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a b s t r a c t   

Hazard identification and safety assessment of the huge variety of nanomaterials (NMs), calls for robust and 
validated toxicity screening tests in combination with cheminformatics approaches to identify factors that 
can drive toxicity. Cytotoxicity and genotoxicity of seventeen JRC repository NMs, derived from titanium 
dioxide, zinc oxide, silver and silica, were tested in vitro using human lung alveolar epithelial cells A549. 
Cytotoxicity was assessed with the AlamarBlue (AB) and colony forming efficiency (CFE) assays, and gen
otoxicity by the enzyme-linked version of the comet assay. Nanoparticle tracking analysis (NTA) was used to 
measure size of the NMs in stock and in cell culture medium at different time points. Categorization and 
ranking of cytotoxic and genotoxic potential were performed (EU-NanoREG2 project approach). Descriptors 
for prediction of NMs toxicity were identified by quantitative structure-activity relationship (QSAR) ana
lysis. Our results showed that ZnO NMs (NM-110 and NM-111), and Ag NMs (NM-300K and NM-302) were 
cytotoxic, while the TiO2 and SiO2 NMs were non-cytotoxic. Regarding genotoxicity, TiO2 NM-100, ZnO NM- 
110, SiO2 NM-203 and Ag NM-300K were categorized as positive. Cheminformatics modeling identified 
electron properties and overall chemical reactivity as important descriptors for cytotoxic potential, HOMO- 
LUMO energy parameter, ionization potential, pristine size for the NMs´ genotoxic potential, and presence of 
surface coating as descriptor for induction of DNA oxidized base lesions. 

© 2022 The Authors. Published by Elsevier Ltd. 
CC_BY_4.0   

Introduction 

Nanotechnology has brought significant improvements to our 
lives. However, the escalation in the production and applications of 
engineered nanomaterials (NMs) has raised concerns about their 
safety and potential negative effects on human health and the en
vironment. There is a need for science-based human hazard identi
fication, characterization, risk assessment and risk governance of 
NMs [1] and for considerations on how hazard and risk are modified 
along the value chain (from design to successful use in products) and 
throughout the life cycle (from pristine NMs to disposed or frag
mented/aged product) [2]. In addition, for the nanosafety field to 

follow up on the rapidly growing number of NMs for commercial 
use, development of time and cost-effective high-throughput (HTP) 
in vitro test methods is important [3]. Nanosafety research and 
human hazard identification and characterization have been sig
nificantly facilitated by use of reliable and predictive new approach 
methodologies (NAMs), based on advanced in vitro and in silico 
methods, in compliance with the 3Rs principle to reduce, refine and 
replace animal studies. Some advanced in vitro models are available 
for immediate implementation, while many still require validation  
[2,4]. Further, the safer-by-design (SbD) approach, whereby toxicity 
testing is performed in parallel with nanotechnology to guide de
velopment of smart and safe NMs, is fundamental for sustainable 
nanotechnology. Toxicity of NMs is closely connected with physi
cochemical properties, such as size, shape, surface coating and 
charge. Thus, toxicity testing supported by in silico modeling (e.g., 
quantitative structure–activity relationships [QSAR]) is important to 
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identify physicochemical descriptors that can predict human ha
zards and facilitate a SbD approach for NMs. Within the H2020 
NanoREG2 project, such an approach was trialed for nanosafety as
sessment, building on the test methods developed and validated 
within different projects, including the FP7 project NANoREG. The 
grouping concept aims to facilitate hazard assessment by read- 
across of toxicological properties to predict toxicity of chemically 
similar NMs [2,5]. Various regulatory frameworks exist to enable 
practical application of the grouping and read-across concept. Ac
cording to EU Regulation on Registration, Evaluation, Authorization 
and Restriction of Chemicals (REACH) [6], grouping and read-across 
are among the most commonly used alternative approaches [2]. 
Recently, a detailed regulatory framework has been developed in 
greater detail within the GRACIOUS project [5] following regulatory 
recommendation as described and proposed by the European Che
micals Agency (ECHA) [7–9], where they also made use of previous 
tools such as DF4nanoGrouping [10,11]. The use of harmonized data 
storage systems, databases and cloud platforms, for both physico
chemical properties and human-toxicity data of NMs is of a great 
support to the grouping and read-across approach. Such storage 
systems greatly supports the principles of findability, accessibility, 
interoperability, and reusability (FAIR) of data. In compliance with 
this, a major effort was made by establishing the eNanoMapper 
database within the EU NanoREG2 project, and which later has been 
extended with data from several EU-funded projects, such as the 
H2020 RiskGONE project [12]. 

The use of an integrated approach combining in vitro experi
mental and in silico studies has been shown to be of value in iden
tifying hazards and descriptors for toxicity associated with NMs and 
to give support where crucial empirical information is lacking. 
During the NanoREG2, several conventional approaches using 
quantitative (e.g., IC50 values) and/or qualitative visualization of data 
(e.g., Heatmaps) to collect and integrate large and variable sets of 
data generated by the in vitro studies were tested. However, these 
approaches to identify relevant and experimental factors for NMs 
similarity analysis seemed to have certain limitations. An approach 
based on scoring and categorization of NMs´ toxicological responses 
was applied as described in the NanoREG2 deliverable 1.7 [13]. The 
approach allows comparison of responses across materials, test 
methods and cell models. The system was inspired by the EU FP7 
project NanoSolutions. The integrated approach combining in vitro 
experimental and in silico (cheminformatics) studies is based on 
determining the link between the physicochemical parameters of 
NMs and the toxicity. Both unsupervised (Principal Component 
Analysis (PCA) and 2D-Hierarchical Cluster Analysis (2D-HCA)) and 
supervised (random forest) machine learning techniques based on 
computational analysis are available [14]. The physicochemical 
properties of NMs are a determining factor for cellular uptake, fate 
and toxicity. The primary physicochemical properties include for 
instance size, composition, surface properties, crystallinity, ag
glomeration, aggregation, and coating [15–18]. 

The presented work is part of the completed FP7 project 
NANoREG, and the H2020 project NanoREG2. In total, seventeen 
NMs derived from titanium dioxide (TiO2), zinc oxide (ZnO), silver 
(Ag) and silica (SiO2), were tested for cytotoxic and genotoxic po
tential on human lung epithelial A549 cells, along with analyses for 
size and size distribution in dispersion as well as in culture medium. 
To elucidate the cytotoxic potential of these NMs, we applied the 
colorimetric AlamarBlue (AB) assay and the non-colorimetric colony 
forming efficiency (CFE) assay. Potential genotoxicity was tested by 
the minigel version of the comet assay (CA), the method of choice for 
screening DNA damage in single cells [3]. While the standard comet 
assay detects strand breaks, we applied a modification involving 
digestion with a lesion-specific endonuclease, formamidopyrimidine 
DNA glycosylase (Fpg), to enable also detection of oxidized base le
sions, mainly 8-oxoguanine [19]. The possibility of interference of 

NMs with read-outs of test methods is a serious concern when in
vestigating NMs, and this was addressed in our studies. A strategy to 
increase robustness and reduce variability when testing NMs for 
their cytotoxic and genotoxic potential has been published by EL 
Yamani et al. [20]. The testing strategy was based on procedures 
developed within the FP7 project NANoREG, aiming to develop 
testing strategies for NMs that can be built into a hazard assessment 
and regulatory framework. 

The selection of these four groups of NMs was based on data 
completeness and with the intention to be able to identify factors 
that can drive toxicity and thus to develop and support mechanistic 
hypotheses. In this work, we have successfully applied the scoring 
and categorization system to these NMs based on their cytotoxicity 
and genotoxicity. The applied computational analysis 2D-HCA and 
PCA identified several factors which may explain their potential 
toxicity. 

Materials and methods 

Chemicals 

Most reagents for cell culturing were purchased from Sigma- 
Aldrich; culture medium, fetal bovine serum (FBS), antibiotics and 
other chemicals used for cell cultivation. SYBRGold® DNA stain was 
purchased from Invitrogen (Life Technologies™, USA). 

Nanomaterials 

The NMs investigated are reference materials from the JRC re
pository, except NM-112 and NM-113 which were from Fraunhofer 
(Institute for Molecular Biology and Applied Ecology, Aachen, 
Germany). The NMs tested within the NANoREG and NanoREG2 
projects were TiO2 anatase (NM-100, NM-101, NM-102); TiO2 rutile 
(NM-103, NM-104) and NM-105 which is a mix of anatase (85 %) and 
rutile (15 %) [21], ZnO (NM-110, NM-111, NM-112 and NM-113) [22] 
and amorphous SiO2 (NM-200, NM-201, NM-202, NM-203 and NM- 
204) [23]. In addition, Ag (NM-300K [24] and NM-302 [25,26]) were 
purchased dispersed in Tween20/polyethylene glycol (PEG). The 
listed NMs are representative materials used in the testing program 
of the Organization for Economic Cooperation and Development 
(OECD) Working Party on Manufactured NMs (WPMN) [27]. Details 
of all the tested NMs are summarized in Table S1. 

Presence of endotoxin contamination of TiO2 NM-100, 101, 103, 
ZnO NM-110, 111, SiO2 NM-200, 203 and Ag NM-300K, 302 was al
ready investigated and results reported in NANoREG Deliverable 
5.06 [28]. All particles tested, except for NM-110 (uncoated ZnO 
particles), showed no direct inflammation-inducing effect using the 
whole blood assay, as compared to the positive control (lipopoly
saccharide (LPS) 2.5 ng/ml), Also, it has been reported in the deli
verable that several NMs had little to no effect on the LPS capacity of 
inducing IL-1β production (namely NM-100, NM-103, NM-200, NM- 
300K and NM-302) while a few had some enhancing effect (NM-101, 
NM-110, NM-203, the latter very pronounced). On the other hand, 
one NM had an appreciable inhibitory effect, namely NM-111 (ZnO 
particles with a triethoxicaprylsilane coating) [28]. 

Physicochemical characterization of the NMs dispersions 

The NMs were characterized within the course of the EU projects 
NANOGENOTOX, NANoREG and NanoREG2 (Table S1). Here, the hy
drodynamic size and size distribution of the NM-dispersions were 
analysed in situ in stock dispersion and in cell culture medium 
(before, during and after the exposure) by nanoparticle tracking 
analysis (NTA) using NanoSight NS500 (Malvern Instruments), that 
enables measurement of the size of particles from about 30 nm to 
1 µm [29]. The instrument combines laser light scattering 
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microscopy with a charge-coupled device (CCD) camera, which vi
sualizes and records nanoparticles in dispersion. The software 
identifies nanoparticles moving under Brownian motion and relates 
the movement to the particle size according to the Stoke-Einstein 
equation. 

Preparation of NM dispersions 

A stock of each NM (except Ag NM-300K and Ag-NM-302 which 
were purchased dispersed) was prepared at 2.56 mg/ml by pre- 
wetting in 0.5 % absolute ethanol before suspending in 0.05 % bovine 
serum albumin (BSA) in MilliQ water. The suspension was sonicated 
using probe sonicator (Labsonic P, 3 mm probe, form Sartorius 
Stedim Biotech, Göttingen, Germany) at 50 % amplitude for 15 min 
on ice. The sonicator was previously calibrated, following the NAN
OGENOTOX protocol [30] to determine the adequate setting to 
achieve an acoustic power of 7.35  ±  0.05 W. After sonication, the 
resulting stock dispersion was serially diluted to achieve a loga
rithmic range of concentrations from 0.01 to 100 µg/cm2 before 
exposure of the cells (considering the surface area of the 96-well 
plate format of 0.32 cm2). Prior to cell exposure and within 30 min 
from the end of sonication, a sample from each NM dispersions was 
characterized for size and size distribution by the NTA. The cells 
were then exposed within approximately 1 hour (h) after prepara
tion of the dispersion. 

Cell cultivation and exposure to NMs 

The human lung epithelial cell line A549 was kindly provided by 
GAIKER within the common NANoREG project so that each partner 
would work with the same batch of cells. Cells were cultivated in 
75 cm2 culture flasks in Dulbecco´s modified Eagle medium (DMEM, 
Sigma) supplemented with 9 % fetal bovine serum (FBS) and peni
cillin (100 U/ml) and streptomycin (100 µg/ml) in a CO2 incubator 
at 37 °C. 

For the AB and comet assays, the day before exposure the cells 
(passage 3, 4, 9 and 12) were trypsinised and 1 × 104 cells were 
seeded into each well of 96-well plates. Cell density was measured 
by an automatic cell counter (Invitrogen). The cells were exposed in 
duplicate to increasing concentrations of NMs for 3 or 24 h in a total 
volume of 200 μl per well. 

For the CFE assay, the cells were seeded at 50 cells/well in 6-well 
plates, in a volume of 2 ml of cell culture medium per well, 1–2 h 
before exposure. On the day of treatment, the cells were exposed to 
each of the NMs at different concentrations; cytotoxicity was mea
sured using AB and CFE assays, and genotoxicity using the enzyme- 
linked version of the comet assay. The negative control was culture 
medium, and the positive control was either hydrogen peroxide 
H2O2 (1 mM, 3 h exposure) or chlorpromazine (CHL) at 50 μl for the 
AB assay, or Staurosporin (STS) at 10 nM or CHL at 50 µM for the CFE 
assay. The NM-300K (1 or 10 µg/cm2) was also applied as a positive 
reference NM for the CFE experiments within NanoREG2. The cor
responding dispersant solutions of NM-300K and NM-302 were in
cluded as solvent controls for these particles. 

For the AB and comet assay, each material was subjected to three 
or four independent experiments, with duplicate exposure wells 
within each experiment. For the CFE assay, each material was tested 
in six replicate wells within each experiment, and in three in
dependent experiments. 

Cytotoxicity testing by the AlamarBlue assay 

The AB assay assesses cell viability by the metabolic activity of 
living cells through a colorimetric response due to conversion of 
resazurin (oxidized form) to resorufin (reduced form), resulting in 
change from the non-fluorescent and blue resazurin into the highly 

fluorescent and pink resorufin. The A549 cells were exposed to the 
NMs in duplicate wells for 3 or 24 h as described [20,31]. After ex
posure, the cells were washed twice with pre-warmed PBS. Cells 
were then incubated for 3 h with fresh culture medium supple
mented with 10 % AB, after which 40 μl of medium from each well 
was transferred to a 96-well black polystyrene microplate (four re
plicate wells). The fluorescence (excitation 530 nm, emission 
590 nm) was measured using a FLUOstar OPTIMA microplate reader. 
To check for interference with the read-out, cell-free wells were 
exposed to the same range of NMs and incubated with AB solution 
for the same time as the samples with cells. No interference was 
found between the NMs tested and the AB readings. 

Cytotoxicity testing by the colony forming efficiency assay 

The CFE assay is a label-free method based on cell proliferation 
and survival, quantifying colony formation. The CFE assay was op
timized and standardized for NM testing, validated in an inter-la
boratory comparison, and shown to be sufficiently sensitive to detect 
potential NM toxicity [32,33]. We modified the assay for higher 
throughput by reducing the number of cells to 50 per well and ap
plying a 6-well plate format, as described by El Yamani et al. [20]. 
The test allows detection of cytotoxic effects (reduction in number of 
colonies) as well as cytostatic effects (reduction in colony area – 
number of cells). The A549 cells were plated out in small inocula and 
exposed as described above. When colonies were clearly visible after 
9–12 days, they were stained with 1 % methylene blue for 1–2 h, the 
plates rinsed with water, dried and the colonies counted manually 
using an e-count pen. Three independent CFE assays were performed 
for each NM. The relative CFE (rCFE) was calculated relative to the 
unexposed control (NC) (set to 100 %). 

Genotoxicity testing by the comet assay 

The enzyme-linked version of the comet assay was performed as 
described [20,31,34]. Briefly, A549 cells were seeded in 96-well 
plates (1 × 104 cells /well) 24 h before exposure. On the day of ex
posure, the cells were exposed to freshly dispersed NMs for 3 or 
24 h. Depending on the results of the cytotoxicity tests, the highest 
concentrations were in some cases omitted. At the end of exposure, 
the cells were washed with PBS, trypsinised and re-suspended in 
medium. Approximately 0.5 × 104 cells were transferred to a 96-well 
plate and mixed with three times volume of low melting point (LMP) 
agarose (0.8 % in PBS) at 37 °C. Drops of 10 μl were placed on pre
viously pre-coated glass slides (0.5% normal melting point agarose). 
In our set-up, we used the format of 12-gels per slide, with 2 gels per 
concentration. After 5 min at 4 °C, the slides were immersed into 
cold lysis solution (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 10 % Triton 
X-100, pH 10) and incubated overnight. After lysis, slides were 
placed in cold alkaline solution (0.3 M NaOH, 1 mM EDTA) and in
cubated for 20 min, followed by electrophoresis at 1.25 V/cm for 
20 min in a horizontal electrophoresis tank. Slides were then washed 
twice in PBS followed by water and allowed to dry. 

For visualization, the gels were stained with SYBRGold® 
(Invitrogen) diluted at 1 μl/ml in Tris-EDTA buffer (10 mM Tris–HCl, 
1 mM Na2-EDTA, pH 7.5–8), covered with a coverslip and examined 
under a fluorescence microscope (Leica DMI 6000 B). Images of co
mets were scored using Comet Assay IV software (Perceptive 
Instruments), calculating median % DNA in tail from 50 comets per 
gel as a measure of DNA strand breaks (SB). 

For DNA base oxidation detection, a modified version of the 
comet assay protocol was applied by inclusion of a post-lysis in
cubation with Fpg that recognizes oxidized purines, which are 
converted to strand breaks [35]. After lysis, the slides were washed 
twice with Fpg buffer (40 mM HEPES, 0.1 M KCl, 0.5 mM EDTA, 
0.2 mg/ml BSA, pH 8.0) before incubation for 30 min at 37 °C in a 
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humidified box with Fpg diluted in the Fpg-buffer. At the end of the 
enzyme incubation, the slides were transferred into alkaline elec
trophoresis buffer and processed from this point as described above. 

All experiments included positive and negative controls. As po
sitive control for strand breaks (SB), cells were treated with H2O2 

(100 μM in PBS), for 5 min at 4 °C. As positive and negative controls 
for the Fpg assay, we used aliquots of cells previously made and 
stored frozen at − 80 °C, from a single batch of cells, either untreated, 
or with a known amount of 8-oxoguanine induced by incubating 
cells with the photosensitizer Ro19–8022 (Hoffmann La Roche) at 
2 μM in PBS and irradiated with visible light (500 W halogen source, 
30 cm from cells) for 5 min on ice. Due to the unique physico
chemical properties and increased reactivity of nanoparticles, we 
followed the approach described by Magdolenova et al. [36] to check 
for possible interference of the tested NMs with the assay; briefly 
the highest concentration of each NM tested was mixed directly with 
a sample of cells from the negative control just before embedding 
with agarose. The slides were handled in parallel to the other slides 
as described above. Net Fpg-sensitive sites were estimated by sub
tracting the % DNA in tail after lysis only from the % DNA in tail after 
incubation with Fpg. 

Toxicity scoring system and categorization 

A scoring system was followed within the NanoREG2 project to 
assess cytotoxic and genotoxic effects. It is a cumulative system 
which in the case of the cytotoxicity endpoint takes into account the 
cytotoxicity value for the maximum concentration tested and the 
value of EC50 (NanoREG2 deliverable 1.6). For the scoring and cate
gorization of NM genotoxicity (SB) and oxidative stress (indicated by 
oxidatively damaged DNA) endpoints using the enzyme-linked ver
sion of the comet assay, the system, including definition of accep
tance criteria, was followed as agreed within the NanoREG2 project  
[13] with some modifications. The NMs were categorized based on 
scoring of cytotoxicity (Tables 1, 2) and genotoxicity (Table 3). If 
cytotoxicity at the highest concentration was 20 % relative to the NC 
(100 %), 1 point was given, and if toxicity reached 50 %, 2 points were 
given, and so on. If EC50 was calculated to be below 100 µg/ml, 2 
points were given, a further 2 points if below 60 µg/ml and so on, 
and the maximum score that could be obtained was then 9. The NMs 
were categorized as (1) non-toxic (2) slightly toxic and (3) toxic, 
based on cumulative scores of 0–1, 2–5 and 6–9 respectively. The 
genotoxic effect was subjected to statistical analysis and the criteria 
for positive response were a significant concentration-response re
lationship and at least one concentration significantly different from 
negative control, or at least two concentrations with a significantly 
increased frequency of SB or DNA oxidation lesions compared with 
negative control (Table 3). 

Modeling of effect and physicochemical characteristics 

In the next step we explored possible relationships between the 
observed endpoints (cytotoxicity and genotoxicity) and physico
chemical characteristics of the studied NMs. Most of these materials 
were already characterized during the NanoREG2 project. Thus, for 
our analyses, we have employed characteristics delivered in 
NanoREG2. 

In addition to the experimentally measured toxicological char
acteristics, we also calculated the following electronic structure 
properties (Table 4 and Table S2): vertical ionization potential (IP) 
and electron affinity (EA) as well as IP based on Koopmans’ theorem 
(IP’). The highest occupied (HOMO) and the lowest unoccupied 
(LUMO) molecular orbital energy as well as their difference (H-L) 
were also obtained. The latter approximates the nanomaterials’ band 
gap. Finally, the redox potential (E) for the adiabatic ++Np Np e
process was utilized to quantify electron release ability by the na
noparticle Np. We applied the MP2/Def2TZVPP level of theory as 
implemented in Gaussian 2016-C.01 package [37]. The minimal 
“nanoparticle” model consists of a single TiO2, ZnO, SiO2 or Ag mo
lecule embedded in water solvent as approximated by the default 
polarizable continuum model (PCM) [38] in a Gaussian suite of 
programs. 

The analyses were performed with 2D HCA unsupervised ma
chine learning technique based on connecting similarities between 
the objects in the space of physicochemical characteristics mapped 
on the endpoint values [14]. Euclidean distance was used as a 
measure of similarity, whereas Ward’s method was used for clus
tering. 

In the case of genotoxicity (SB) and oxidative stress (indicated by 
oxidatively damaged DNA), a more sophisticated methodology, the 
supervised partial least squares method (PLS), was employed [39]. 
The PLS method is a supervised machine learning method, which 
allows the description of linear relationships between dependent (Y) 
and independent (X) variables. The method assumes a transforma
tion of the original variables (similarly to the principal component 
analysis) and creates a set of so-called ‘latent vectors’. These new 
latent variables are a linear combination of the primary variables 
and are obtained by maximizing the covariance between the X and Y 
sets. In both cases of presented analyses, two latent vectors were 
chosen to graphically represent the relationships between nano
forms’ physicochemical characteristics and exhibited outcomes. 

Statistics 

Statistical differences between the treatment groups in the cy
totoxicity and genotoxicity assays were calculated by one-way ana
lysis of variance (ANOVA) followed by Dunnett´s post-test to test for 
differences between NMs concentrations and negative control. 
Calculations of half maximal effective concentration (EC50) values 
were performed by non-linear regression analysis using the four 
parameters Hill-equation. The difference in levels of DNA damage 
may often be small between treatment groups. A correlation analysis 
of the genotoxic effects of the NMs as a function of exposure con
centration and effect (Spearman r) was performed. A significant 
correlation between concentration and effect was regarded as a 
significant concentration response relationship. A correlation ana
lysis appears, however, to be sensitive to influence from deviating 
numbers [40]. To reduce skewness of the data, the correlation 

Table 1 
Scoring scheme for cytotoxicity of nanomaterials (NanoREG2 Deliverable 1.7 [13] and eNananoMapper data base (https://search.data.enanomapper.net/projects/nanoreg2/).          

Toxicity reaches EC50a  

Toxicity level  20 %  50 %  80 %  <  100 µg/ml  <  60 µg/ml  <  20 µg/ml 
Score Points  + 1  + 1  + 1 + 2 + 2 + 2  

a EC50: Concentration that gives half of the maximal response.  

Table 2 
Categorization scheme for cytotoxicity of the nanomaterials.     

Sum score points Categorization Category number  

0-1 Non-toxic  1 
2-5 Slightly toxic  2 
6-9 Toxic  3 
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analysis was therefore performed on log-transformed numbers 
(both concentration and effect). Statistics and regression analyses 
were computed in GraphPad Prism 9. Calculations were performed 
in Excel 2013. 

Results 

Size and size distribution of the NMs in dispersion 

Size and size distribution of the NMs were measured by NTA in 
stock dispersion at time 0 h and in cell culture medium at times 0, 3 
and 24 h (Fig. S1). The size of most of the NMs was found to be stable 
in cell culture medium DMEM and comparable with the stock dis
persion. Aggregation was seen in medium compared with stock 
dispersion for SiO2 NMs (NM-200 and NM-203) and for TiO2 NMs 
(NM-101) at 3 h. A smaller size was measured in cell culture medium 
compared with stock at all time points for TiO2 NM-104 but only at 
time 0 h for ZnO NM-110 and time 24 h for ZnO NM-112 (Fig. S1). 

Cytotoxicity of the NMs 

AlamarBlue assay 
Cytotoxicity, which was measured as fluorescence intensity 

based on metabolic activity, was detected in A549 cells after ex
posure to two ZnO NMs NM-110 and NM-111, and the two Ag NMs 
NM‐300K and NM-302 (Fig. 1). The EC50 values for these particles 
were calculated and are shown in Table 5. We have performed a 
ranking based on the values of EC50. After 3 h, the cytotoxicity 
ranking from the less cytotoxic to the more toxic was found to be 
NM-110  < NM-111  < NM-112  < NM-113  < NM-302  < NM-300K and 
after 24 h NM-302  < NM-112  < NM-300K < NM-110  < NM-111  < NM- 
113. A slight increase in metabolic activity was seen for TiO2 NMs 
NM-101 and SiO2 NM-200 after 3 h exposure and after 24 h for the 
SiO2 NM-201, NM-202 and NM-204 (Fig. S2). The statistical analysis 
and the toxicity scoring are shown in Tables S3&S4. According to our 
scoring system approach and the statistical analysis (Tables S3&S4), 
NM-112 and NM-113, NM-300K and NM-302 were toxic (Category 
3), while NM-110 and NM-111 were scored slightly toxic (category 2) 
after 3 h exposure. After 24 h exposure, four NMs (NM-110, NM111, 
NM-113 and NM-300K) were toxic (category 3), while NM-302 and 

NM-112 were slightly toxic (category 2). All tested TiO2 and SiO2 

NMs were negative (category 1) after both 3 and 24 h. The NM-300K 
and NM-302 solvent controls did not show cytotoxic effect (data not 
shown). 

Colony forming efficiency assay 
Cell viability was measured by colony formation (the CFE assay) 

and cytotoxic effects were found after exposure of A549 cells to ZnO 
NMs (NM-110, NM-111, NM-112, NM-113) and Ag NMs (NM-300K, 
NM-302) (Fig. 2). Calculated EC50 values for the cytotoxic NMs are 
shown in Table 6. None of the other NMs showed any cytotoxic effect 
in the CFE assay, except for the highest concentration of NM-202 
(Fig. S3). There was also a general trend for the TiO2 NMs to induce a 
concentration-dependent increase in number of colonies formed 
(Fig. S3). The NM‐300K and NM-302 solvent controls did not show 
any cytotoxic effect (data not shown). According to our scoring 
system approach and the statistical analysis (Table S5), all tested ZnO 
NMs and both Ag NMs were scored toxic (category 3) while the other 
particles TiO2 and SiO2 NMs were categorized as negative (category 
1) which seems to be in accordance with the AB assay testing. 

Genotoxicity of the NMs measured as strand breaks by the comet assay 

The genotoxic potentials of a total of seventeen NMs were 
measured on A549 cells by a medium-throughput minigel version of 
the comet assay. DNA strand breaks (SB) were measured by tail in
tensity %, and only non-cytotoxic concentrations (below or equal 
60 % viability) were considered for evaluation of genotoxicity to 
distinguish between direct DNA damage and secondary damage due 
to cell death. Significant increases in DNA strand breaks (SB) were 
measured after 3 h exposure to SiO2 NM-200 and NM-203, ZnO NM- 
110 and NM-111 and Ag NM-300K. After 24 h exposure, the increase 
of SB was only observed for ZnO NM-110, Ag NM‐300K and SiO2 NM- 
200 (Fig. 3), whereas no significant increase was observed after 3 h 
or 24 h with the other tested NMs, including NM-302 (Fig. 3 and  
S4S3). Following the statistical analysis performed (Table S6 and S7) 
and the scoring and categorization system described above, after 3 h 
exposure NM-100, NM-203 and NM‐300K were categorized as po
sitive for genotoxicity (category 3), whereas five NMs were cate
gorized equivocal (category 2), and the other nine NMs as negative 

Table 3 
Categorization scheme for genotoxicity of nanomaterials.     

Categories Criteria Category number  

Negative Background level of damage, none of the criteria for positive are met. No significant effect  1 
Equivocal Significant linear trend OR one concentration significantly different from control  2 
Positive Significant linear trend AND at least one concentration significantly different from control; or at least two concentrations 

significantly higher from control  
3 

Table 4 
Descriptors and physicochemical properties used in two-way hierarchical cluster analysis (2D HCA) (http://www.enanomapper.net).    

Descriptors and physicochemical properties of studied NMs  

TEM SIZE Stock TEM size of NPs [nm] 
SHAPE Shape of nanoparticles expressed with binary classification (1-spherical, 2-rod) 
COATING PRESENCE Intentional or unintentional presence of chemical identities on the NMs surface, expressed with binary classification (0- 

NMs without coating, 1-NMs with coating) 
NTA Average MODE SIZE (DMEM, 

0 hours) 
Mode or mean average size [nm] in cell culture media DMEM at time point 0 hours 

NTA Average MODE SIZE (STOCK, 0 hours) Mode or mean average size [nm] in stock solution at time point 0 hours 
SIZE INCREASE (Average MODE) Property defining the difference between stock size [nm] on NPs in powder form (TEM measurement) and the size of NPs 

in the DMEM medium (NTA measurement). 
HOMO Highest occupied molecular orbital energy [a.u.] 
LUMO Lowest unoccupied molecular orbital energy [a.u.] 
EA Vertical electron affinity [eV] 
IP Vertical ionization potential [eV] 
IP’ Vertical ionization potential from Koopmans’ theorem [eV] 
H-L Band gap energy [eV] 
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(category 1) (Fig. 5 & Table S6). After 24 h exposure, only NM-110 
was categorized as positive for genotoxic effect (category 3), 
whereas seven NMs were categorized as equivocal (category 2), the 
other nine NMs were categorized as negative (category 1) (Fig. 5 &  
Table S7). A summary of the results obtained for the other NMs is 
presented in Fig. S4 and the statistical calculation for each of the 
NMs are shown in Tables S6 & S7 (Supplementary materials). The 
NM-300K and NM302 solvent controls did not induce any significant 
increase in SB compared to negative control (data not shown). 

Induction of oxidized purines measured by the enzyme-linked version of 
the comet assay 

For detection of oxidized DNA bases, the enzyme-linked version 
of the comet assay was applied. [35]. No increase in DNA base lesions 
was observed after 3 nor 24 h exposure. According to the statistical 
analysis conducted and our scoring and categorization system, all 
tested NMs were categorized either negative (category 1) or 

equivocal (category 2) at both exposure times (3 and 24 h) ( Fig. 4 &  
S5, Table S8& S9). The NM-300K and NM-302 solvent controls did 
not induce any significant increase in oxidized base lesions com
pared to negative control (data not shown). 

Toxicity categorization of the NMs 

Toxicity scoring and categorization are summarized in Fig. 5, and 
it was performed as described above in Table 1, 2 and 3. The Ag NM- 
300K was ranked with the highest toxicity, whereas the TiO2 NM- 
105 and the SiO2 NM-201 were ranked as the ones with the lowest 
toxic potential. To present a single categorization result among 
biological responses for genotoxicity (SB), cytotoxicity and oxidative 
stress (indicated by oxidatively damaged DNA), we used the so- 
called “worst-case approach”, in which the worst-case scenario of a 
particular adverse effects is assumed. Of all the effects measured for 
a given nanoform, the categorization value corresponding to the 
highest toxicity is ultimately considered (Fig. 5). For visualization of 

Fig. 1. Relative cell viability measured as fluorescence intensity after metabolic activation in viable cells by the AlamarBlue assay after exposure of A549 cells for 3 or 24 h to ZnO 
NMs (NM-110, NM-111, NM-112 and NM-113), and Ag NMs (NM‐300K and NM-302). The results are shown as mean ±  SD from three independent experiments. For each 
experiment, exposure was performed in duplicate and from each duplicate, three replicate wells were made for reading of fluorescence. Cell viability is presented relative to 
negative control, set to 100 %. h, hours; SD, standard deviation. Dunnett’s test *p  <  0,5, **p  <  0.1, ***p  <  0.01. 

Table 5 
Calculated EC50 values (mean ±  SEM) for the cytotoxic effects of the ZnO NMs (NM-110, NM-112 and NM-113) and Ag NMs (NM‐300K and NM-302) measured by the AlamarBlue 
assay after exposure of A549 cells for 3 or 24 h. The results are mean values calculated from three independent experiments and concentrations given as both µg/cm2 and µg/ml 
+ /- SEM. SEM, standard error of mean; h, hours.         

3 h 24 h 

Nanomaterials (NMs) EC50 (µg/cm2) EC50 (µg/ml) EC50 (µg/cm2) EC50 (µg/ml)  

ZnO NM-110 104  ±  47 166  ±  76 33  ±  6.9 53  ±  11 
NM-111 54  ±  3.7 87  ±  6.0 23  ±  3.9 37  ±  6.2 
NM-112 37  ±  2.9 57  ±  4.7 38  ±  2.6 60  ±  4.1 
NM-113 26  ±  3.5 41  ±  5.6 22  ±  1.4 36  ±  2.2 

Ag NM‐300K 12  ±  6.9 19  ±  11 37  ±  15 59  ±  43 
NM-302 14.7  ±  10.9 23.6  ±  17.4 57.9  ±  4.9 92.7  ±  7.8 
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the effect, we have followed the convention used for this type of 
analysis [41]. 

In silico identification of descriptors for cyto- and genotoxicity by 
chemometric analysis 

The chemometric analysis with the use of 2D-HCA identified 
distinct descriptors for cyto- and genotoxicity for a grouping ap
proach for hazard identification of NMs. In the case of cytotoxicity, 
the properties that identified highly toxic nanoforms were mainly 
related to their calculated quantum mechanical properties, namely: 
electron affinity (EA), ionization potential (IP, IP’), electronic energy 
(E), energy of the highest occupied molecular orbital (HOMO), en
ergy of the lowest unoccupied molecular orbital (LUMO) and band 
gap energy (H-L) (Fig. 7). One NM, NM-202, exhibited slight cyto
toxicity; however, no clear relationships with its properties were 

Fig. 2. Cell viability measured as relative colony forming efficiency (rCFE) in A549 cells exposed to Ag NMs NM‐300K and NM-302 (left) and ZnO NMs NM-110, NM111, NM-112 
and NM-113 (right) calculated relative to negative control set to 100 %. The results are shown as mean ±  SD from three independent experiments with 6 replicate wells for each 
treatment group within each experiment. SD, standard deviation. Dunnett’s test ***p  <  0.01. 

Table 6 
Calculated EC50 values (mean ±  SEM) for the cytotoxic effects of the ZnO-NMs (NM- 
110, NM-111, NM-112 NM-113), Ag NMs (NM-300K, NM-302) and SiO2 NM-202 
measured by the colony forming efficiency (CFE) assay after exposure of A549 cells. 
The results are calculated from 2–3 independent experiments and concentrations 
shown as both µg/cm2 and µg/ml. SEM, standard error of mean. EC50, half maximal 
effective concentration.      

Nanomaterials (NMs) EC50 (µg/cm2) EC50 (µg/ml)  

ZnO NM-110 1.7  ±  0.4 8.4  ±  1.8 
NM-111 1.9  ±  0.8 9.1  ±  3.8 
NM-112 4.6  ±  0.5 22.0  ±  2.3 
NM-113 4.0  ±  0.5 19.0  ±  2.4 

SiO2 NM-202 ~95 ~360 
Ag NM‐300K 0.3  ±  0.04 1.3  ±  0.2 

NM-302 1.01  ±  0.4 4.87  ±  1.92 

Fig. 3. DNA damage by strand breaks measured by the comet assay as tail intensity induced by ZnO NMs NM-110 and NM-111, Ag NMs NM‐300K and NM-302 and SiO2 NM-200 
and NM-203, in A549 cells after 3 h and 24 h. Three independent experiments were performed with duplicate wells for each exposure. The results are shown as mean of the 
median of duplicate wells from each of the three experiments ±  SD. h, hours; SD, standard deviation. Dunnett's test *p  <  0.5, **p  <  0.1, ***p  <  0.01. 
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visible. It can also be observed that the silver NMs, NM‐300K and 
NM-302, exhibited the lowest values of band gap energy and 

ionization potential, as well as the highest HOMO and electronic 
energies. (Fig. 6). 

For genotoxicity, the 2D-HCA analysis did not reveal a clear 
correlation between the NMs’ properties and exhibited effects de
fined by the worst-case approach. Thus, the PLS method was ad
ditionally applied (Fig. 7, Table S2). This analysis allowed grouping of 
the NMs in the multidimensional space of physicochemical proper
ties, descriptors and observed activity (genotoxicity scoring). By 
implementing the PLS approach, we revealed properties which at 
least differentiated groups of positive/equivocal from negative NMs 
based on the Latent Vector 1 (LV1, x-axis) where the band gap (H-L) 
and HOMO energies as well as the ionization potential (IP’) were the 
most influential, whereas for the LV2 (y-axis), the TEM size was the 
most influential. One NM with a high genotoxicity (SB) (NM-203) did 
not sit within this group. 

Similarly, the 2D-HCA analysis did not show any clear relation
ship between the NMs’ characteristics and induced oxidative stress 
(indicated by oxidatively damaged DNA), and so the PLS was applied 
(Fig. 8, Table S2). 

The analysis revealed a separate group of five NMs (NM-101, NM- 
103, NM-104, NM-110, NM-111) which exhibited a similar, ‘equi
vocal’ category of oxidative stress. All these NMs were identified as 
having deliberate or unintentional presence of organic/inorganic 
chemical identities on their surface (coating presence property). 

Discussion 

Human hazard identification and characterization should be 
supported by identification of descriptors for prediction of toxicity. 
This is essential for risk assessment to cope with the rapid devel
opment of new NMs, the SbD approach and the 3Rs to reduce, refine 
and replace animal experiments. A highly challenging aspect of NMs 

Fig. 4. Induction of oxidized DNA bases measured as tail intensity by the enzyme-linked version of the comet assay with formamidopyrimidine glycosylase (Fpg) after exposure of 
A549 cells to TiO2 NMs NM-100 and NM-103, Ag NM NM-300K and ZnO NM NM-110 for 3 or 24 h. Three independent experiments were performed with duplicate wells for each 
exposure. The results are shown as mean of the median of duplicate wells from each of the three experiments ±  SD. h, hours; SD, standard deviation. 

Fig. 5. Overview of the categorization of the tested nanomaterials (NMs) for geno
toxicity by the enzyme-linked version of the comet assay for both DNA strand breaks 
(SB) and oxidized lesions (SB+Fpg) after 3 or 24 h, cytotoxicity by the AlamarBlue 
assay after 3 or 24 h and the colony forming efficiency assays. The corresponding 
worst-case scenarios are also presented. ; AB, Alamarblue; CFE, colony forming effi
ciency. Categories for cytotoxicity; 1: non-toxic, 2 = slightly toxic, 3 = toxic. Categories 
for genotoxicity: 1 = negative, 2 = equivocal, 3 = positive. NA= not available data; h, 
hours, NMs; nanomaterials, Fpg; formamidopyrimidine. 
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is the implication of physicochemical properties for their toxicity, 
such as size, charge, agglomeration and surface coating, as well as 
binding of proteins and protein corona [42]. We report here a con
certed effort to characterize hazard and categorize cytotoxic and 
genotoxic potential of several groups of NMs namely TiO2, SiO2, ZnO 
and Ag with distinct properties, to help identify descriptors for 
toxicity by chemoinformatic analysis. 

In this study, six TiO2 NMs, five SiO2 NMs, two Ag-NMs and four 
ZnO NMs, all with different physicochemical properties, were tested 
for cytotoxicity and genotoxicity in human lung epithelial cells A549. 
In our work, the cytotoxicity testing using the AB and CFE assays 
showed that both Ag NMs and the four ZnO NMs tested were cy
totoxic. The chemoinformatic analyses, including 2D-HCA and PLS, 
revealed relationships between the NMs’ physicochemical proper
ties and their cytotoxicity. The cytotoxicity was strongly correlated 
with parameters describing the electron structures of NMs’ main 
components i.e. electron affinity (EA), ionization potential (IP, IP’) 

Fig. 6. 2D Hierarchical Clustering Analysis of selected nanomaterials in the space of descriptors. The first three columns depict the assumed worst-case genotoxicity, oxidative 
stress (indicated by oxidatively damaged DNA) and cytotoxicity of NMs. The remaining matrix cells reflect the values of individual properties corresponding to NMs. White or close 
to white cells correspond to values close to the overall average of the descriptor. Values that are very high (+3 standard deviations from mean) are marked as dark red, whereas 
very low values (−3 standard deviations from mean) are marked as dark blue. The more a property for a given NM differs from the average, the more saturated will be its cell color. 
Categories for cytotoxicity; 1: non-toxic, 2 = slightly toxic, 3 = toxic. NMs, nanomaterials. NTA, nanoparticle tracking analysis; LUMO, lowest unoccupied molecular orbital; HOMO, 
highest occupied molecular orbital; E, electronic energy; H-L, band gap energy; EA, electron affinity; IP, ionization potential; h, hours; AVG, average. 

Fig. 7. Scatter plot for NMs’ genotoxicity (strand breaks) by means of partial least 
method (PLS) analysis. TEM, transmission electron microscopy; HOMO, highest oc
cupied molecular orbital; H-L, gap band, LV1 and LV2 Latent Vector 1 and 2. 

Fig. 8. Scatter plot for nanomaterial (NM)-induced oxidative stress (oxidatively da
maged DNA) by means of partial least squares method (PLS) analysis. LV1 and LV2 
Latent Vector 1 and 2. 
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and band gap energy (H-L). These descriptors are linked to char
acteristics such as high solubility and reactivity of the NM and could 
reflect release of ions from the NMs surface and their adverse af
fection on the cellular integrity, homeostasis, and viability. Thus, the 
most toxic NMs tested were the soluble ones, Ag and ZnO, which 
agrees with the work of García-Rodríguez et al. using the same 
materials [43], whereas the SiO2 NMs and TiO2-NMs were found to 
be non-cytotoxic due to being poorly soluble or insoluble. As shown 
by Kononenko et al. [44], NMs that are known to be either slightly 
soluble or insoluble in aqueous media (such as SiO2) were only 
moderately cytotoxic to A549 cells [44]. Similar results on both A549 
cells and macrophage-like THP-1 cells were reported by Jeong et al.  
[45], who showed that fast dissolving NPs do not always have similar 
toxic potentials compared to their constituent metal chlorides, and 
that this may be due to the differences in their cellular uptake [45]. 
Once endocytosed, poorly soluble or insoluble nanoparticles could 
either accumulate in the acid endo-lysosomal organelles or leave the 
cell by exocytosis [46]. 

Based on the categorization approach for the genotoxic potential 
and the worst-case scenario applied, we defined one TiO2 (NM-100) 
out of six tested, one ZnO (NM-110) out of four tested, one SiO2 out 
of five tested and one Ag (NM-300K) out of two tested, to be clearly 
genotoxic causing single SB. While the other NMs were categorized 
either as negative or equivocal. Further testing is needed to be able 
to conclude on genotoxic potential specifically of the last group 
(NMs categorized as equivocal). The applied 2D-HCA analysis did not 
reveal a clear correlation between NM properties and exhibited 
genotoxic effect defined by the worst-case approach. The PLS ana
lysis, however, indicated that similar descriptors that influenced 
cytotoxicity of some NMs also had implications for their genotoxi
city, such as low band gap energy and ionization potential and high 
HOMO energy (Fig. 8). 

The TiO2 NMs (from JRC), known as titanium (IV), occurs in 
nature as the rutile and anatase minerals [47] having distinct elec
trical and optical properties, which may have implications for their 
toxicity. The anatase crystal form is the less thermodynamically 
stable, and generally expected to be more cytotoxic than rutile or 
anatase/rutile mixture because of its strong photocatalytic proper
ties [48–50]. Anatase may spontaneously generate reactive oxygen 
species (ROS), and ROS may also arise after exposure to light or due 
to sufficient energy available in test medium to generate electron 
hole at the NM surface [51]. In some studies, anatase TiO2 NM was 
more toxic than rutile TiO2 NM, which agrees with the perception of 
the rutile forms as chemically inert and anatase forms as more re
active. This is consistent with our findings, as the only TiO2 NM 
found to be genotoxic in this study was the anatase TiO2 NM-100. 
This is also in agreement with the findings by Di Bucchianico et al.,  
[52] showing genotoxic effects of NM-100 on Beas2B cells and less 
pronounced effect of the TiO2 NM-101 and NM-103. However, in 
other studies, the contrary is seen, with rutile TiO2 NMs showing 
higher toxicity than anatase TiO2 NMs [53]. So, basically, crystallinity 
seems to have an impact on the genotoxic potential of TiO2 as it 
seems that both anatase and rutile can form ROS when they interact 
with the cellular components [54]. 

In addition to their inherent physicochemical properties and 
behavior in the exposure medium, it is also imperative that the type 
of cell used is considered when comparing rutile and anatase, as 
cells may have different anatase and rutile uptake capacities, which 
would affect the toxicity of these NMs [55]. In the work of Andersson 
et al. the cellular uptake and distribution of five types of well- 
characterized anatase and rutile TiO2 NMs were investigated in A549 
lung epithelial cells. NMs uptake was found to be kinetically acti
vated and strongly dependent on the hard agglomeration size and 
not the primary particle size [56]. In addition, it was also observed 
that ZnO nano-forms are more cytotoxic than the ZnO micro-form, 
which also means that size is an important factor for determining 

cytotoxicity [44]. It has also been shown that larger nanoparticles or 
agglomerated particles dissolve more slowly than small sized par
ticles [57]. This is mainly due to the endocytosis phenomenon which 
is size and surface area of the NMs dependent [46,58]. Smaller ag
gregates were more prone to uptake and reflect the ability of na
noparticles to interact with DNA, either indirectly, such as impairing 
DNA repair, or even by penetrating into the nucleus and exhibiting 
direct interaction with the DNA. Andersson et al. also showed that 
uptake of the TiO2 materials was positively correlated to induction of 
oxidative stress and inflammation in the cells [56]. It is clear that 
TiO2 NMs have potential toxicity on a variety of cell types and tis
sues. Moreover, they tend to have different cellular distribution and 
ability to damage various organelles or exhibit different interaction 
activity with biomolecules [55]. The International Agency for Re
search on Cancer (IARC) concluded that there is sufficient evidence 
of carcinogenicity in experimental animals, but inadequate evidence 
of carcinogenicity in humans, with an overall evaluation of TiO2 NM 
as “possibly carcinogenic to humans” (Group 2B) [59]. Recently, EFSA 
evaluated TiO2 E171 (nano and microparticles) in food and con
sidered them not to be safe due to their potential genotoxicity [60]. 

Nanosized silica is among the mostly used NMs, usually as 
amorphous forms produced by precipitation (NM-200, NM-201) or 
by thermal synthesis (NM-202, NM-203). In our study we noticed 
that two silica NMs out of five, NM-200 and NM-203, were cate
gorized as equivocal and positive for genotoxicity respectively. In 
previous studies, it has been observed that most of the tested silica 
NMs have been found not to be genotoxic [61–64]. In a study by Lu 
et al. (2015), the tested SiO2 NMs induced neither cellular oxidative 
stress nor DNA damage by the comet assay [65]. The silica materials 
used in our study differ from each other with respect to physical 
characteristics such as shape, specific surface area (160–230 m2/g), 
and primary particle size (8–20 nm). However, we could not identify 
particular properties of NM-203 that could explain its genotoxicity. 
This may be due to insufficient material characterization which did 
not allow linking of structural diversity to the observed genotoxicity 
of silica NMs. In this study, only descriptors that were fully measured 
within NANoREG and NanoREG2 projects were included in the 
chemometrics analysis. 

Crystalline silica is classified as a carcinogen, but the genotoxicity 
of both crystalline and amorphous silica particles remains unclear. 
Amorphous silica is regarded as less toxic than crystalline silica, 
partly due to a higher clearance rate leading to less chronic in
flammations [66]. Recent studies have indicated that both crystalline 
and amorphous silica particles may be non-genotoxic carcinogens as 
shown by Bhas 42 cell transformation assays [63,64]. In a study by 
Skuland et al. (2020), both crystalline and amorphous silica particles 
induced release of pro-inflammatory cytokines/adhesion molecules 
in an advanced 3D-triculture model of the epithelial A549 cells, 
endothelial EA.hy926 cells and THP-1 macrophages [67]. The SiO2 

NMs have shown effects on viability of the human pulmonary al
veolar epithelial cells (HPAEpiC) by increasing the expression levels 
of two endoplasmic reticulum (ER) stress markers that can be at
tributed to inflammatory responses [68]. 

A crucial component of the toxicity of Ag and ZnO NMs is at
tributed to their high solubility rate and it is postulated that in
creased solubility increases toxicity [69]. There is still a discussion as 
to whether it is the particles themselves or released ions that exert 
the prime effects of soluble NMs. Probably it is a combination since 
the solubility of metal NMs depends on several factors, such as size, 
shape, coating and the pH of the surrounding micro-environment. 
Our 2D HCA revealed also a new parameter which might explain the 
toxic effect of these materials; both NM‐300K and NM-302 exhibited 
the lowest values of band gap energy and ionization potential, as 
well as the highest HOMO and electronic energies. 

Previous studies using the same Ag NMs have shown their gen
otoxic effects [70], whereas genotoxic studies of ZnO NMs have been 
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less conclusive [71]. In this work the spherical Ag NMs were, on a 
mass base, more toxic than the fibrous Ag materials, which may be 
explained by their ability to penetrate the cells either faster or better 
than fibrous Ag. When inside the cells, the Ag NMs may release more 
ions due to the acidic micro-environment in the phagocytes, leading 
to more effects. This was shown in a study by Bobyk et al. (2021), in 
which A549 cells were exposed to NM‐300K and to a larger spherical 
PVP-coated Ag NM. The Ag NMs showed differential transformation 
and toxicity due to their size, coating and dissolution potential. NM- 
300K was the most toxic with higher intracellular accumulation and 
dissolution [72]. The same mechanisms may also be valid for the 
soluble ZnO NMs as it has also been reported that internalized ZnO 
NMs in acidic endosomes/lysosomes completely dissolves and Zn2+ 

ions released from the ZnO NMs results in cellular toxicity [73–75]. 
Based on presented analysis (Fig. 7), we may conclude that with the 
decreasing values of H-L and IP energies and increasing values of 
HOMO energy, the genotoxicity will also increase. Thus, for instance, 
the highest genotoxic potential was observed for Ag and ZnO NMs. 
Additionally, in some cases the NMs with high genotoxic potential 
showed relatively higher pristine size (TEM), in the range of 
50–120 nm. 

The level of oxidized base lesions (oxidized purines), which is an 
important biomarker for oxidative stress, has also been evaluated. 
Oxidative stress occurs when there is imbalance between ROS for
mation and antioxidant capacity, and it is one of the main me
chanisms of action leading to several adverse outcomes following 
the exposure to NMs [76]. ROS can be formed via transition metal 
ions released from the NM surface, by other chemicals on the par
ticle surface, or as a consequence of the interaction between parti
cles and cellular components, such as mitochondria [76,77]. 
Interestingly, the PLS analysis of the data obtained from the Fpg- 
modified comet assay showed that coated NMs had greater potential 
to induce oxidative stress than uncoated NMs. This observation was 
quite surprising, since the literature provides information that the 
presence of the coating will minimize the production of ROS by 
covering the active NM surface [78,79]. On other hand, there is also 
evidence that the coating may influence the behavior of NMs in 
medium, can increase ROS production and may itself release toxic 
materials. The presence of transition metals on the surface of the NM 
may lead to generation of ROS and it has been shown that surface 
coatings can be degraded, for instance due to etching in acidic or 
alkaline conditions [80], potentially revealing the more toxic me
tallic core [81]. It can be concluded that the presence of a surface 
coating may cause higher oxidative stress; it should also be noted, 
however, that the ‘coating presence’ property does not provide 
specific information on the chemical composition of the coating it
self. Within the second group identified by PLS, analysis of data from 
the Fpg-modified comet assay, most of the uncoated NMs exhibited a 
‘negative’ effect. Exceptionally, four NMs (NM-102, NM-112, NM- 
204, NM-300K), despite not having a coating, induced oxidatively 
damaged DNA. In turn, our results indicate that some coatings can 
induce a higher surface activity of the NM. The NMs we tested in this 
work have diverse chemical compositions (TiO2, ZnO, SiO2, Ag), and 
despite their close similarity to the ‘negative’ NMs (within analyzed 
properties), the reason for the higher potential of some particles to 
induce oxidative stress may be related to properties that were not 
included in the characterization. Due to the limitation in literature 
regarding available data on the use of coating, and also due to the 
wide nature of coating available, we believe more detailed char
acterization of the NMs is required to obtain more specific analyses 
that would confirm observed relationships and extend their ap
plicability. 

We would like to stress that the work presented here doesn’t 
introduce grouping for regulatory applications. For our analysis we 
included four chemically different groups of NMs to identify factors 
that can drive toxicity and to support mechanistic hypotheses. By 

using different experimental and in silico methods and different 
groups of NMs, the work can serve as base for developing of 
grouping hypotheses that can be later tested more thoroughly. 

Conclusion 

The presented work marks an important step within human 
hazard and safety assessment of NMs, by applying in silico modeling 
to identify NMs physicochemical descriptors to predict human ha
zard and reduce risk of adverse health effects. We applied the 
NanoREG2 categorization approach for our cytotoxicity and geno
toxicity data after testing of a range of NMs, and we were able to 
identify distinct descriptors for prediction of toxicity of NMs to 
support development of grouping hypotheses that can be later 
tested more thoroughly. Following our PLS analysis we identified 
descriptors such as band gap (H-L) and HOMO energies as well as the 
ionization potential (IP’) linked to genotoxic potential of NMs. 
Further, coated particles had greater potential to induce oxidatively 
damaged DNA than uncoated, and the soluble NMs were the most 
cytotoxic ones. The use of an integrated approach combining ex
perimental and in silico analysis facilitated relationship between 
NMs physicochemical descriptors and the observed effect. 
Development and use of machine learning-based analyses has the 
potential to be a powerful tool in the in silico risk assessment of NMs 
and will support the safer-by design approach. 
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