding OECD guideline [30–32], were 
required. However, in case of clearly positive results and 
a negative control within a normal range in the MN and 
chromosomal aberration (CA) tests, also adherence to a 
previous version of the same guidelines (OECD TG 473 
and 474, respectively) [42, 43] was considered acceptable.

The most critical issue related to the in vivo assessment 
of NMs refers to the treatment schedule to ensure that 
enough amount of the material has reached the target 
tissue and exerted an effect at the time of sample collec-
tion [5, 25]. The treatment schedule and sampling times 
were evaluated for all the in  vivo assays, and tests with 
inadequate schedules were assessed case-by-case consid-
ering the results and the available biodistribution data. 
Although the correct time window for sampling in differ-
ent exposure scenarios is described in the OECD guide-
lines, it may take longer for some NMs to accumulate 
in target tissue and thus the optimal time window could 
be later than described in the guideline [5, 24, 25]. How-
ever, negative results from samples collected several days 
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or months later than recommended are not meaningful 
without biodistribution data showing that the material 
has, in fact, accumulated, and is biopersistent. Positive 
results were accepted regardless of an unjustified treat-
ment schedule.

As a non-compulsory criterion, the availability of bio-
distribution data was evaluated to establish the extent in 
which the NM has reached the target tissue measured 
in the genotoxicity assay. This is particularly important 
when evaluating the relevance of negative test results. 
Despite its relevance, the criterion was considered as 

non-obligatory as a new TG (or an amendment to the 
existing TG 417 on Toxicokinetics) to accommodate to 
NMs is currently in progress [39].

Literature quality evaluation results
Overview of publications relevant for regulatory risk 
assessment
About 52% (246) and 38% (58) of the original 468 and 152 
literature search results for metal-containing NPs and 
nanofibers, respectively, were excluded because either 
the study was not in the scope of this review, the full-text 
access was not available, or results were already covered 
by the other search terms. The substance (S) score was 

Table 2 Criteria for the assay‑specific evaluation of the validated in vitro mammalian cell genotoxicity assays. Obligatory criteria are 
presented in italics. The non‑obligatory criteria were applied to evaluate the significance of the acceptable test results

All in vitro assays

 1. Adequate dose range: Doses with no or low cytotoxicity and moderate cytotoxicity should be included. For non‑toxic materials a maximum dose 
of ~ 250 µg/ml is considered adequate

 2. If the result is positive only at highly cytotoxic doses (close to 50–60% cytotoxicity for micronucleus test or 10–20% survival for gene mutation 
tests) the conclusions of the study must be reevaluated

 3. Cellular uptake should be confirmed

Mammalian cell micronucleus (MN) test
 4. Background MN frequency must be provided

 5. The concurrent positive controls must elicit a statistically significant increase in MN frequency

 6. Concurrent cytotoxicity assessment must be performed as described in OECD TG487 (with Cyt-B CBPI or RI; without Cyt-B RPD or RICC)

 7. A minimum of 2000 cells have been scored per concentration. A minimum of two replicates or independent experiments have been performed

 8. If Cytochalasin B is used, it is added ≥ 6 h after starting the exposure to allow uninhibited cellular uptake. Tests with positive results are accepted regardless 
of this criterion

 9. There are no major problems in the study design (e.g. less than 3 doses with up to 50–60% cytotoxicity, only cytotoxic doses tested, harvesting schedule does 
not fall within 1.5–2 cell cycles, treatment time less than 3 h, inappropriate solvent without vehicle control, too high solvent concentration)

 10. Treatment schedule: The cells have completed at least one cell cycle in the presence of the NM so that NMs taken up by the cells may come into direct 
contact with the DNA when the nuclear membrane breaks down during mitosis. Tests with positive results are accepted regardless of this criterion

Mammalian chromosomal aberration (CA) test
 11. Background CA level must be provided

 12. Positive control induces a statistically significant increase in CAs

 13. Concurrent cytotoxicity assessment is performed as described by the OECD guideline (RPD or RICC, MI is acceptable for primary lymphocytes)

 14. A minimum of 300 metaphases per concentration (unless clearly positive response) are analyzed. A minimum of two replicates or independent experi-
ments are performed

 15. There are no major problems in the study design (e.g., less than 3 doses with up to 50–60% cytotoxicity, only cytotoxic doses tested, clearly inadequate 
treatment time, harvesting schedule does not fall within 1.5 cell cycles, inappropriate solvent without vehicle control, too high solvent concentration)

 16. Treatment schedule: The cells have completed at least one cell cycle in the presence of the NM so that NMs taken up by the cells may come into direct 
contact with the DNA when the nuclear membrane breaks down during mitosis. Tests with positive results are accepted regardless of this criterion

Mammalian cell Hprt, Xprt, and Tk gene mutation tests and mouse lymphoma assay (MLA)
 17. Negative control mutation frequency must be reported

 18. The concurrent positive controls must elicit a statistically significant increase in mutant frequency

 19. Concurrent cytotoxicity evaluation must be performed with appropriate cytotoxicity parameter, as described by OECD TGs (RS for Hprt/Xprt/Tk; RTG for 
MLA)

 20. A minimum of two replicates or independent experiments are performed

 21. There are no major problems in the study design (e.g., less than 4 doses above 10–20% survival, only cytotoxic doses tested, treatment time less than 
3 h, inadequate phenotypic expression time—for MLA 2 days, for Tk 3–4 days, for Hprt/Xprt a minimum of 7–9 days, inappropriate solvent without vehicle 
control, too high solvent concentration)

 22. Treatment schedule: The cells have completed at least one cell cycle in the presence of the NM so that NMs taken up by the cells may come into direct 
contact with the DNA when the nuclear membrane breaks down during mitosis. Tests with positive results are accepted regardless of this criterion
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finally evaluated in 137 in  vitro studies and 85 in  vivo 
studies on metal-containing NPs, and in 57 in vitro stud-
ies and 37 in vivo studies on nanofibers, which fitted the 
scope of the present review.

The quantity of studies on nanofibers or metal-contain-
ing NPs evaluated in each step of the quality assessment 
is displayed in Fig. 1. Within all groups, by far the largest 
number of studies were rejected due to an incomplete PC 
characterization (S score) of the tested NM. For metal-
containing NPs, a slightly larger proportion of studies 

(69% and 65% for in vitro and in vivo, respectively) were 
rejected on this basis compared to nanofibers (61% and 
51%, respectively). According to the GUIDEnano reli-
ability evaluation (K score), 6% and 10% of the in  vitro 
and in  vivo studies on metal-containing NPs, respec-
tively, were deemed unreliable, whereas all except one 
(2%) nanofiber studies were considered reliable. The dif-
ferences may be due to the considerably smaller number 
of publications on nanofibers, but as the evaluations for 
each type of NM were conducted by a different evaluator, 

Table 3 Criteria for the assay‑specific evaluation of the validated in vivo genotoxicity assays. Obligatory criteria are presented in italics. 
The non‑obligatory criteria were applied to evaluate the significance of the acceptable test results

All in vivo assays
 1. Positive and negative control data must be available

 2. An adequate dose range should include at least three doses covering a range from the maximum tolerated dose, 2000 mg/kg body weight for 
< 14‑day or 1000 mg/kg body weight for > 14‑day exposures in oral exposure, or lung overload limit (threshold level of particles reached within the 
lung above which the observed adverse effects may be attributable to particle accumulation and may not reflect a real toxic response) for inhalation 
exposure, to a dose producing little or no toxicity. The maximum dose may also be defined by toxicity in the target tissue or by a particle concentra‑
tion which, in a real‑life exposure scenario, becomes effectively non‑nano due to particle agglomeration

 3. The exposure route should be justified by human exposure

 4. Tissue distribution data should be provided. It should be demonstrated that the material itself, its metabolites or secondary effectors reach the 
target tissues

Mammalian erythrocyte micronucleus (MN) test
 5. The proportion of reticulocytes (immature erythrocytes, RET%) among total erythrocytes must be determined for each animal by counting a total of at least 
500 erythrocytes for bone marrow and 2000 erythrocytes for peripheral blood

 6. At least 4000 immature erythrocytes per animal should be scored for the incidence of micronucleated immature erythrocytes and a minimum of 5 animals 
per group should be analyzed to reach sufficient statistical power

 7. When peripheral blood is used, it must be established that splenic removal of micronucleated cells from the circulation does not compromise the detection 
of induced NM in the species selected (this has been clearly demonstrated for mouse and rat peripheral blood)

 8. Sample collection times at which the treatment-related induction of micronucleated immature erythrocytes can be detected are required. In the case of 
peripheral blood sampling, enough time must also have elapsed for these events to appear in circulating blood. The time required for the nanomaterial to 
reach the target tissue should be considered in the experimental design. Treatment schedule should be scientifically justified, e.g., with biodistribution data, or 
by minimum, following the OECD TG. Tests with positive results should be accepted regardless of this criterion

Mammalian bone marrow chromosomal aberration (CA) test
 9. The mitotic index must be determined as a measure of cytotoxicity in at least 1000 cells per animal for all treated animals

 10. At least 200 metaphases per animal (or more if negative control frequency is < 1%) and a minimum of 5 animals per group must be analyzed to reach 
sufficient statistical power

 11. Treatment schedule should be scientifically justified, e.g., with the help of biodistribution data, or by minimum following the OECD TG. For rodents, the 
first sampling interval should be the time necessary to complete 1.5 normal cell cycle lengths after the exposure of the target tissue. The time required for the 
nanomaterial to reach the target tissue as well as its effect on cell cycle kinetics can affect the optimum time for CA detection and should be considered in 
the experimental design. A later sample collection 24 h after the first sampling time is recommended for the highest dose. Tests with positive results should be 
accepted regardless of this criterion

Mammalian alkaline comet assay
 12. Automated or semi-automated (quantitative) scoring required, % tail DNA from at least 150 cells per sample (excluding hedgehogs) and a minimum of 5 
animals per group are required

 13. For positive results, an examination of one or more indicators of cytotoxicity (e.g. histopathology or trypan blue exclusion) is required. Increases in DNA 
migration in the presence of clear evidence of cytotoxicity should be interpreted with caution

 14. According to the OECD TG, the samples should be collected no later than 6 h after the final treatment. However, the time required for the nanomaterial 
to reach the target tissue and biopersistence of the materials should be considered, and positive results accepted with any schedule. For negative results the 
sample collection schedule should be justified preferably by biodistribution data, and it should be considered that the OECD TG recommends two or more 
treatments at approximately 24 h intervals

Erythrocyte Pig‑a gene mutation assay
 15. A sufficient number of cells to detect at least one mutant cell per sample and a minimum of six animals per group must be analyzed

 16. For optimal sensitivity, a 28-day repeated exposure is recommended, and samples should be analyzed at least once within a few days after cessation of 
exposure (days 29–31 after the first dose). Other treatment schedules should be scientifically justified. Tests with positive results should be accepted regardless 
of this criterion
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subjective interpretation of the evaluation criteria cannot 
be entirely ruled out. The proportion of in vitro studies, 
which passed all stages of the evaluation was similar for 
both metal-containing NPs and nanofibers, 15% and 12%, 
respectively. In case of the in  vivo studies, 18% of the 
metal-containing NPs and 33% of the nanofiber publica-
tions were finally accepted.

Results of the quality evaluation based on the GUIDEnano 
quality approach
The S score was the most limiting of the evaluation steps 
(Fig. 1). Acceptable NM characterization was only avail-
able in 31% and 39% of the in vitro studies, and 35% and 
49% of the in vivo studies, for metal-containing NPs and 
nanofibers, respectively. The information was available 
either in the publications themselves or other clearly 
indicated sources. Failing to fulfill the acceptable sub-
stance characterization mostly stemmed from failing at 

Fig. 1 Quality assessment of genotoxicity studies on metal‑containing nanoparticles and nanofibers. The percentage and total number (in 
parenthesis) of studies evaluated in each step are presented
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least one of the ‘red questions’ (obligatory criteria), and 
less frequently from failing to fulfill the minimum points 
required in the scoring. Up to 65% and 28% of the in vitro 
studies, and 58% and 29% of the in  vivo studies, for 
metal-containing NPs and nanofibers, respectively, failed 
at least one of the red questions. This is in line with the 
findings by Fernández-Cruz et al. [16], who found insuffi-
cient characterization of the tested NMs to be the princi-
pal weakness in the toxicity studies evaluated during the 
development of the GUIDEnano approach.

The most common shortcomings in the substance 
characterization were failures to provide the purity of 
the NM and the size distribution during the exposure, 
which is also in agreement with the GUIDEnano’s eval-
uation [16]. In many papers which had an acceptable S 
score in this evaluation, the purity of a well-identified 
commercial NM could be found from the supplier’s 
website. This was deemed acceptable in the evaluation, 
although it should be noted that information on web-
sites often becomes unavailable over time, and quite 
detailed information (e.g., a product and a lot number) 
is often required to identify the exact product from 
the supplier’s website. Other reasons for failing this 
question included previously published characteriza-
tion data that was either mis-referenced or the previ-
ous publication was not available from typical sources. 
Purity with respect to the nanofibers was a much more 
obtainable criterion compared with metal-containing 
NPs. The characterization of carbon nanotubes (CNTs) 
is fundamentally linked to their carbon purity and is an 
extremely common feature of their published PC fea-
ture set. The question of purity becomes especially per-
tinent when discriminating e.g., between CNTs NM400 
and NM401 which are extremely alike with the excep-
tion of higher metal impurity content in the NM400, 
an artifact of the catalysis. Nevertheless, it is highly 
recommended to provide a summary of the material 
characteristics provided by previous publications, the 
substance supplier’s website, or the certificate of anal-
ysis in the same publication with the genotoxicity test 
results.

As concerns the assessment of the size distribution 
during the exposure, dynamic light scattering (DLS) is 
one of the most used methods for characterizing NPs in 
the exposure medium. However, it may give an inaccu-
rate size distribution for non-spherical materials. Trans-
mission electron microscopy (TEM) is a more suitable 
method for accurate measurements of the particle size 
for nanofibers, although it does not provide a good esti-
mation of the size distribution in the sample. In some 
conditions, particle size in medium changes with con-
centration [44]. Although measuring particle size from 
exposure medium in all the tested doses is not required 

by the S score nor used as a criterion in our evaluation, a 
dose-dependent particle size may contribute to a better 
interpretation of results.

Another red question with which we encountered 
some shortcomings concerned the shape of the primary 
particle, which was not always well described for the 
metal-containing NPs. Ideally this information should 
be clearly given, also for spherical or amorphous NMs. 
In this evaluation, however, we accepted TEM images as 
proof of particle shape.

After evaluating the completeness of material charac-
terization, a total of 64 in vitro studies (42 and 22 metal-
containing NPs and nanofibres publications, respectively) 
and 48 in vivo studies (30 and 18 metal-containing NPs 
and nanofibres publications, respectively) were further 
assessed for the quality.

The reliability of the studies was evaluated by the K 
score (Fig. 1). For nanofibers, only one in vitro study was 
considered unreliable due to failing at least one of the 
essential criteria. In the case of metal-containing NPs, 
most of the studies with a complete material characteri-
zation—81% in vitro and 74% in vivo—were also consid-
ered reliable. Failing at least one of the ‘red questions’ 
was the reason for not succeeding in passing the K score 
in all the cases. In the in vitro studies, the most common 
shortcomings were failures to clearly describe the source 
of the test system, and the study endpoints and methods. 
Among the in vivo studies, the most critical shortcoming 
was the lack of positive controls. Our findings comfort 
with those of Fernández-Cruz et al. [16] who concluded 
that, in general, peer-reviewed publications complied 
with the majority of the questions included in the K 
score. Nevertheless, and as mentioned before for mate-
rial characterization, also for the description of methods 
it is generally not advisable to refer to sources that may 
change or become unavailable over time. Instead, all rel-
evant details should be cited in the same publication with 
the genotoxicity data to ensure accessibility.

Results of the assay‑specific evaluation
A total of 55 in  vitro studies (34 and 21 metal-contain-
ing NPs and nanofibres publications, respectively) and 
39 in vivo studies (21 and 18 metal-containing NPs and 
nanofibres publications, respectively) were considered 
reliable in the K score-based evaluation. These studies 
were further assessed according to the assay-specific cri-
teria detailed in Tables 2 and 3.

In vitro assays
From the total of 55 in  vitro publications, the number 
of reported MN, CA and gene mutation assays were 29, 
5 and 6 for metal-containing NPs, and 14, 7 and 2 for 
nanofibers, respectively. In some of the publications, 



Page 9 of 24Siivola et al. Particle and Fibre Toxicology           (2022) 19:59  

more than one type of assay was used. Figure 2 summa-
rizes the proportion of studies that successfully fulfilled 
the assay-specific criteria listed in Table 2. About half of 
the studies performed with the MN and gene mutations 
assays complied with the criteria. However, the propor-
tion was much lower when using the CA assay.

A breakdown of the in  vitro assay quality evaluation 
results according to the obligatory criteria is shown in 
Fig.  3. The most common shortcoming for all types of 
materials leading to exclusion among in vitro genotoxic-
ity tests was the lacking or inadequate concurrent cyto-
toxicity measurement. In addition, studies on nanofibers 
had a markedly larger number of shortcomings concern-
ing the treatment schedule, study design and adherence 
to sample sizes or number of replicates or experiments 
recommended by the OECD guidelines compared to 
studies on metal-containing NPs.

The purpose of a concurrent cytotoxicity measurement 
is to ascertain a relevant dose range for the genotoxicity 
analysis. According to the OECD guidelines, a minimum 
of three (MN and CA assays), or four (gene mutation 
tests) doses should be tested up to a highest test concen-
tration aiming at 50–60% cytotoxicity in case of MN and 
CA assays, and 10–20% survival in case of the gene muta-
tion tests (criteria 9, 15 and 21 of Table 2). Genotoxicity 
analysis at excessively toxic concentrations could lead to 
false positive outcomes [5, 24]. On the other hand, testing 
only doses with too low toxicity may prevent or under-
estimate the detection of the genotoxic potential of the 
NMs [5, 45, 46]. A concurrent cytotoxicity assessment 
using a recommended cytotoxicity parameter based on 
cell proliferation is required (as specified in the criteria 6, 
13 and 19 of Table 2). Assessing cytotoxicity in the same 

experiment as the genotoxicity predictors is especially 
important when testing NMs as some of them exhibit 
poor repeatability between dispersions.

The treatment schedule could be considered clearly 
inadequate for detection of direct genotoxicity in 20% 
and up to 70% of the evaluated genotoxicity tests for 
metal-containing NPs and nanofibers, respectively 
(Fig.  3). A much larger proportion of the studies did 
not describe the exposure time relative to the cell cycle 
or include any information about the length of the cell 
cycle in the chosen model system. In this evaluation the 
treatment time was considered acceptable if it was in the 
range of normal average cell cycle length (15–24 h). The 
test result, however, could also be considered acceptable 
by expert judgement regardless of the inadequate treat-
ment time in case of clearly positive results.

The breakdown of the in vitro genotoxicity assay qual-
ity evaluation results according to the non-obligatory cri-
teria is shown in Fig. 4. The main shortcoming for these 
criteria was the lack of confirmation of cellular uptake. 
As mentioned above, in order to come in contact with 
the genetic material, NMs should be internalized by 
cells. In this evaluation we did not consider assessment 
of particle uptake a mandatory requirement but used it 
as supporting information for the purpose of compen-
sating other shortcomings and weighing the relevance 
of negative test results. An example of a well performed 
investigation of cellular uptake in the test system is the 
study by Di Bucchianico et al. [47]. These authors tested 
the time and dose dependence of Ni and NiO NPs uptake 
by inductively coupled plasma mass spectrometry (ICP-
MS) and confirmed the presence of Ni in particle form 
at the last analyzed time point by TEM. They found that 

Fig. 2 Results of the in vitro genotoxicity assay‑specific evaluation. The percentage and number of assays (out of the total number of each specific 
type of assay) that fulfilled the assay‑specific criteria is presented in each bar
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Fig. 3 The breakdown of the in vitro genotoxicity assay‑specific evaluation results by obligatory criteria. The percentage and number of assays (out 
of the total number of assays evaluated for each criterion) that fulfilled each assay‑specific criterion is presented in each bar. *Evaluated only in the 
assays where Cytochalasin B was used. Clearly positive test results were considered acceptable regardless of this criterion

Fig. 4 The breakdown of the in vitro genotoxicity assay‑specific evaluation results by non‑obligatory criteria. The percentage and number of assays 
(out of the total number of assays evaluated for each criterion) that fulfilled each assay‑specific criterion is presented in each bar. *Evaluated in 26 
and 14 assays (metal‑containing NPs and nanofibers, respectively) for which a concurrent cytotoxicity assessment was performed. **Evaluated in 23 
and 14 assays (metal‑containing NPs and nanofibers, respectively) with a concurrent cytotoxicity assessment and positive results
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the uptake was rapid and dose dependent in the chosen 
test system. However, the same cannot be assumed for 
other cell lines, NMs, or methods of dispersion, and thus, 
especially in the case of negative genotoxicity test results, 
it is important that the study describes the capability of 
the cell line to internalize the material at the same time 
points and in the same conditions in which the genotox-
icity test was performed.

Almost half of the assays for metal-containing NPs that 
included a concurrent cytotoxicity measurement failed 
to choose an appropriate dose range. In addition, in one 
fourth of the assays showing a positive outcome, the posi-
tive result was associated to excessive toxic doses (Fig. 4). 
As explained above, covering an appropriate dose range 
is critical for a proper interpretation of the genotoxicity 
outcomes. Some of the evaluated studies did only analyze 
non-toxic or very low cytotoxicity doses. On the other 
hand, others did not include enough low toxicity doses, 
which may have enabled a more reliable interpretation 
of the positive test results. We acknowledge fulfilling the 
regulatory requirements for an acceptable dose range 
with NMs may be challenging due to methodological 
limitations. At high doses heavy agglomeration of the test 
material may occur, making the test material effectively 
non-nano, or microscopical analysis can be hindered by 
material agglomerates covering the cell surface. However, 
in this case a clear description of the limitations and jus-
tification for the tested dose range should be given.

In vivo assays
From the total of 39 in  vivo publications, the number 
of reported MN, CA, comet and gene mutation (Pig-a) 
assays were 16, 7, 20 and 3 for metal-containing NPs, and 
6, 2, 14 and 0 for nanofibers, respectively. In most of the 
publications, more than one type of assay was used. Fig-
ure 5 summarizes the proportion of studies that success-
fully fulfilled the assay-specific criteria listed in Table 3. 
All the studies performed with the CA assay, as well as 
most of those using the MN assay, complied with the cri-
teria. However, almost half of the studies using the comet 
assay did not. On the other hand, none of the studies 
involving the erythrocyte Pig-a gene mutation assay were 
acceptable.

A breakdown of the in  vivo genotoxicity assay quality 
evaluation results according to the obligatory criteria is 
shown in Fig.  6. The most common shortcoming was a 
sample size that was smaller than recommended by the 
current OECD guidelines (sample size was revised in 
the 2014 version), or a draft of such guideline in case 
of the  Pig-a assay. However, in the case of MN and CA 
assays, the sample size often followed the 1997  ver-
sion of the OECD guidelines. In this case the test could 
be considered acceptable by expert judgement if the 
negative controls reached sufficient levels to enable reli-
able analysis and the test result was positive. A similar 
approach was applied regarding the concurrent toxic-
ity measurement, where the only complaint was the cell 
number analyzed for the cytotoxicity parameter. Rare 
events such as chromosomal aberrations often require 

Fig. 5 Results of the in vivo genotoxicity assay‑specific evaluation. The percentage and number of assays (out of the total number of each specific 
type of assay) that fulfilled the assay‑specific criteria is presented in each bar. Results from the erythrocyte Pig‑a gene mutation assay are not shown 
in the figure (0 out of total 3 tests were acceptable for metal‑containing nanoparticles (NPs), whereas no tests for nanofibers were retrieved in the 
literature search)
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analysis of a larger number of metaphases (200 cells per 
animal) compared to what is recommended by the older 
(1997) version of the OECD guideline (100 cells per ani-
mal), however the data was in most cases useful even if 
the older version of the guideline was followed. A design 
with too low sample size may, however, pose a problem 
with interpretation of negative or weak positive results 
as lack of statistical power compromises the sensitivity of 
the test [48].

Another shortcoming concerned to the treatment 
and sampling schedules. A justification of a treatment 
schedule should optimally rely on toxicokinetic stud-
ies, which confirm the presence of the test material in 
the target organ at a given time point and, on the same 
time, take into account the transient nature of the meas-
ured phenomenon. A study using unjustified treatment 
schedules could be acceptable only if the test result is 
positive. However, in this evaluation we accepted stud-
ies that followed the OECD recommendations, although 
their suitability for NMs can be sometimes questionable 
as it may take a longer time for NMs to reach the target 
organ compared with soluble chemicals [5]. Especially in 
the case of comet assay, which is based on DNA damage 
that is usually repaired within hours, the bio-persistence 
of the nanomaterial should be confirmed, if samples are 
collected later than recommended.

The breakdown of the in vivo genotoxicity assay qual-
ity evaluation results according to the non-obligatory cri-
teria is shown in Fig. 7. The main shortcoming for these 
criteria was the failure of confirming the presence of the 

material in the target tissue that, as commented in the 
previous paragraph, is necessary for the correct interpre-
tation of negative outcomes. For instance, in the case of 
metal-containing NPs, only 3 out of 21 studies evaluated 
the biodistribution in all the target tissues where geno-
toxicity was measured, whereas 13 included some biodis-
tribution data, but not all target tissues were measured, 
and 5 included no biodistribution data. Although 17 out 
of 21 studies included assessment of systemic genotoxic-
ity, accumulation in bone marrow was measured in only 
3 studies. In 9 out of these 17 studies, peripheral blood 
was used as an indicator of systemic distribution. How-
ever, as bone marrow is the target organ for the currently 
accepted tests for systemic genotoxicity and there may 
be significantly less NM available in the bone marrow 
compared to peripheral blood, measuring accumulation 
in blood may not be sufficient. In one of the studies that 
did consider the biodistribution in bone marrow, oral 
exposure to different sizes of Ag NPs led to minimal sil-
ver accumulation in the blood and especially in the bone 
marrow compared to other organs [49]. Unfortunately, as 
pointed out before, an appropriate TG for assessing the 
toxicokinetics of NMs is still in development [39].

Regarding the use of an adequate route of exposure, 
most of the studies were considered as fulfilling this cri-
terion. Although the route of exposure should be chosen 
based on the realistic human exposure, it is worth not-
ing that, according to the recommendations of the Euro-
pean Chemicals Agency for the safety assessment of 
NMs, studies are recommended to be performed via the 

Fig. 6 The breakdown of the in vivo genotoxicity assay‑specific evaluation results by obligatory criteria. The percentage and number of assays (out 
of the total number of assays evaluated for each criterion) that fulfilled each assay‑specific criterion is presented in each bar. *This criterion was not 
required for the gene mutation assay. A test that followed an older (1997) version of the corresponding OECD guideline, and had clearly positive 
results, was considered acceptable for micronucleus and chromosomal aberration assay. **Tests with positive results were accepted whatever 
treatment or sampling schedule used
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respiratory route [36]. Only two studies, one by inhala-
tion and the other by intratracheal instillation, explored 
the respiratory exposure to NMs in the case of metal-
containing NPs, whereas a total of 11 studies (one by 
inhalation) did it in the case of nanofibers.

Outcomes from the qualified publications
For the metal-containing NPs, 20 out of 34 in vitro pub-
lications (59%) and 15 out of 21 in vivo papers (71%) that 
fitted the requirements of the GUIDEnano quality assess-
ment, also passed the assay-specific criteria put forward 
by the authors of the present manuscript. With respect to 
the nanofiber publications, the corresponding numbers 
were 7 out of 21 in vitro (33%) and 12 out of 18 in vivo 
(71%) papers. This elevated success rate observed in vivo 
may therefore be a result of the stricter test guidance 
which applies to toxicology testing in animal models as 
opposed to in vitro cultures. When considering the total 
number of papers evaluated in this study (Fig.  1), only 
20 (15%) of the 137 in vitro publications and 15 (18%) of 
the 85 in vivo publications were considered of acceptable 
quality from a regulatory perspective for the metal-con-
taining NPs. In the case of nanofibers, the corresponding 
numbers were 7 out of 57 evaluated in vitro publications 
(12%), and 12 out of 37 in vivo publications (32%).

The qualified publications covered a broad range of 
metal-containing NPs, including only 1–2 publica-
tions per chemical composition except for  TiO2 and Ag 
NPs, for which more results were available. Conversely, 
the majority of the nanofiber studies concerned sin-
gle- or multi-walled carbon nanotubes (SWCNT and 
MWCNT), and only one publication among those assess-
ing other fibers (including nanocellulose, carbon nanofib-
ers, imogolite, europium nanorods, cotton fibers, and 

graphene nanoribbons) passed the quality assessment. 
Most of the test results were positive, this may reflect 
true NM-induced genotoxicity, but may also be the result 
of publication bias, as negative results are usually more 
difficult to get published. Furthermore, more restrictive 
quality criteria were applied to studies reporting negative 
results, as shown in the previous sections (e.g., more jus-
tification for treatment schedule, cellular uptake or bio-
distribution is required in case of negative results).

TiO2 nanoparticles
Table  S4 (Additional file  2: Table  S4) summarizes the 
in  vitro studies performed with different types of  TiO2 
NPs. The results were not consistent as different types 
of NPs and cell systems were used.  TiO2 P25 AEROX-
IDE (also known as JRC NM-105), a 15–30  nm  TiO2 
anatase/rutile that was used as a benchmark NP in many 
studies, produced inconsistent results in different cell 
lines. P25 AEROXIDE induced a statistically significant 
increase in MN at 20, 50 and 100 µg/ml compared with 
the untreated cells, together with a significant dose–
response, in bronchial epithelial BEAS-2B cells, but only 
when using serum-containing medium [44]. Interestingly, 
these authors also found that the genotoxicity results 
were highly dependent on the quality of dispersion. P25 
AEROXIDE also induced a significant increase of MN in 
mouse Balb/3T3 fibroblasts, but only at the lowest tested 
concentration (10  µg/cm2) [50]. Conversely, the same 
material did not increase the frequency of MN in human 
TK6 lymphoblasts and human lymphocytes [51]. How-
ever, cellular internalization was not confirmed in the lat-
ter study. Di Bucchianico et al. [52] tested three types of 
 TiO2 with different particle size and crystalline structure. 
Both 5–8  nm anatase (NM-100) and 22–28  nm rutile 

Fig. 7 The breakdown of the in vivo genotoxicity assay‑specific evaluation results by non‑obligatory criteria. The percentage and number of assays 
(out of the total number of assays evaluated for each criterion) that fulfilled each assay‑specific criterion is presented in each bar
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induced a significant increase of MN at 1 and 1–5  µg/
ml, respectively. However, a larger 50–150  nm anatase 
particle (NM-103), which has a tendency of forming 
large aggregates, produced a negative result regardless 
of confirmed particle uptake. However, as recognized 
by the authors, cellular uptake was only assessed by flow 
cytometry side scatter, making impossible to distinguish 
whether the particles have been internalized or attached 
on the surface of the cells. Significant increase of MN 
was also induced by 50  nm  TiO2 anatase in the epider-
moid carcinoma cell line A431 [53]. Negative results 
were obtained with the in vitro cytokinesis-blocked NM 
(CBMN) assay in Caco-2 cells when testing 20–60  nm 
 TiO2 anatase [54]; however, the study did not include an 
assessment of cellular uptake.

One study investigated the mutagenicity of < 25  nm 
TiO2 anatase by using the CA assay after 24, 48 and 
72  h culture of human lymphocytes [55]. A significant 
increase of aberrations, together with a significant dose–
response, was reported at 48 h culture.

TiO2 was the only metal-containing nanoparticle for 
which we found acceptable in  vivo data for the respira-
tory route (Additional file  2: Table  S5). Sprague–Daw-
ley rats were repeatedly intratracheally instilled with 
P25 AEROXIDE, resulting in a significant increase of 
peripheral blood micronucleated erythrocytes at 35 days 
post-administration [56]. On the other hand, the inhala-
tion exposure of male C57BL/6 J mice with 21 nm  TiO2 
anatase/brookite for 5 days, 4 h/d, also increased the fre-
quency of micronuclei in peripheral blood erythrocytes 
[57]. Both studies also analyzed the induction of DNA 
damage by the comet assay. However, this assay was not 
considered acceptable in any of the studies due to small 
sample size and lacking cytotoxicity indicator. A third 
study with acceptable comet assay data found a signifi-
cant increase of DNA damage in the liver cells of male 
Swiss albino mice after a 14-day repeated oral exposure 
to 10–100 mg/kg of 20–50 nm  TiO2 anatase [58]. Inter-
esting, the results were also positive when applying the 
enzymatic (Fpg) version of the comet assay, indicating 
oxidative DNA damage.

Based on the above results, certain forms of  TiO2 NPs 
seem to have mutagenic potential in vivo. However, it is 
unclear whether these effects are only caused by second-
ary mechanisms of action, as the outcomes of the in vitro 
assays – which can only detect primary mechanisms 
[38]—are contradictory among particles and cellular 
systems. Interestingly, a recent scientific opinion of the 
European Food Safety Agency [59] concluded that a con-
cern for genotoxicity of  TiO2 particles that may be pre-
sent in the food additive E 171 cannot be ruled out.

Ag nanoparticles
The in vitro assay quality evaluation yielded four accept-
able publications on Ag, including data on pristine, cit-
rate-coated and polyvinylpyrrolidone (PVP)-coated Ag 
NPs (Additional file 2: Table S6). The results appeared to 
depend more on the primary size than on the coating. In 
TK6 lymphoblasts, the MN assay results were positive 
for small (≤ 20  nm) Ag particles regardless of the coat-
ing, but negative or positive only at cytotoxic doses for 
larger 50–100 nm Ag particles [60, 61]. In L5178Y mouse 
lymphoma cells, on the other hand, only citrate-coated 
20  nm Ag NPs gave a clear positive response, whereas 
with the PVP-coated and larger 50–100  nm particles, 
the statistically significant positive responses coincided 
with significant cytotoxicity [60]. In accordance with 
the previous, PVP-coated 42.5  nm particles also gave a 
negative result in bronchial epithelial BEAS-2B cells [62]. 
The mouse lymphoma assay results were either negative 
(pristine particles) or positive only at doses which also 
exhibit significant cytotoxicity (coated particles) [60, 63]. 
However, the two consistently negative studies did not 
confirm cellular uptake [62, 63].

In the two in vivo studies on Ag, identified as accept-
able in our evaluation, different sizes of pristine, PVP-
coated and silica-coated Ag particles were tested by the 
peripheral blood MN test (Additional file  2: Table  S7). 
Boudreau et al. found no systemic genotoxicity, although 
the accumulation of Ag NPs in bone marrow and blood 
after oral gavage was smaller compared to other organs 
[49]. Another study by Li et  al. [64] found no genotox-
icity after intravenous administration of PVP- and sil-
ica-coated Ag particles. However, acceptable data was 
limited and only available for systemic genotoxicity. As 
the in vitro studies show genotoxic potential may exist in 
some conditions, more in vivo evidence is needed.

Other metal‑containing nanoparticles
With the exceptions of  TiO2 and Ag NPs, mainly 1–2 
studies per chemical composition were found acceptable 
in the assay quality evaluation. These studies reported 
positive genotoxicity results with  Co3O4, Cu–Zn alloy, 
 Fe3O4, Ni, NiO, ZnO, a variety of coated quantum 
dots (QD), W, and WC–Co in  vitro (Additional file  2: 
Table S8) and with  CeO2,  Cr2O3, MgO, and  MnO2,  WO3, 
and  Y2O3 in vivo (Additional file 2: Table S9). Only one 
in  vivo study with  Fe2O3 reported negative results in 
bone marrow CA assay and peripheral blood comet 
assay [65]. However, only small amounts of material were 
found in bone marrow compared to liver, spleen, kidney, 
and heart, and thus testing these other organs would have 
been warranted.

For ZnO we found two acceptable in  vitro MN tests, 
both of which, however, had some limitations. Senapati 
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et al. [66] observed cellular uptake and reported positive 
results when treating THP-1 monocytes for 3 h, and thus, 
the study was considered acceptable despite the short 
treatment time. Zijno et al. [54] also concluded positive 
results in intestinal epithelial Caco-2 cells, but as the MN 
test only gave a positive result at highly cytotoxic doses 
and dose response was not tested, the result should be 
interpreted with care. We found no acceptable in  vivo 
studies with ZnO NPs.

NiO NPs were tested in one study with BEAS-2B bron-
chial epithelial cells in  vitro [47] and one oral gavage 
study in  vivo [67]. In both studies, NiO NPs exhibited 
genotoxicity. In the in  vivo study, NiO NPs were found 
in all the tested organs of female albino Wistar rats, and 
both local and systemic genotoxicity was systematically 
observed in the comet assay of peripheral blood leu-
cocytes, liver and kidney, in the erythrocyte MN assay, 
and in the bone marrow CA assay [67]. As for the rest 
of the in vivo studies on metal-containing NPs we found 
acceptable in this evaluation, there was no overlap with 
the NMs tested in vitro.

For tungsten oxide  (WO3) and yttrium oxide  (Y2O3) 
NPs, two acceptable studies with positive genotoxicity 
results for each material were found, all conducted by the 
same research group. These studies included a single oral 
exposure with female Wistar rats, and a 28-day repeated 
oral exposure study with both male and female Wistar 
rats. Comet and MN assays for liver and peripheral blood 
erythrocytes, respectively, were all positive in rats treated 
with a single dose of  Y2O3, and both single and repeated 
dose of  WO3 at the highest tested dose (1000 mg/kg body 
weight) [68–70]. In rats treated with a repeated dose of 
 Y2O3, all tests were positive already at 120–480  mg/kg 
body weight [71].

Based on the above results, many of the assessed 
NPs seem to be able to induce genotoxicity by primary 
mechanisms. In the case of ZnO, the partial overlap 
between genotoxic and cytotoxic doses [72], may affect 
the outcome of the assays. On the other hand, an occu-
pational exposure limit (OEL) was set for nickel com-
pounds (including NiO) as it was considered that there 
is a mode-of-action based threshold for these genotoxic 
carcinogens [73]. However, this OEL is not applicable to 
nano-sized particles. Although most of the NMs showing 
primary genotoxicity are assumed to act though indirect 
mechanisms (not involving direct interaction with the 
DNA molecule) [3, 13, 37], which can have a thresholded 
response [74], it is unclear whether the cut off values are 
similar to those of their counterpart particles.

Nanofibers
As concerns the in vitro publications, each of the 7 papers 
which qualified was investigating CNTs as the test NM 

(Additional file 2: Table S10). From these 7 publications, 
6 focused upon the in  vitro CBMN assay. Interestingly, 
in each occasion of the in  vitro CBMN assay being uti-
lized, the test material induced a positive response for at 
least one concentration. For those publications, cellular 
uptake was confirmed in two studies, the first of which 
in 2013 by Manshian and colleagues [75]. Manshian et al. 
reported significant point mutations with the Hprt assay 
as well as primary genotoxicity in MCL-5 and BEAS-2B 
cells respectively, following exposure to three variants of 
SWCNTs. These CNTs differed in length primarily, rang-
ing from 400 to 800 nm, 1 to 3 µm and 5 to 30 µm. These 
CNTs were exposed to the cells over a range of concen-
trations up to and including 100 µg/ml.

The use of BEAS-2B cells to detect genotoxicity fol-
lowing CNT exposures in  vitro was investigated in the 
work by Catalan et  al. [76] and Louro and colleagues 
[77]. Catalan et  al. [76], reported no statistically signifi-
cant effects for the in vitro CBMN assay following 5, 10 
and 100  µg/cm2 exposures. Louro and colleagues [77] 
conversely, showed significant data in the in vitro CBMN 
assay although in the human alveolar epithelial (A549) 
cell type. This did require fairly high concentrations of 
NM401 and NM402 however (with NM400 and NM403 
inducing no genotoxicity), with the concentration range 
extending up to 150 µg/cm2 [77]. Tavares et al. [78], and 
Catalan et  al.[55], both utilizing human blood-derived 
lymphocytes were both able to demonstrate significant 
DNA damage. Firstly, Tavares and colleagues showed that 
MWCNTs at just 15 µg/ml induced significant chromo-
somal damage using the in  vitro CBMN assay, however 
this proved to be CNT-type dependent [78]. Catalan and 
colleagues reported that both SWCNTs and MWCNTs 
between 6 and 300 µg/ml were capable of inducing sig-
nificant  increase of CAs in human blood-derived lym-
phocytes. These effects appeared to be time dependent as 
the significant data findings were found following 48- and 
72-h exposures [55].

For the in vivo publications which successfully passed 
the assay-specific criteria (Additional file  2: Table  S11), 
only one publication focused on a material other than 
CNTs. Catalan et al. [79] investigated the effects of nano 
fibrillated cellulose (NFC) over a range of 10, 20, 40, 
80, 200  µg/mouse, delivered via pharyngeal aspiration 
into female C57BI/6 mice. The authors then utilized the 
in  vivo comet assay and the MN assay in bone marrow 
erythrocytes. From the investigation the authors reported 
dose-dependent accumulation of NFC in the bronchi 
and contained within macrophages. This corresponded 
to significant DNA damage in the comet assay, however 
negative findings were reported in the MN assay [79]. 
The remaining 11 in vivo publications which passed the 
assay-specific guidance all focused upon either SWCNTs 



Page 16 of 24Siivola et al. Particle and Fibre Toxicology           (2022) 19:59 

or MWCNTs. From these publications, the in vivo comet 
assay proved to be a common technique employed to 
ascertain CNT genotoxicity. From the in  vivo comet 
data, three publications reported no significant findings 
whereas 7 reported at least one significant dose which 
induced a genotoxic response. Of the three negative stud-
ies, Pothmann et al. [80], Christophersen et al. [81] and 
Honda et  al. [82] all reported no significant results. All 
three studies utilized different rodent models, different 
doses of CNTs (two of which were MWCNTs), and two 
of the studies investigated the toxicokinetics. In the work 
by Pothmann and Honda and their respective teams they 
confirmed alveolar deposition of CNTs reaching the tar-
get tissue and still reported negative findings with the 
in vivo comet assay [80–82]. Where the in vivo MN assay 
was utilized to determine chromosome damage, five 
studies reported negative data whereas only two report 
significant dose response data. These results were pub-
lished by Patlolla et  al. in 2010 [83] and 2016 [84], who 
investigated the effects of MWCNTs and then SWCNTs 
on adult male Swiss-Webster mice via intraperitoneal 
exposures of 0.25, 0.5 and 0.75 mg/kg. The MN data from 
these studies reveal only the top two doses could induce 
significant chromosomal breakage, which was further 
supported in both cases by positive comet data and CAs 
[83, 84].

In conclusion from the qualified in vitro papers, we can 
deduce that nanofiber genotoxicity can be shown in sev-
eral key cell lines at low and high concentrations, follow-
ing both acute (24 h or less) and slightly longer exposures 
of 48- and 72-h. Furthermore, in the studies which uti-
lized uptake as part of the methodology, cellular internal-
ization had been confirmed using TEM. These findings 
however do not seem to discriminate between SWCNTs 
and MWCNTs in terms of mode of action inducing their 
genotoxic effects. It appears more likely that their geom-
etry and fiber paradigm are the primary factors driving 
their genotoxicity, which has been supported both in 
the literature and the qualified publications of this study. 
Where the qualified in vivo publications were concerned 
the majority of the data indicated negative responses 
even at when high, but still adequate doses were used. 
Additionally, when the in  vivo comet assay was per-
formed, 11 of the studies reported the test material was 
present in the target tissue thus demonstrating that the 
toxicity (or lack of toxicity) was reliably reported. From 
the qualified studies, the data is not conclusive enough 
to strictly classify nanofibers (the majority of which are 
CNTs) as genotoxic.

Database search
The NanoinformaTIX database is an instance of the eNa-
noMapper database (https:// search. data. enano mapper. 
net/ proje cts/ nanoi nform atix/), which collects data from 
8 EU initiatives plus the US caNanoLab. This database 
also collects data from the NanoinformaTIX project, 
currently still on going and is periodically updated. The 
information in the database is therefore dynamic and 
should be checked regularly. Hence, information pro-
vided in this review represents a snapshot of a particular 
time.

Regarding the present study, the NanoInformaTIX 
instance was searched for genotoxicity entries selecting 
relevant filters. All entries regarding genotoxicity were 
considered- whether they used validated or non-vali-
dated assays- as the main idea was to provide an overview 
of how genotoxicity was covered by the database, as well 
as the amount of data a future stakeholder could benefit 
from. Filtering was performed selecting under the nano-
material menu “metal” OR “carbon-based” materials. The 
latter being expected to capture similar materials as the 
ones obtained in the literature review when searching by 
“nanofibers”, as most of them were CNTs. Results were 
subjected to a second filtering step under the protocols 
tab. The following were selected: "comet OR comet (ox. 
DNA damage) OR comet (primary DNA damage) OR 
comet (Fpg) OR comet (NET-Fpg) OR comet-SB, OR 
genotoxicity OR cell transformation assay (CTA) OR 
DNA strand breaks OR in vitro micronucleus OR in vivo 
comet assay OR micronucleus OR mouse lymphoma 
L5178Y/TK ± assay OR genetic toxicity in vivo OR HCA 
OR pH2Ax4h OR pH2Ax4h in vivo". To the best of our 
knowledge, this broad range of entries covers all possible 
DNA damage-related data that could be available in the 
database.

Genotoxicity data available in the NanoInformaTIX 
instance
After searching in the NanoInformaTIX instance, the 
identified relevant NMs for which genotoxicity entries 
were found were CNTs,  TiO2, ZnO,  BaSO4, Ag,  Fe3O4 
and  ZrO2. As shown in Additional file 2: Fig. S1, the rate 
of data entries regarding genotoxicity compared to the 
overall toxicity data entries per material ranged from 
7% (Ag) to 40%  (ZrO2). Therefore, the NanoInformaTIX 
instance contains a substantial amount of genotoxicity 
information. A total of 41 data entries related to geno-
toxicity were identified in the NanoInformaTIX instance. 
As shown in Additional file  2: Fig. S2, the distribution 
of the genotoxicity-related data entries per material 
was as follows: CNT (34%),  TiO2 (29%), ZnO (12%), Ag 
(10%), BaSO4 (2%),  F3O4 (2%),  ZrO2 (2%). Furthermore, 

https://search.data.enanomapper.net/projects/nanoinformatix/
https://search.data.enanomapper.net/projects/nanoinformatix/


Page 17 of 24Siivola et al. Particle and Fibre Toxicology           (2022) 19:59  

different nanoforms were identified under the general 
nanomaterial names and those are shown in the Addi-
tional file 2: Table S12. As expected, these numbers cor-
relate with the predominance of the NMs found in the 
literature search.

Regarding assays, various names were provided per 
assay (as shown in Additional file  2: Table  S13). This is 
because it is up to the laboratory that enters the data to 
decide how to name each assay. In some cases, the exist-
ence of different names is justified as they refer to dif-
ferent variations of the same assay. For instance, the 
formamidopyrimidine DNA glycosylase (Fpg)-modified 
comet assay is a modification of the standard comet assay 
where the addition of repair enzymes allows measuring 
oxidatively damaged DNA [85]. In other cases, however, 
different names call for the same approach (e.g., in vitro 
micronucleus and micronucleus). This situation in some 
instances hampers the result overview, since the exact 
name must be entered in the searching engine, and thus, 
several possibilities were included in this review to get a 
full picture of the information collected in the database.

Regarding the in vitro studies identified in the Nano-
InformaTIX database (Fig.  8a), at least half of the 
assays identified represented different versions of the 
comet assay (50%), followed by the micronucleus (31%) 
and the mouse lymphoma (9%) assays. Although the 
in  vitro comet assay was not considered in the litera-
ture search because it is not a validated assay [13], it 

has been reported to be the most used assay among 
peer-reviewed publications [3]. The second most usu-
ally reported is the MN assay, in agreement with the 
databases. However, no data on CA were found in the 
database, despite existing publications using this assay. 
Phosphorylation of the Ser-139 residue of the histone 
variant H2AX (4%) as well as of other protein residues 
(1%) can also be used as a biomarker for genotoxicity 
[86]. Those studies were also identified in the data-
base but to a lesser extent and were mainly performed 
by one particular institution [87]. These specific stud-
ies were part of an array of studies which included cell 
count, evaluation of nuclear size, nuclear intensity, 
active Caspase-3, gH2AX, phospho-p53, phospho-
ATM, and cell count through Ki-67, and hence were 
covered also under the High Content Analysis entry 
(HCA). On the other hand, the cell transformation 
assays (CTA, 4%) are not assessing genotoxicity, but 
carcinogenicity. However, some of the initiating events 
detected by this assay correspond to mutagenic events 
[88]. Likewise, the most popular in vivo method was the 
comet assay, which corresponded to 94% of all in vivo 
studies (Fig.  8b). In fact, the so-called “DNA strand 
breaks” assay, although reported separately, also refers 
to the comet assay. On the other hand, the rest of the 
in  vivo entries corresponded to the micronucleus and 
the phosphorylation of H2AX assays (5 and 1%, respec-
tively). As with the in vitro assays, no data on CA were 

Fig. 8 Overview of the percentage of the in vitro (a) and in vivo (b) genotoxicity assays entries found in the NanoInformaTIX instance (MLA: mouse 
lymphoma assay; CTA: cell transformation assay; pH2AX: phosphorylation of H2AX assay; HCA: high content analyses) 
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found, despite studies using this assay were reported in 
the literature search.

Quality of the data available in the NanoInformaTIX 
instance
One main issue which may prevent stakeholders from 
using information from databases is generally the poten-
tial uncertainty about the quality of stored data. Hence, 
and in line with the work described in previous sections 
of this review, the NanoInformaTIX instance was also 
reviewed following the questions addressed to fulfil the 
S score. Most of the required information could be eas-
ily found and is reviewed in Additional file 2: Table S14, 
where the questions addressed and a summary of the 
outcomes for each question are described.

As a summary and regarding the S score, it can be con-
cluded that NMs were generally well characterized by 
different PC methodologies. For instance, particle size 
was provided based on different methods, such as TEM, 
Small Angle X-ray Scattering (SAXS), Wide Angle X-ray 
Scattering (WAXS). The only shortcomings were gener-
ally a lack of endotoxin contamination data and a miss-
ing link between PC characterization and toxicological 
results. The findings contrast with the lack of complete 
characterization reported for peer-reviewed publications. 
One reason explaining this discrepancy may be that most 
of the data included in the databases have their origin in 
strong consortia, which have joined efforts to provide a 
robust characterization. Nevertheless to an external user 
it was not clear how to link PC results to a particular tox-
icological experiment (and the same applies to genotoxic-
ity assessment).

Likewise, the information retrieved was reviewed to 
evaluate if it fulfilled the K score in  vitro (Additional 
file 2: Table S15) and in vivo (Additional file 2: Table S16). 
In general, the existing data fitted most of the K score 
criteria. However, as happened with the PC characteri-
zation, (cyto)toxicity data are neither linked to the geno-
toxicity data produced in the same experiments, which 
hampers the correct interpretation of the genotoxicity 
outcomes. As there was no selection towards validated 
methods, no assay-specific criteria were applied in this 
case.

Challenges retrieving data from the NanoInformaTIX 
instance
One main issue while approaching the databases is that 
most of them were not open to external stakeholders, this 
may be already an issue preventing their wide acceptabil-
ity and use. Secondly, even if the searching strings were 
clear, several names were found to indicate one given 
assay and, since searches are not flexible, one needs to 
select different possibilities to cover all potential entries 

for a given assay. This issue has been identified by the 
different projects contributing data to the eNanoMap-
per database and is currently being addressed in differ-
ent European initiatives [89]. Zooming into the retrieved 
assays, data provided were well structured with most 
entries meeting the requirements of the S and K score, 
yet unfortunately S and K score-related data belonging 
to the same experiments were not linked, or at least this 
was not obvious to the user, therefore it was impossible 
to assess the PC status of a particular material prior, dur-
ing and after the experiment, as recommended by e.g., 
the NANoREG project. This information was previously 
imposed to facilitate interlaboratory comparisons and 
efforts should be made in this direction to maximize the 
use of the database entries. Likewise, experiments were 
not linked regarding cytotoxicity and genotoxicity out-
comes, of if they were, it was not obvious to the reader. 
As a result, currently it is not possible to identify subtoxic 
concentrations which will assist in genotoxicity experi-
mental planning.

Although an embargo period is usually set before mak-
ing the data openly available, to allow researchers to pub-
lish their results, no link to those publications is usually 
provided in the databases. Hence, it is not possible to 
track which information available at the database do exist 
or not in the published literature. Such interconnection 
could help the studies to be qualified and used, as some 
of the missing information (e.g., details on PC properties 
not properly reported in the publications) may be avail-
able in the database. In fact, fulfilling the S score criteria, 
which was a key shortcoming among published literature, 
does not seem to be an issue for databases.

Another issue that may preclude the use of databases 
by regulators is the fact that the information contained in 
them consists of raw data. Therefore, the use of this type 
of information may somehow be restricted to experts 
on the field, as no outcomes of the genotoxicity assess-
ment are provided. Furthermore, there is neither possible 
to know the ratio of positive vs. negative results present, 
making the comparison with the published information 
impossible.

Recommendations for designing genotoxicity 
studies of nanomaterials with regulatory relevance
According to our quality assessment, only 17% of the 
published information on the genotoxicity of NMs (54 
papers out of a total 316 evaluated publications) would be 
considered as reliable and relevant by a regulator, given 
these publications fulfill the quality criteria. This percent-
age is especially small having in mind that our search was 
restricted to studies using validated methods and that 
the S score applied is only assessing whether some PC 
characteristics have been analyzed, without evaluating 
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the quality of such characterization. These findings call 
for a reflection on how genotoxicity studies should be 
designed and performed to provide data that are not 
only scientifically relevant, but also fit to the regulatory 
requirements. A set of recommendations is summarized 
in Table 4.

Most of the rejected studies failed in providing a com-
plete PC characterization of the tested materials. The 
completeness of PC characterization in the published lit-
erature has increased in the recent years in parallel with 
the evidence of the key role that those properties may 
play on the toxicological response of the NMs [90], and 
how grouping strategies could benefit of knowing such 
relationships [91]. However, no standardized methods 
have been agreed for measuring some of the properties 
[39]. On the other hand, the expertise and equipment 
required for some of them are out of the capacities of 
most toxicology laboratories. Consequently, many well-
performed genotoxicity studies were rejected during our 
exercise due to the limited characterization informa-
tion they could provide. Factors which will help future 
research to elucidate NM genotoxicity would be report-
ing on the full PC features of the materials in the publi-
cation. Common characterization efforts among different 
partners, as performed in several ongoing projects and 
reflected in the evaluated databases, can contribute to 
overcome the lack of characterization resources at the 
individual lab level.

Lack of reliability and relevance, evaluated through the 
K score and the assay-specific criteria, concerned 16–27% 
of the articles with appropriate characterization. There 
may be several reasons explaining this phenomenon. 
First, it is worth mentioning that the focus of some of 
the rejected articles was not the assessment of genotox-
icity. For instance, comparisons between nano and non-
nano sized particles are sometimes done using only one 
or two doses. Although scientifically sound, the lack of a 
third dose led to the exclusion of these types of studies. 

A typical shortcoming in all the genotoxicity assays was 
either the lack of concurrent cytotoxicity data or use of 
a parameter, which is not among the parameters recom-
mended by the OECD. In some cases, cytotoxicity data 
from a separate experiment was shown, but this is inad-
visable unless there is clear evidence that the experiments 
have a good repeatability and there are no other differ-
ences between the experimental conditions of the assays. 
Therefore, it is strongly advised that before starting the 
experiments, researchers check the guidelines and deter-
mine what additional parameters should be included to 
fulfill their research goals and, at the same time, provide 
an adequate assessment of the genotoxic effects.

Secondly, although most of the existing guidelines are 
applicable to NMs, some of them still require some adap-
tations. Some of the compulsory assay-specific criteria, 
e.g., delayed Cyt-B treatment or the treatment for at least 
one cell cycle, are not set for NMs within the current 
OECD guidelines. Therefore, some studies have been 
rejected despite fitting to the guidelines’ requirements. 
Although some of the nano-specific requirements have 
already been adopted by the regulatory agencies [36, 40], 
the researcher should know where to find the appropri-
ate information. There is an urgent need for adapting and 
updating OECD TGs for assessing the genotoxicity of 
NMs. Several efforts are currently approaching this issue 
under the umbrella of the OECD programme on NMs 
[39].

It is worth mentioning the lack of investigations per-
formed with mammalian gene mutation assays. Only 8 
in vitro and 3 in vivo tests were done using these meth-
ods. From those, only half of the in  vitro and none of 
the in  vivo assays passed the quality assessment. Cur-
rent efforts within the EU H2020 RiskGONE project 
have worked towards harmonization of the Hprt gene 
mutation assay protocol to suit the evaluation of NMs. 
Essentially, the OECD TG for this method is appropriate, 
however, a minor adaptation to include additional wash 

Table 4 Recommendations for designing genotoxicity studies of nanomaterials with regulatory relevance

• A full set of physico‑chemical characteristics should be reported in the same publication with the genotoxicity results

• The test system characteristics should be well understood, described, and selection justified

• Concurrent cytotoxicity measurements should be conducted using the parameters recommended by the latest version of the OECD test guidelines 
(TGs)

• In addition to the current OECD TGs, nano‑specific requirements already adopted by the regulatory agencies should be checked and followed; e.g., 
the use of a delayed Cytochalasin‑B treatment or the need of one cell cycle length treatment with nanomaterials with the in vitro micronucleus assay

• Following the OECD guideline with the inclusion of additional wash steps is recommended for the Hprt gene mutation test

• A justification of an in vivo treatment schedule should rely on evidence which confirms the presence of the test material in the target organ at a given 
time point and take into account the transient nature of the measured phenomenon

• Harmonized names of the assays and ways of reporting results should be used when entering genotoxicity data into the databases

• Non yet validated assays, performed with complex and realistic experimental models, that can provide information on the genotoxicity mechanisms 
of action of nanomaterials are urgently needed
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steps to better remove the test article following the expo-
sure period is recommended.

Besides validated genotoxicity TGs, other guidelines 
related to NMs’ exposure are also needed to allow cor-
rect interpretation of the genotoxicity outcomes. This is 
the case for the toxicokinetics guideline for NMs, which 
is currently in progress [39]. Although toxicokinetics 
evaluation is not required as part of the regulatory infor-
mation requirements, future in vivo genotoxicity studies 
with NMs should confirm the presence of the material in 
the target tissue, especially if the outcomes are negative. 
In that sense, some of the current in  vivo genotoxicity 
guidelines (e.g., OECD TG 474 on the mammalian eryth-
rocyte micronucleus assay) may also need to be adapted 
as one main concern with NMs is whether they can reach 
the target tissues when using the treatment schedules 
that have been optimized for soluble chemicals [5]. In 
parallel, validation of new assays able to assess the effects 
of the NMs at the site of contact (e.g., micronuclei in pul-
monary cells) should be achieved to ensure an appropri-
ate mutagenicity assessment of the NMs.

Regarding databases, there is a need for harmoniz-
ing assays’ names and the way of reporting results. It is a 
challenging effort to harmonize a large number of entries 
collected from different laboratories in different projects 
such as NanoInformaTIX, and, at present, for an exter-
nal user it is a challenging task to make sure all entries of 
interest are retrieved. Nonetheless, the authors are fully 
aware that harmonization efforts are currently on-going 
under the eNanoMapper database (Jeliazkova, personal 
communication). The database is also very dynamic and 
data uploads take place on a routine basis. Data retrieved 
from the eNanoMapper database generally contained all 
information required by the S and K scores indicating 
that the database may be used as a source of good quality 
data for academia, industry, or regulators alike. A minor 
drawback may be represented by the masks or interface 
used, which sometimes may not be optimal for the exter-
nal user to find relevant information. On the other hand, 
the data outputs collected from the database may not 
be suitable to risk assessors, who may not necessarily be 
familiar with the tests and their resulting values but need 
to interpret the results. On this front, the database may 
benefit from an extra column entitled “results interpreta-
tion”. In the future, databases are also recommended to 
include a link to the published publication(s) where these 
data have been generated or re-used. In the case of nega-
tive outcomes, with less possibilities of getting published, 
new tools should be developed to allow stakeholders 
(including regulators) to analyze the data without having 
a high genotoxicity expertise.

As stated within several points throughout this review, 
we have focused on the validated assays that are used to 

fulfill the regulatory information requirements. However, 
regulators are also in the need of mechanistic studies that 
could contribute to investigating the genotoxic mecha-
nisms of action of the NMs. The current paradigm on 
genotoxic carcinogens considers that only DNA-reactive 
substances have a non-thresholded mode of action [92, 
93]. Co-culture systems involving inflammatory and tar-
get cells can contribute to discriminate between primary 
and secondary genotoxic mechanisms without the need 
of animal studies and have been already used with NMs 
[38, 94, 95]. The use of centromeric probes in combina-
tion with the MN assay can allow identified aneugenic 
materials, which are also assumed to have a threshold 
response [96].

Although not addressed in the quality evaluation 
approach presented in this review, for the purpose of 
increasing confidence in the genotoxicity studies it is also 
useful to understand the test system in detail, present 
sound justification for selecting it, know how it responds 
to a positive particle, chemical, and assay-specific con-
trols, and monitor its characteristics to detect possi-
ble anomalies that could affect the test outcome [97]. 
At the moment it is not possible to evaluate all aspects 
of the study design as there is no clear consensus on 
the approaches that should be considered the most rel-
evant. It can be considered important to be able to show 
the genotoxic potential of a NM regardless of how rep-
resentative the test system or study design is, but on the 
other hand, more complex, representative, and realistic 
models are needed to increase the predictiveness and 
reduce the uncertainty, particularly related to non-animal 
models [98]. However, for regulatory purposes, the meth-
ods need to be reproducible and validated. International 
efforts to develop such methods are ongoing, but short-
age of in vivo data and resources needed for validation of 
the methods create challenges for rapid implementation. 
In future, adverse outcome pathways may provide a faster 
and more cost-efficient strategy to increase confidence in 
non-animal methods.

Conclusions
Most published studies on the mutagenic effects of NMs 
do not fit to the requirements to be considered as com-
plete, reliable, and relevant from a regulatory perspec-
tive. The most important barrier between the regulators 
and the researchers is the lack of nano-specific guidelines 
for both genotoxicity assays and supporting informa-
tion, such as the PC characterization and toxicokinet-
ics of NMs. In addition, validated new methods that 
could overcome some of the limitations of the current 
guidelines, and provide more mechanistic information 
are urgently needed. Furthermore, databases may con-
tain relevant information, especially regarding negative 
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outcomes, that could support regulatory assessment. 
However, the lack of harmonization in the nomenclature 
used together with the difficulties to find and link the 
data, currently preclude their use and implementation by 
regulators.
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