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Stéphanie Cadarsi, Pierre Lonchambon, Guillemine Daffe, George Chimowa, Cyril Sarrieu, 
Elise Ompraret, Anne-Marie Galibert, Camélia Matei Ghimbeu, Eric Pinelli, 
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Genotoxicity is one of the key endpoints investigated as early as possible before marketing a
product. Several assays can be performed to evaluate the genotoxicity and mutagenicity of compounds,
covering the detection of DNA lesions and of DNA repair activities as well as the quantification of
the three types of mutations at the gene, chromosome and genome levels. Most of these tests have an
established or draft guideline from the Organization for Economic Co-operation and Development
(OECD). Nevertheless, if these assays have been developed for chemicals, they are not fully suitable
for testing the genotoxicity/mutagenicity of nanomaterials, and the adaptation of the experimental
conditions for such compounds is still debated. This Special Issue “From Basic Research to New Tools
and Challenges for the Genotoxicity Testing of Nanomaterials” aimed to provide new results on a large
range of nanomaterials using a broad panel of genotoxicity assays and to solve some of the numerous
issues faced on this topic.

Researchers from various institutes have contributed to the success of this Special Issue, with a total
of 10 articles that were selected for publication. The content of these 10 papers covers different topics
that were proposed in the text of the Special Issue. However, the topics concerning interferences with
in vitro genotoxicity assays and proposals for nanomaterial reference controls have not been addressed
as well as the approaches based on grouping, ranking, and read-across. This issue contains mostly data
from in vitro studies. In addition to classical cell lines such as hamster and human fibroblasts [1,2] or
human lung cells [3,4], new models have been also used for investigating nanomaterials genotoxicity:
ToxTracker reporter cell lines [5], human amniotic cells [6] and 3D HepG2 spheroids [7]. In this
issue, three papers also deal with in vivo studies: on the plant Allium cepa [8], on the tadpoles of
Xenopus laevis [9] and on rats [10]. Moreover, a broad range of nanomaterials have been tested,
including plastic particles [2] that recently became of increasing concern for environmental and
public health.

Among the various assays available for investigating genotoxicity and mutagenicity, most of
the papers used the comet assay to visualize the DNA fragmentation both in in vitro [3,4,6,7] and
in vivo [10] studies. The micronucleus assay to detect chromosome and genome mutations was also
largely performed in cell lines [2,4] as well as in whole organisms [8–10]. In contrast, only one article
deals with the gene mutation Hprt assay [1].

Concerning the role of the physico-chemical characteristics, it was reported that the surface area is
one of the dose metrics showing a better correlation with the genotoxicity of quantum dots [5], while the
metal/coating agent ratio is a key parameter for the toxicity observed with the commercially available
AgNPs formulation Argovit™ [8]. Similarly, the thermal reduction of graphene oxides generates a
material that was no longer genotoxic at low concentrations [9]. In contrast, the type of synthesis used
for producing tungstene particles did not significantly affect the toxicity [4]. The impact of size was
investigated on the toxic responses either using two protocols of dispersion with TiO2 nanoparticles
leading to different size distribution [1] or by testing similar nanomaterials with different primary

Nanomaterials 2020, 10, 2073; doi:10.3390/nano10102073 www.mdpi.com/journal/nanomaterials1



Nanomaterials 2020, 10, 2073

sizes [5]. Such results are integrated into a “safe by design” approach by investigating solutions to
decrease the genotoxicity of the nanomaterials through specific coatings, production processes or
treatments as examples.

As already reported in the literature, oxidative stress was suggested as one mechanism involved
in the genotoxic responses observed [2–4,9]. Co-exposure to nanomaterials and other compounds can
affect the genotoxicity [2,6].

It has been suggested that the genotoxic effects generated by nanomaterials can be due to the
dissolution and formation of ions. Nevertheless, although when ions are formed, it does not preclude
that nanoforms per se can also induce some genotoxicity. In this issue, the comparison of nanoforms
with an ionic counterpart has been done for aluminum after gavage to rats [10] and for silver in
Allium cepa [8]. In both cases, the genotoxic effects observed could not be solely explained by the
formation of ions from the nanoforms tested.

The testing of genotoxicity faces the tremendous number of nanomaterials that can theoretically
differ for only one parameter. Therefore, high throughput methodologies can facilitate the screening.
A high throughput methodology applied to the comet assay has been used in the European project
NanoReg [3]. ToxTracker reporter cell lines [5] can be also a way to quickly assess the activation of
cellular stress response pathways.

In conclusion, the papers presented in this Special Issue show how the evaluation of the genotoxicity
remains challenging for nanomaterials. Nevertheless, this Special Issue highlights steps forward that
have been investigated to overcome some of the concerns. Still, a reliable evaluation of the genotoxic
hazard of nanomaterials will support the attempt to protect the health of the populations without
strangling innovation.
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Abstract: The interesting physicochemical characteristics of nanomaterials (NMs) has brought about
their increasing use and, consequently, their increasing presence in the environment. As emergent
contaminants, there is an urgent need for new data about their potential side-effects on human
health. Among their potential effects, the potential for DNA damage is of paramount relevance.
Thus, in the context of the EU project NANoREG, the establishment of common robust protocols
for detecting genotoxicity of NMs became an important aim. One of the developed protocols refers
to the use of the comet assay, as a tool to detect the induction of DNA strand breaks. In this study,
eight different NMs—TiO2NP (2), SiO2NP (2), ZnONP, CeO2NP, AgNP, and multi-walled carbon
nanotubes (MWCNT)—were tested using two different human lung epithelial cell lines (A549 and
BEAS-2B). The comet assay was carried out with and without the use of the formamidopyrimidine
glycosylase (FPG) enzyme to detect the induction of oxidatively damaged DNA bases. As a high
throughput approach, we have used GelBond films (GBF) instead of glass slides, allowing the fitting
of 48 microgels on the same GBF. The results confirmed the suitability of the comet assay as a powerful
tool to detect the genotoxic potential of NMs. Specifically, our results indicate that most of the selected
nanomaterials showed mild to significant genotoxic effects, at least in the A549 cell line, reflecting the
relevance of the cell line used to determine the genotoxic ability of a defined NM.

Keywords: comet assay; FPG enzyme; TiO2NP; SiO2NP; ZnONP; CeO2NP; AgNP; multi-walled
carbon nanotubes (MWCNT)

1. Introduction

Nanomaterials (NMs) are being increasingly used in many fields, due to their new physicochemical
properties at the nanometric scale [1]. In this context, the evidence seems to indicate that the use of
such NMs will continue experiencing an exponential increase. This opens a new scenario where people
will certainly be exposed to such NMs. Since human health risks associated with such exposures are
uncertain, new information on their potentially harmful effects is urgently required.

Among the different health effects that NMs can cause, those related to their potential interaction
with DNA requires special attention. Thus, the detection of the genotoxic effects induced by NMs is
emerging as a specific research field covering such demands [2,3]. Since different NMs can react with

Nanomaterials 2019, 9, 1385; doi:10.3390/nano9101385 www.mdpi.com/journal/nanomaterials5
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DNA following different mechanisms, a wide range of tools have been proposed to detect and quantify
different genotoxic effects; among them, the comet assay stands out.

The comet assay measures the induction of DNA breaks as well as oxidatively damaged DNA
bases by using single-cell gel electrophoresis [4,5]. The simplicity of the assay and its potential use in
any type of eukaryotic cell has expanded its use in many fields, and this assay is successfully used in
in vitro and in vivo testing, including human biomonitoring studies [6]. The comet assay has already
been used to test different NMs as it has been summarized in different reviews [7–9]. Several criticisms
have been raised about the use of the comet assay to test NMs arguing that their presence in the
head, or in the tail of the comet, can interfere with the scoring [7]. This means that the scoring of
NMs using the comet assay is under discussion. At present, there is no official guideline for using the
comet assay in in vitro studies. In this frame, the EU project NANoREG has aimed to establish strong
protocols to be used in the testing of NMs, mainly from a regulatory point of view. According to its
simplicity, sensitivity, and speed, the comet assay was one of the proposed test protocols. To reach
that objective, we here present the results obtained with the comet assay testing eight different NMs
namely NM100 and NM101 (TiO2NPs), NM110 (ZnONPs), NM200 and NM203 (SiO2NPs), NM212
(CeO2NPs), NM300K (AgNPs), and NM401 (MWCNT, multiwalled carbon nanotubes). Taking into
account that inhalation is one of the main routes of exposure to NMs, two different human cell lines
(A549 and BEAS-2B) have been used as a model of human bronchial epithelial cells. To cover one of
the aims of the NANoREG project a high throughput approach was used. Thus, GelBond films (GBF)
instead of glass slides were used, allowing the fitting of 48 microgels on the same GBF, in comparison
with the 1–2 samples contained in a glass slide.

2. Material and Methods

2.1. Selected NMs

The tested NMs were: 100 and 6 nm anatase TiO2NPs (NM100 and NM101), 18.3 and 24.7 nm
amorphous SiO2NPs (NM200 and NM203), 147 nm ZnONPs (NM110), 33 nm CeO2NPs (NM212),
AgNPs (NM300K), and 64.2 nm MWCNT (NM401). All eight NMs were supplied by the NANoREG
Consortium, and the EU Joint Research Centre at Ispra (Italy) prepared and sent aliquots to all the
participants. Although these NMs were well characterized in the frame of the project, we confirmed
nanoparticle size and morphology by transmission electron microscopy (TEM) using a JEOL 1400
instrument (JEOL Ltd., Tokyo, Japan). In addition, the hydrodynamic size in whole-cell culture medium
was measured by using dynamic light scattering (DLS). This analysis was performed on a Malvern
Zetasizer Nano-ZS zen3600 (Malvern Panalytical, Malvern, UK) instrument.

2.2. Cell Culture

The transformed human bronchial epithelial BEAS-2B cell line was kindly provided by Dr. H.
Karlson, from the Swedish Karolinska Institute (Stockholm, Sweden). The adenocarcinomic human
alveolar basal epithelial A540 cell line was kindly provided by Dr. G. Linsel, from the Federal Institute
for Occupational Safety and Health of Germany (BAuA, Berlin, Germany), BEAS-2B cells were cultured
as a monolayer in 75 cm2 culture flasks coated with 0.03% collagen in serum-free bronchial epithelial
cell growth medium (BEGM, Lonza, CA, USA) and passaged weekly. A549 cells were also cultured in
75 cm2 culture flasks with DMEM high glucose (Life Technologies, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS; PAA, Pasching, Austria), 1% of non-essential amino acids (NEAA;
PAA, Pasching, Austria) and 2.5 μg/mL Plasmocin™ (InvivoGen, San Diego, CA, USA). Log-phase
cells were grown on 12 well plates without 0.03% collagen coating, to determine, cytotoxicity and DNA
damage levels. Cells were maintained in a humidified atmosphere of 5% CO2 and 95% air at 37 ◦C.

We selected epithelial lung cells because inhalation is considered one of the most relevant
exposure routes for humans. In addition, both BEAS-2B cells have been extensively used in the testing
of nanomaterials.
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2.3. Cell Viability

BEAS-2B and A549 cells were exposed to different concentrations of the selected NMs, according to
previous toxicity data, and exposures lasting for 24 h. The highest tested dose ranged from 10 μg/mL, for
the most toxic NMs (ZnONP), to 200 μg/mL for the least toxic NMs. According to the obtained toxicities,
up to 4 different concentrations were selected to determine cell viability. The 4 appropriate subtoxic
concentrations were chosen to work with the comet assay enabling the establishment of dose/response
relationships. Untreated cells, just with cell culture medium, were used as a negative control.

Toxicity was measured directly counting the number of cells surviving the 24 h exposure
treatments. The procedure was as follows: after exposure, cells were washed three times with 0.5 mL
of PBS (1%), to eliminate dead cells, and incubated 3 min at 37 ◦C with 0.25 mL of trypsin-EDTA
(Ethylenediaminetetraacetic acid) (1%) to detach and individualize them. After these initial steps,
cells were diluted (1/10) in ISOTON™ (isotonic buffer) and counted with a ZTM Series colter-counter
(Beckman Coulter Inc., Brea, CA, USA) [10].

The final viability values were determined by averaging three independent viability experiments,
each containing three replicates per each concentration.

2.4. The Comet Assay

The alkaline comet assay facilitates the determining of the levels of both the genotoxic (DNA
breaks) and the oxidative DNA damage (ODD). The detection of ODD can be easily detected when
the comet assay is complemented with the use of formamidopyrimidine DNA glycosylase (FPG)
enzyme. This enzyme detects oxidized DNA bases, cut them and, consequently, transient DNA
breaks are generated. The net oxidative effect is determined by subtracting the breaks induced in
normal conditions from those obtained when FPG enzyme is used. The used protocol is as follows:
exposed/control cells were washed with PBS 1X thrice, detached with trypsin-EDTA 1%, incubated
at 37 ◦C for 5 min, and centrifuged at 130 g for 8 min. After that, cells were resuspended in PBS 1X
to obtain the concentration of 1 × 106 cells/mL. The obtained cells were mixed 1:10 with 0.75% low
melting point agarose at 37 ◦C, dropped on GelBond® films (GBF) (Life Sciences, Vilnius, Lithuania) in
triplicates, and lysed in cold lysis buffer overnight at 4 ◦C. As a high throughput approach, the use of
GBF instead of glass slides allowed for the fitting of 48 microgels on the same GBF.

After that, the GBF were gently washed twice with enzyme buffer for 5 and 50 min respectively at
4 ◦C. Then, the GBF were incubated with enzyme buffer containing, or not, FPG enzyme 1:25,000 for
30 min at 37 ◦C, followed by a washing step with electrophoresis buffer for 5 min. A second incubation
in electrophoresis buffer was followed, to allow DNA unwinding and expression of alkali-labile
sites, for 25 min at 4 ◦C. Subsequently, electrophoresis was carried out at 20 V and 300 mA at 4 ◦C.
GBF were washed twice with cold PBS 1X for 5 and 10 min respectively, cells were fixed in absolute
ethanol for at least 1 h and air-dried overnight at room temperature. Cells were stained with 1:10,000
SYBR Gold in TE buffer for 20 min at room temperature. GBF were mounted and visualized in an
epifluorescent microscope (Olympus BX50, Hamburg, Germany) at 20× magnification. The DNA
damage was quantified with the Komet 5.5 Image analysis system (Kinetic Imaging Ltd, Liverpool,
UK) as the percentage of DNA in the tail. A total of 100 comet images randomly selected were
analyzed per sample. Two different samples were analyzed for each condition, in each one of the three
experiments performed.

2.5. Statistical Analysis

All measurements were made in triplicate, at least for two separate experiments. Results are
expressed in mean ± standard error. The one-way ANOVA with Tukey’s post-test and an unpaired
Student’s t-test were used to compare differences between means. Data were analyzed with GraphPad
Prism version 5.00 for Windows (GraphPad Software, San Diego, CA, USA, http://graphpad.com).
Differences between means were considered significant at p < 0.05.
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3. Results and Discussion

3.1. Nanoparticles Characterization

First of all, we wish to point out that the nanomaterials used were supplied by the UE JRC at Ispra,
and are considered as reference nanomaterials, and used in many different EU projects. This means
that they have been extensively characterized. To gather sound genotoxicity data, it is necessary to
ensure that nanoparticles are well dispersed [11]. In our case, we have used the dispersion protocol
generated in the frame of the NanoGenotox EU project [12]. As observed in Figure 1, TEM images show
that each NMs is dispersed distinctly, depending on its primary structure. For example, AgNPs and
TiO2NPs (NM101) are clearly not or less agglomerated than the rest of the NPs. Then, by selecting over
100 particles in random fields of view, we determined the TEM diameters in dry conditions, and the
obtained results are indicated in Table 1. The same table also shows the DLS results, that measured the
average of the NPs hydrodynamic size when were dispersed and suspended in a liquid. As expected,
the average of the hydrodynamic sizes, once dispersed in the culture medium, are higher than those
reported by TEM in the dried form, due to their interactions with the proteins. Since exposures last for
24 h, we aimed to detect if time has important effects on dispersion by inducing NMs aggregation.
Thus, our results summarized in Table 1 do not seem to indicate that the incubation time has a direct
effect on the NMs agglomeration. Concretely, only NM200, NM203, and NM300K showed apparent
increases in the hydrodynamic size after 24 h, regarding the values observed just after the dispersion
procedure (0 h). It should be indicated that, due to the fibrillary characteristics of MWCNT NM401,
we do not report DLS values for this NM (ND). Nevertheless, we indicated their average length and
thickness, as evaluated by TEM. Although some of the values, observed mainly after 48 h, were difficult
to interpret, these discrepancies over-time are not important, because only exposures lasting for 24 h
were used in the comet assay.

NM100 (TiO2NPs) NM101 (TiO2NPs) NM110 (ZnONPs) 

   
NM200 (SiO2NPs) NM203 (SiO2NPs) NM212 (CeO2NPs) 

   
NM300K (AgNPs) NM401 (MWCNTs) NM401 (MWCNTs) 

   

Figure 1. Representative TEM images of the eight used nanoparticles (NPs). Figures correspond
to TiO2NPs (NM100), TiO2NPs (NM101), ZnONPs (NM110), SiO2NPs (NM200), SiO2NPs (NM203),
CeO2NPs (NM212), AgNPs (NM300K), and MWCNT (NM401). For NM401 two images are include to
visualize their length and thickness.
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Table 1. Comparison of pristine sizes (transmission electron microscopy, TEM) and 10 and 100 μL
dispersions (dynamic light scattering, DLS). Sizes were evaluated just after the dispersion procedure
and 24 h later.

NM100 (TiO2NPs) NM101 (TiO2NPs)

TEM 104.01 ± 39.42 nm TEM 54.69 ± 35.39 nm

DLS
0 h

10 μg/mL 194.6 ± 8.49

DLS
0 h

10 μg/mL 152,2 ± 62.47
100 μg/mL 166.2 ± 1.01 100 μg/mL 166.1 ± 12.55

24 h
10 μg/mL 151.6 ± 6.30

24 h
10 μg/mL 265.1 ± 10.50

100 μg/mL 141.2 ± 2.23 100 μg/mL 141.5 ± 84.88

NM110 (ZnONPs) NM200 (SiO2NPs)

TEM 132.37 ± 69.53 nm TEM 16.5 ± 4.18 nm

DLS
0 h

10 μg/mL 260.3 ± 88.63

DLS
0 h

10 μg/mL 67.76 ± 0.10
100 μg/mL 213.9 ± 92.48 100 μg/mL 70.59 ± 1.43

24 h
10 μg/mL 117.2 ± 37.71

24 h
10 μg/mL 75.84 ± 3.62

100 μg/mL 114.7 ± 0.86 100 μg/mL 147.8 ± 13.70

NM203 (SiO2NPs) NM212 (CeO2NPs)

TEM 24.26 ± 9.38 nm TEM 70.33 ± 49.61 nm

DLS
0 h

10 μg/mL 69.56 ± 9.50

DLS
0 h

10 μg/mL 229.9 ± 10.13
100 μg/mL 86.86 ± 68.08 100 μg/mL 230.5 ± 4.05

24 h
10 μg/mL 121.4 ± 10.02

24 h
10 μg/mL 117.1 ± 4.70

100 μg/mL 342 ± 76.05 100 μg/mL 124.0 ± 1.51

NM300K (AgNPs) NM401 (MWCNTs)

TEM 7.75 ± 2.48 nm TEM 4.23 ± 1.01 (diameter), 6012.09 ± 4091.45
(length)

DLS
0 h

10 μg/mL 28.71 ± 17.67

DLS
0 h

10 μg/mL ND
100 μg/mL 38.46 ± 16.31 100 μg/mL ND

24 h
10 μg/mL 81.37 ± 4.63

24 h
10 μg/mL ND

100 μg/mL 97.23 ± 6.22 100 μg/mL ND

3.2. Toxic/Genotoxic Effects of NM100 and NM101 (TiO2NPs)

TiO2NPs are one of the most produced NMs. They are included in many products, such as paints,
coatings, plastics, papers, inks, medicines, pharmaceuticals, food products, cosmetics, sunscreens, and
toothpaste [13]. This extensive use makes it necessary to evaluate their potential risk for human health.

Toxicity data are required to determine the range of concentrations to be used in genotoxicity
studies. In our case, we have not detected relevant toxic effects for the two selected TiO2NPs (Figures
2A and 3A). Although TiO2NPs have largely been evaluated from the genotoxic point of view, the
already reported results are not sufficiently clear to reach a convincing conclusion [14]. Nevertheless,
in our study, we have demonstrated that both TiO2NPs (NM100 and NM101) are able to induce direct
DNA strand breaks, as detected by the comet assay (Figures 2 and 3), although no oxidative DNA
damage induction was detected on the DNA bases. Overall, we can say that A540 cells are more
sensitive than BEAS-2B cells and, consequently, exposures induced higher levels of damage in that cell
line. Furthermore, NM100 showed to be slightly more genotoxic than NM101. From the literature,
positive DNA damage induction for both used cell lines has been reported. Nevertheless, some studies
failed to detect DNA damage induction. Thus, negative results in BEAS-2B cells were obtained under
different exposure scenarios [15–17]. In addition, negative findings in the comet assay were also
reported in the A549 cells [18]. From the different positive reports in BEAS-2B cells, nanosized anatase
and fine rutile produced a concentration and time-dependent effect in exposures lasting up to 72 h [19].
On the other hand, using the NM100 and NM101 nanomaterials (as in our study) Di Bucchiano et al.
demonstrated a weak but positive induction of genotoxic effects, NM100 being the most dangerous [20].
A recent study in BEAS-2B indicated that the induced effects were associated with the shape. In this
way, only those forms that were clearly internalized (food grade, P25, and platelets) were able to
induce genotoxicity [21]. As in our case, A549 cells showed a higher sensitivity to TiO2NPs and,
consequently, positive effects were reported for both small and spherical anatase and rutile forms
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after short-term exposures [22], and also after long-term exposures lasting up to two months [23].
In addition, the positive induction of DNA damage was reported at non-toxic concentrations, but
induced DNA damage decreased when exposures extended from 3 to 24 h [24]. Interestingly, there
is one study comparing the effects of TiO2NPs in BEAS-2B and A549 cells. In that study, direct and
oxidative DNA damage was only observed in A549 cells [16], confirming the highest sensitivity of this
cell line.

(A) 

(B) 

(C) 

Figure 2. Results from the TiO2NPs (NM100) on A549 and BEAS-2B cells. (A) Toxicity curves for both
cell lines. (B) Genotoxicity results obtained in A549 cells. (C) Genotoxicity results obtained in BEAS-2B
cells. Genotoxicity data are plotted as mean ± SEM of two independent experiments. ** p ≤ 0.01,
*** p ≤ 0.001 (one way-ANOVA). CT, control.
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(A) 

 
(B) 

 
(C) 

Figure 3. Results from the TiO2NPs (NM101) on A549 and BEAS-2B cells. (A) Toxicity curves for both
cell lines. (B) Genotoxicity results obtained in A549 cells. (C) Genotoxicity results obtained in BEAS-2B
cells. Genotoxicity data are plotted as mean ± SEM of two independent experiments. * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001 (one way-ANOVA). CT, control.

ZnONPs, together with TiO2NPs, are among the most produced NMs. ZnONPs are widely used
in personal care products, sensors, antibacterial creams, and biomedical applications. Their broad
range of applications raises concerns regarding their potential health effects [25]. In our study, ZnONPs
(NM110) exerted a very important toxic effect in both cell lines, with the concentration of 10 μg/mL
being completely toxic to BEAS-2B cells. However, ZnONPs were unable to cause direct DNA damage
in A549 and BEAS-2B cells. It should be indicated that some genotoxic effects were observed in A549
cells when the FPG enzyme was used. Thus, significant increases in the levels of oxidative DNA
damage were observed in cells exposed to 0.2 and 6 μg/mL, as indicated in Figure 4.
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(A) 

(B) 

(C) 

Figure 4. Results from the ZnONPs (NM110) on A549 and BEAS-2B cells. (A) Toxicity curves for both
cell lines. (B) Genotoxicity results obtained in A549 cells. (C) Genotoxicity results obtained in BEAS-2B
cells. Genotoxicity data are plotted as mean ± SEM of two independent experiments. ** p ≤ 0.01,
*** p ≤ 0.001 (one way-ANOVA). CT, control.

ZnONPs are easily taken up by cells, and quickly dissolved intracellularly to their ionic form,
which can cause the strongly observed toxicity. The use of ICP-MS techniques demonstrated that, after
48 h in culture media, more than 80% of the initial ZnONPs dissolved to their ionic form [26]. In that
study, although the authors found that exposures lasting for 24 h induced significant levels of DNA
damage in mouse fibroblast cells, this DNA damage induction was not evident when cells were exposed
long-term (up 12 weeks). Similar effects were observed in BEAS-2B cells, where short-term exposures
lasting for 3–6 h were able to induce DNA damage in the absence of BSA [27]. Positive genotoxic effects
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were also obtained in A549 cells at short exposure times (4 h). Nevertheless, this genotoxicity was not
associated with oxidative DNA damage, nor the induction of intracellular Reactive Oxygen Species
(ROS) levels [28]. More recently, ZnONPs were also evaluated in A549 cells affecting cell survival, and
inducing high levels of DNA damage at cytotoxic concentrations. Lower concentrations also were
able to induce a genotoxic response and the induced damage persisted over 24 h [24]. The disparity of
reported data, mainly related to the exposure times, reflects the relevance of the intracellular solubility
as a modulator of the observed effects.

Due to their appealing properties, SiO2NPs are extensive and increasingly used in agriculture,
food, and consumer products including cosmetics. Accordingly, large amounts are placed in the
global market and, consequently, into the environment. Many products containing SiO2NPs are listed
in a consumer product inventory and placed in the third position among the most produced NMs
worldwide [20]. Although many studies have been carried out, to identify the toxicological mechanisms
of action of SiO2NPs, no conclusive positions have been established linking their physicochemical
properties to toxicity, bioavailability, or human health effects [29]. In a similar way, although potential
biomarkers of genotoxicity have been suggested, the obtained experimental results are not conclusive
enough, due to a variety of factors [30]. Our findings showed similar results for both evaluated SiO2NPs,
with BEAS-2B being more sensitive than A549 cells to their toxic effects. Regarding their genotoxic
potential, both SiO2NPs were able to induce direct genotoxicity in both cell lines. Nevertheless, in
A549 cells both SiO2NPs were able to induce oxidative DNA damage at the concentrations of 15 and
30 μg/mL (Figures 5 and 6).

(A) 

 
(B) 

Figure 5. Cont.
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(C) 

Figure 5. Results from the SiO2NPs (NM200), on A549 and BEAS-2B cells. (A) Toxicity curves for
both cell lines. (B) Genotoxicity results obtained in A549 cells. (C) Genotoxicity results obtained
in BEAS-2B cells. Genotoxicity data are plotted as mean ± SEM of two independent experiments.
* p ≤ 0.05, *** p ≤ 0.001 (one way-ANOVA). CT, control.

(A) 

(B) 

Figure 6. Cont.
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(C) 

Figure 6. Results from the SiO2NPs (NM203), on A549 and BEAS-2B cells. (A) Toxicity curves for
both cell lines. (B) Genotoxicity results obtained in A549 cells. (C) Genotoxicity results obtained
in BEAS-2B cells. Genotoxicity data are plotted as mean ± SEM of two independent experiments.
* p ≤ 0.05, *** p ≤ 0.001 (one way-ANOVA). CT, control.

No studies using BEAS-2B cells have been found testing the genotoxicity of SiO2NPs and using
the comet assay. Nevertheless, two studies reported data using the A549 cell line. In the first study,
short periods of incubation (15 min and 4 h) did not induce DNA strand breaks or FPG sensitive sites,
when testing two different SiO2NPs sizes (16 and 60 nm) [31]. The second study evaluated the effects of
non-cytotoxic concentration of SiO2NPs, with an average diameter of 39.6 nm, in treatments lasting for
24 h. Results indicated that the exposure did not increase the intracellular levels of ROS or the primary
DNA damage, as measured with the comet assay [32]. Interestingly, SiO2NPs exerted a synergistic
action on the effects of lead, amplifying the levels of ROS and DNA damage induced by lead [32].

Regarding CeO2NPs, they have widespread use in industry, cosmetic and consumer products.
Its use as automobile exhaust catalysts draws special attention, due to their extensive release into the
environment. At present, there is a growing interest in this compound, since it has been proposed for
biomedical use, due to the potent regenerative antioxidant properties. Although in vivo exposures to
CeO2NPs can exert respiratory tract adverse effects, such as sensory irritation and airflow limitation [33],
its analogous activity to two key antioxidant enzymes, such as superoxide dismutase and catalase,
explains its role as a potent free radical scavenger. Among the proposed health effects, the potential
application in neurodegenerative pathologies stands out [34].

Our results indicate that CeO2NPs (NM212) does not exert any toxic effect in the used cell lines.
In addition, non-genotoxic effects were observed in both A549 and BEAS-2B (Figure 7). It is interesting
to note the observed reduction of oxidative DNA damage observed in treated A549 cells, which would
support the antioxidant potential of CeO2NPs.

Although some authors have reported the genotoxic effects of CeO2NPs, there is no general
agreement about this point [35]. It has been proposed that the apparent discordant reported data are
the result of both the pro-oxidant and anti-oxidant role of CeO2NPs. Nevertheless, in a recent study
using a wide set of cell lines, from both tumoral and non-tumoral origin, only anti-oxidant effects
were observed [36]. Regarding the use of BEAS-2B and A549 cells to evaluate the genotoxic effects
of CeO2NPs, only three studies have been found in the literature using the comet assay. In BEAS-2B
cells, no induction of intracellular ROS of DNA damage was observed [37], but positive induction of
DNA damage was observed in A549 cells [24]. In that study, the effects were mainly observed after
short exposures (3 h), while only a slight effect at the highest tested dose (42 μg/mL) was observed.
Conversely, Frieke-Kuper et al. used both cell lines and demonstrated that in both cases exposures
lasting for 24 h of CeO2NPs induced significant levels of DNA damage, as evaluated using the comet
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assay [38]. Nevertheless, the use of an in vitro 3D human bronchial epithelial model indicated that the
mucociliary defense prevents CeO2NPs from reaching the respiratory epithelial cells [38].

 
(A) 

(B) 

(C) 

Figure 7. Results from the CeO2NPs (NM212), on A549 and BEAS-2B cells. (A) Toxicity curves for both
cell lines. (B) Genotoxicity results obtained in A549 cells. (C) Genotoxicity results obtained in BEAS-2B
cells. Genotoxicity data are plotted as mean ± SEM of two independent experiments. It should be
noted that there is a significant reduction in the levels of oxidative DNA damage observed in the A549
cells. CT, control.

The wide spectrum of applications of AgNPs in biomedicine, and in related fields, explain their
extended use [39]. Due to their proved antimicrobial efficacy, AgNPs are incorporated into different
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materials such as textile fibers and wound dressings. This explains that, although the production of
AgNPs is significantly lower than that of other NMs, they constitute the most popular advertised
nanomaterial in the Nanotechnology Consumer Products Inventory [40]. Among the different harmful
effects associated with AgNPs exposure, it has been extensively reported that may cause genotoxicity,
although additional data are required to assess its carcinogenic potential [41].

In our study, AgNPs induced significant cytotoxicity in both cell lines, BEAS-2B cells showing a
higher sensitivity (Figure 8). In addition, AgNPs exposure was also able to induce genotoxic damage
in both cell lines. Nevertheless, when the FPG enzyme was used to detect the induction of oxidatively
damaged DNA, only A549 cells showed this type of damage (Figure 8). Until now, four studies have
been published testing AgNPs in BEAS-2B using the comet assay [42–45]. Interestingly, completely
different genotoxicity data were reported in the indicated studies. Thus, AgNPs with a size ranging
from 20–200 nm, were unable to induce DNA strand breaks in treatments lasting for 4 h [44]. Contrarily,
positive DNA strand breaks were observed using different types of AgNPs as citrate coated (10, 40
and 75 nm), PVP coated (10 nm), and uncoated (50 nm). Positive induction of primary DNA damage
was observed for all forms, but only after treatments lasting for 24 h. In contrast, negative results
were obtained for short exposures (4 h), and no induction of intracellular ROS was detected, assuming
that the observed DNA damage was not a as result of the oxidative stress status [45]. These results
are opposed to those reported by Nymark et al., who indicated DNA strand breaks, together with
intracellular ROS induction, when BEAS-2B cells were exposed to PVP-coated AgNPs (average diameter
42.5 ± 14.5 nm) for treatments lasting 4 and 24 h [43]. The genotoxic potential of AgNPs using A549
cells has also reported variability of data, with negative results using nanoparticles sized 20–200 nm
and exposures lasting for 4 h [44], and negative results in PVK-coated AgNPs sized 20 nm, although
small sizes (20 nm) induced a significant induction of DNA damage [46]. This positive induction was
also observed in cells exposed for 24 h to 20–50 nm diameter nanoparticles [47]. The size of AgNPs has
been considered as one of the characteristics modulating genotoxicity. High levels of DNA damage
were observed for the smaller sized AgNPs (50 nm) when three different sizes (50, 80 and 200 nm)
were evaluated [48]. Similar results were reported when 20 and 200 nm were compared. In that case,
higher levels of DNA damage were observed when cells were exposed to 20 nm AgNPs, in exposures
lasting for 2 and 24 h. The use of the FPG enzyme demonstrated that most of the damage was caused
by oxidation at DNA bases [49]. Finally, it should be indicated that, using the same type of AgNPs as
in our study (NM300K), El Yamani et al. reported positive induction of DNA damage, independently
of the exposure time (3 or 24 h), where the observed damage was mainly due to oxidative damage, as
measured combining the comet assay with the use of FPG enzyme [24].

(A) 

Figure 8. Cont.
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(B) 

(C) 

Figure 8. Results from the AgNPs (NM300K), on A549 and BEAS-2B cells. (A) Toxicity curves for
both cell lines. (B) Genotoxicity results obtained in A549 cells. (C) Genotoxicity results obtained
in BEAS-2B cells. Genotoxicity data are plotted as mean ± SEM of two independent experiments.
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 (one way-ANOVA). CT, control.

MWCNTs are fibrous materials formed from honeycomb crystal lattice layers of graphite wrapped
into a multiple tube shape. They are applied in multiple fields, including in their use as semiconductors,
solar cell mobiles, and optical instruments. From the toxicological point of view, they are considered to
have carcinogenic potential, causing lung tumors [50]. However, the underlying mechanisms are not
well understood and, in particular, the reported genotoxicity data are conflicting [51].

In our study, MWCNT (NM401) did not exert toxic effects on A549 cells, but toxicities around 50%
were observed in the BEAS-2B cell exposed to the whole range of tested concentrations (Figure 9A).
Regarding the ability of this NM to induce DNA damage, our results indicate that direct genotoxicity
was not observed at any of the tested concentrations, in any of the used cell lines. Nevertheless,
oxidative DNA damage was observed in the A549 cell line, but only at the lowest concentrations (15
and 30 μg/mL) (Figure 9). Using BEAS-2B cells, the literature mainly reports negative results [52–54].
Although the comparison of straight and tangled MWCNTs demonstrated that the straight forms were
positive at low concentrations, tangled MWCNTs showed to be only positive at the highest tested
dose [55]. The A549 cell line has also been used in studies testing the genotoxic potential of MWCNTs
in the comet assay, with contradictory results. Negative results were reported in exposures lasting for
24–72 h [54,56], although a positive response in the comet assay without FPG was also observed [57,58].
Nevertheless, both studies got negative results when the comet assay was complemented with the use
of the FPG enzyme. The role of modifications in the MWCNTs structure has been evaluated, comparing
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the pristine versus the functionalized forms. Positive effects were reported, independently if the
pristine from was compared with the OH-functionalized form [58] or with the acid-treated forms [59].
However, when A549 cells were used to test pristine versus carboxyl MWCNTs, only positive results
were obtained in the comet assay. Interestingly, both MWCNTs forms gave positive induction of strand
breaks when BEAS-2B cells were used [53].

(A) 

(B) 

(C) 

Figure 9. Results from the MWCNTs (NM401), on A549 and BEAS-2B cells. (A) Toxicity curves for
both cell lines. (B) Genotoxicity results obtained in A549 cells. (C) Genotoxicity results obtained
in BEAS-2B cells. Genotoxicity data are plotted as mean ± SEM of two independent experiments.
* p ≤ 0.05, ** p ≤ 0.01 (one way-ANOVA). CT, control.
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4. Conclusions

A summary of the results reported above is shown in Figure 10. From the reported data, we
can conclude that the comet assay is a sensitive tool to determine the ability of NMs to produce
DNA damage. According to the obtained results, the tested nanomaterials can be classified as weak
genotoxic agents and, in such cases, most of the obtained results do not follow a clear dose–response
pattern. This can result from the inherent variability associated with sampling size, an important factor
when the increases in the levels of genetic damage are small. Alternatively, it is feasible that the cell
uptake of nanomaterials is not always associated with their concentration in the culture media. At high
concentrations, aggregation can occur, reducing the cell uptake. Furthermore, the observed differences
between cell lines indicate that the selection of the cell-type is an important factor when the comet
assay is used for testing NMs. In our case, we have demonstrated the highest sensitivity of the A549
cell line, regarding BEAS-2B cells. This is especially true when the induction of oxidative damage on
DNA bases was evaluated. Thus, the positive induction of oxidative damage in A549 cells exposed to
ZnONPs, SiO2NPs, AgNPs, and MWCNT was not obtained in BEAS-2B cells. This could be due to
the important antioxidant capacity of this cell line [60]. In fact, different behaviors of both cell lines
have also been observed by other authors regarding different genetic endpoints. Thus, A549 cells were
more sensitive when exposed to cadmium than BEAS-2B cells, the higher sensitivity of A549 cells
being associated to changes in cell type-specific gene expression patterns, including the induction of
genes coding for metallothioneins, the oxidative stress response, cell cycle control, mitotic signaling,
apoptosis and DNA repair pathways [61]. Similarly, A549 cells were more sensitive when exposed to
TiO2NPs than BEAS-2B cells, and this sensitivity was associated with changes in the expression of DNA
repair genes [62]. Finally, the use of hydrophobic plastic supports (HBF) permits an easy throughput
approach of the comet assay and, in addition, the use of FPG enzyme has become a powerful tool to
understand the mechanism of action of the tested nanomaterials, detecting those inducing oxidative
DNA damage on the DNA bases.

Figure 10. Heat map summarizing the overall results of testing the eight nanomaterials in the two cell
lines. Toxicity, genotoxicity and oxidative damage induction are schematically represented.
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Abstract: (1) In compliance with the 3Rs policy to reduce, refine and replace animal experiments, the
development of advanced in vitro models is needed for nanotoxicity assessment. Cells cultivated
in 3D resemble organ structures better than 2D cultures. This study aims to compare cytotoxic
and genotoxic responses induced by titanium dioxide (TiO2), silver (Ag) and zinc oxide (ZnO)
nanoparticles (NPs) in 2D monolayer and 3D spheroid cultures of HepG2 human liver cells. (2) NPs
were characterized by electron microscopy, dynamic light scattering, laser Doppler anemometry,
UV-vis spectroscopy and mass spectrometry. Cytotoxicity was investigated by the alamarBlue assay
and confocal microscopy in HepG2 monolayer and spheroid cultures after 24 h of NP exposure. DNA
damage (strand breaks and oxidized base lesions) was measured by the comet assay. (3) Ag-NPs were
aggregated at 24 h, and a substantial part of the ZnO-NPs was dissolved in culture medium. Ag-NPs
induced stronger cytotoxicity in 2D cultures (EC50 3.8 μg/cm2) than in 3D cultures (EC50 > 30 μg/cm2),
and ZnO-NPs induced cytotoxicity to a similar extent in both models (EC50 10.1–16.2 μg/cm2). Ag-
and ZnO-NPs showed a concentration-dependent genotoxic effect, but the effect was not statistically
significant. TiO2-NPs showed no toxicity (EC50 > 75 μg/cm2). (4) This study shows that the HepG2
spheroid model is a promising advanced in vitro model for toxicity assessment of NPs.

Keywords: advanced in vitro model; comet assay; genotoxicity; hepatotoxicity; liver spheroids;
nanoparticles; 3D culture; HepG2

1. Introduction

During the last decades, concerns have been raised about the potential human health risk of
nanoparticles (NPs) due to the increased development and production of NPs with novel properties [1,2].
NPs are produced in a huge variety of forms and in large volumes, and they are used in a broad range
of applications in everyday life. For example, NPs of titanium dioxide (TiO2) are used as a pigment in
paint, food and cosmetics [3]; zinc oxide (ZnO) is used in cosmetics due to its UV-blocking properties [4];
and silver (Ag) is used as a disinfection agent in medical equipment and consumer products, on account
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of its antimicrobial activity [5]. Thus, humans are likely to be exposed to NPs, either intentionally or
accidentally, during production and usage [6]. Transport of NPs across biological barriers has been
observed by elemental analysis in both rodents and humans [7–11]. As an example, gold NPs have
been reported to reach the systemic circulation in humans, after inhalation, and translocate to other
organs [8,9].

Several in vivo studies show that NPs accumulate in the liver, which is an important target organ
for NPs and other xenobiotics due to its metabolic activity [12–18]. Induction of hepatotoxicity is one of
the most common reasons for a medicine to be rejected or removed from the market [19,20]. Therefore,
there is a need for sensitive hepatotoxicity screening methods for drug development and hazard
assessment of chemicals or new materials, such as NPs. When considering the 3Rs—replacement,
reduction and refinement—to minimize the use of animal experiments, hepatotoxicity should be
assessed by reliable in vitro models. A great advantage of in vitro hepatocellular models for studying
hepatotoxicity is the possibility of using human cells, either as primary cells or cell lines. The use of
human hepatocyte cell lines, such as HepG2, C3A, Huh7 and HepaRG, has many advantages compared
to primary cells. They are relatively easy to culture and have an unlimited life span, a relatively
stable phenotype, high availability and low costs; moreover, inter-donor variations are avoided [21].
However, when comparing in vitro cell culture models in standard two-dimensional (2D) monolayers
with complex organs, the cell lines in 2D culture display a limited hepatocytic functionality [21].

The liver-like functionality of the human hepatocellular carcinoma cell line HepG2 is enhanced
when the cells are cultured in a three-dimensional (3D) arrangement. This increases the cell-to-cell
contacts and intercellular communication [22] and changes the protein expression and metabolic status
of the cells [21–23]. HepG2 cells in 3D cultures show upregulation of genes involved in liver-specific
xenobiotic and lipid metabolism, whereas genes related to the extracellular matrix, cytoskeleton and
cell adhesion have higher expression in 2D cultures [22,24].

The use of spheroids as 3D cultures in hepatotoxicity assessment is an increasing field of interest,
and HepG2 spheroids, prepared with and without using scaffolds, have been applied for toxicity
experiments with both NPs [6,25,26] and chemicals [27,28]. However, the differences in toxic responses
between cells cultured in 2D and 3D are not yet clear. The scaffold-free HepG2 spheroid model was
characterized in [27], where we demonstrated its applicability for testing genotoxicity of standard
chemicals by the modified enzyme-linked comet assay, which measures DNA strand breaks (SBs)
and oxidized DNA lesions. Interestingly, we found differences in sensitivity between the 2D and
3D models [27]. The comet assay has also been performed with Ag-, ZnO- and TiO2-NPs and
carbon nanotubes on a commercialized spheroid model with primary liver cells [6], and it has been
shown to work well with different 3D models [6,27,29,30]. However, the comet assay has—to our
knowledge—not yet been applied in HepG2 spheroids for genotoxicity testing of NPs. By using the
miniaturized version of the comet assay, the throughput is increased. High-throughput methods are
needed to reduce and replace animal experiments and to align with the increasing amounts of NPs being
produced [31]. HepG2 spheroids have also been applied in the micronucleus test for chromosomal
aberration testing, showing higher sensitivity than a standard 2D model to exposure to benzo(a)pyrene
and 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine [28]. In contrast, Dubiak-Szepietowska et al.
(2016) found that liver 3D cultures are more resistant than 2D to cytotoxicity induced by NPs of Ag,
SiO2 and ZnO [25].

This study aimed to evaluate cytotoxicity and genotoxicity in HepG2 2D and 3D cultures after
24 h exposure to TiO2-, Ag- and ZnO-NPs and to identify any differences in responses in 2D and 3D
cultures. The tested NPs were selected on the basis of high production volumes and applications in
consumer and medical products.
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2. Materials and Methods

2.1. Cultivation of HepG2 Cells and Preparation of Spheroidal Cultures

HepG2 cells, provided from the ECACC (European Collection of Authenticated Cell Cultures) (cell
line no. 85011430, Salisbury, United Kingdom) were cultured in 2D and 3D arrangements, as previously
explained in detail [27]. In brief, HepG2 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM D6046 with low glucose and 4 mM L-glutamine, Sigma-Aldrich, Oslo, Norway) supplemented
with 10% v/v fetal bovine serum (FBS, 26140-079, Thermo Fisher Scientific, Oslo, Norway), 100 U/mL
penicillin and 100 μg/mL streptomycin (5070-63, Thermo Fisher Scientific, Oslo, Norway). Spheroid
generation was performed, using the hanging drop technique, with 2500 cells per 20 μL drop. After four
days of incubation of the cells at 37 ◦C with 5% CO2 as hanging drop, the spheroids were transferred
to a low adhesion plate. After one week, the spheroids had a diameter of approximately 800 μm [27]
and were exposed to NPs as explained below. In parallel, 2D cultures were seeded in a 96-well plate
with 20000 cells/well the day before exposure.

2.2. Nanoparticle Dispersions and Preparation for Toxicity Studies

TiO2-NPs were provided by Catalan Institute of Nanoscience and Nanotechnology (ICN2, Spain)
in colloidal dispersion and stored at 4 ◦C. TiO2-NPs, of a mean size of approximately 4 nm in diameter,
were prepared by a precipitation method following and adapting the method of Pottier et al. [32].
The stock solution of Ti4+ (0.7 M) was prepared by dissolving the Titanium (IV) isopropoxide (TTIP,
Fluka Chemika) precursor in an HCl (3 mol/L) solution. For the production of TiO2 anatase NPs,
an aqueous Ti4+ stock solution (50 mL) was diluted in Milli-Q water (350 mL), at room temperature.
The pH of the mixture was fixed at 11 by the addition of NaOH (3 M). Suspensions were aged at
70 ◦C for 24 h, and the solid was collected by centrifugation. Samples were further purified by 3
centrifuging cycles and re-suspended in an aqueous solution of tetramethylammonium hydroxide
(TMAOH, Sigma-Aldrich) (100 M). Samples were characterized by transmission electron microscopy,
dynamic light scattering and UV-Vis spectroscopy. The former was used to determine the particle size
and size distribution. On the day of exposure, the TiO2-NPs were diluted in FBS (1:1), and thereafter
diluted 1:9 in cell culture medium, without FBS, to a concentration of 455 μg/mL (stock dispersion).

Ag-NPs (NM300K) were provided by Fraunhofer Institute for Molecular Biology and Applied
Ecology (IME, Schmallenberg, Germany) and ZnO-NPs (NM110, JRCNM01100a) by the Joint Research
Centre (Ispra, Italy). Stock dispersions of Ag- and ZnO-NPs were prepared according to the
NANOGENOTOX protocol [33]. Briefly, the Ag- or ZnO-NPs were mixed with a bovine serum
albumin (BSA) water solution (0.05% m/v, product nr A9418, Sigma-Aldrich), in a 20 mL scintillation
vial (Wheaton Industries, Millville, NJ, USA), to a final concentration of 2.56 mg/mL (stock dispersion).
To the ZnO-powder, 30 μL 100% ethanol (product nr 600068, Antibac AS, Asker, Norway) per 15.4 mg
NP powder was added before BSA-water, to facilitate dispersion. The NP/BSA–water mixtures were
sonicated on ice with a sonicator probe Labsonic®P Probe 3 mm (853 5124, Sartorius Stedim Biotech,
Göttingen, Germany) and Labsonic®P (Sartorius Stedim Biotech), at 50% amplitude for 15 min (100%
cycle, 100 watts), or with an ultrasound homogenizer Sonopuls (Bandelin, Germany), at 50% amplitude
for 15 min (100% cycle). The dispersion solution of NM300K (NM300K DISP) was not included in the
study, based on negative results from other studies on cytotoxicity and DNA damage [34–36].

Working concentrations of all the NPs were prepared by serial dilution of the stock dispersion
in the culture medium. HepG2 cells in 2D and 3D culture were exposed for 24 h to TiO2-NPs,
Ag-NPs or ZnO-NPs (1–75 μg/cm2 in 2D system, corresponding to 3–212 μg/mL in both systems;
see Supplementary Tables S1 and S2 for details). As a negative control, complete NP-free culture
medium was used. The same volumes (100 μL per well) and concentrations of NPs were used for
both 2D and 3D cultures. NP dispersions were prepared, at most, two hours before cell exposure and
NP characterization.
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For characterization purposes (next sections), the NP stock solutions were also prepared in
water dispersions, without proteins present, as described above, but in water instead of FBS/medium
and BSA-water.

2.3. Size and Morphology Measurements of the NPs by Electron Microscopy

TiO2-NP diameters were obtained from the analysis of transmission electron microscopy (TEM)
images acquired with a FEI Tecnai G2 F20 S-TWIN HR(S) TEM equipped with an energy-dispersive
X-ray spectroscopy (EDX) detector, operated at an accelerated voltage of 200 kV. Microliters of the
samples were prepared by drop-casting 10 μL of the sample on a carbon-coated copper TEM grid and
leaving to dry at room temperature. In addition, scanning electron microscopy was done with a FEI
Magellan 400L XHR SEM, in scanning mode, operated at 1 kV, and in transmission mode, operated at
20 kV/STEM, for bigger sizes. The average size and size distribution of the samples were measured
by using ImageJ software, by counting at least 300 particles from different regions of the grid. TEM
images of Ag- and ZnO-NPs were acquired, but the size distribution was not measured.

2.4. Hydrodynamic Diameter and Zeta Potential Measurements of the NPs

The hydrodynamic size and surface charge of the NPs were determined by Dynamic Light
Scattering and Laser Doppler Anemometry, respectively, using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) instrument equipped with a light source wavelength of 532 nm and
a fixed scattering angle of 173◦. Aliquots of one milliliter of the colloidal NP dispersions at a
concentration of 10% (v/v) were placed into specific plastic cuvettes, and the software was arranged
with the parameters of refractive index and absorption coefficient, and the solvent viscosity at 25 ◦C.
Each value was the average of at least 3 independent measurements. All measurements used the
Smoluchowski model.

2.5. UV-Vis Measurements of the NP Dispersions

UV-visible spectra were acquired with an Agilent Cary 60 UV-Vis spectrophotometer. A 10% (v/v)
colloidal NP dispersion was placed in a cell, and the spectral analysis was performed in the 200–800
nm wavelength range, at room temperature.

2.6. Analysis of Silver and Zinc Ions in NP Dispersions

Samples for analysis of dissolved silver and zinc and potential dissolution of the NPs were
taken from cell-free exposure medium parallel to the start of exposure. The concentrations 1, 10, 30
and 100 μg/cm2 were selected, corresponding to 2.8–283 μg/mL. Medium without NPs was used as
control. The samples were transferred to Amicon Ultra centrifugal filter unit tubes (Millipore, product
no UFC900324) containing a 3 KDa filter unit [37]. The tubes were preconditioned before use with
ultrapure water at 3900 g for 10 min. The samples were centrifuged at 3900 g for 30 min, to let the
particles remain in the filter and the dissolved Ag and Zn to go through with the filtrate.

An aliquot of the filtrate containing released ions from the NPs was added to supra pure nitric
acid, at a final concentration of 1% (v/v). The concentrations of dissolved zinc and silver (defined as
<3 kDa fraction) were determined by the use of an inductively coupled plasma mass spectrometer
(ICP-MS) type Agilent 7700× (Agilent, Santa Clara, CA, USA), using the method accredited according
to requirements of NS-EN/IEC 17025 (NILU-U-110). Then, 115In was added to all standards, blanks
and samples, as internal standard, and detection limits were 0.006 ng/mL Ag and 0.6 ng/mL Zn.
Certified reference material (1640a Trace Elements in Natural Water, NIST) were analyzed in every run.
One sample per concentration was used in three independent experiments (n = 3).
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2.7. Fluorescence Imaging of the Spheroids

After NP exposure, the spheroids were washed with PBS before live and dead cells were stained
by fluorescein diacetate (FDA, Invitrogen, Thermo Fisher Scientific, Oslo, Norway) and propidium
iodide (PI, Invitrogen, Thermo Fisher Scientific), respectively. After incubation with 30 μg/mL FDA
and 40 μg/mL PI for 10 min in the dark, at room temperature, the spheroids were washed with PBS
and transferred to a glass-bottomed culture slide (μ-slide 8-well glass bottom, Ibidi) for imaging with
confocal microscope Zeiss LSM 700, using the software ZEN2010 (Zeiss). Excitation and emissions
peaks were 535 and 617 nm for PI and 498 and 517 nm for FDA. At least three spheroids were imaged
from each sample in two independent experiments (n = 2). Z-stack images were captured from the
spheroid surface and approximately 150 μm inside, toward the center of the spheroid, as described
in [27]. The images were merged by using maximum intensity in ImageJ [38].

2.8. Viability Measurements by AlamarBlue Assay

The alamarBlue assay measures the ability of the cells to metabolize resazurin by reducing it
to the fluorescent molecule resorufin. The metabolic capacity represents the viability of the cell
culture relative to the control sample. The assay was performed to evaluate the cell viability in
the 3D and 2D cultures after NP exposure, as described in [27]. In brief, 2D and 3D cultures were
washed with PBS and incubated with alamarBlue solution (10% w/v) for 3 h, before fluorescence was
measured quantitatively on a plate reader (excitation = 530 nm; emission = 590 nm). Chlorpromazine
hydrochloride (Sigma-Aldrich, Oslo, Norway), 100 μM, was included as positive control for the assay,
based on results from [27], giving cell viability below 30% for both 2D and 3D cultures after 24 h
exposure. At least two and three parallel culture wells were used per concentration for 2D and 3D
cultures, respectively, and at least two wells per culture well were used for determining average
fluorescence. To control for potential interference between the NPs and the alamarBlue solution,
cell-free control samples, with and without NPs, were included.

To compare potential cytotoxic effects of NPs with their corresponding salts, HepG2 cells in
2D configuration were exposed to solutions of silver nitrate (AgNO3) and zinc chloride (ZnCl2).
Both AgNO3 (product nr 319430, Fluka) and ZnCl2 (product nr 793523, Sigma-Aldrich, Oslo, Norway)
were dissolved in complete cell culture medium (5 mM) before being further diluted upon cell exposure
(1–5000 μM). Cells (2D) were exposed in 96-well plates, with at least 3 parallel exposure wells, for 24 h.

2.9. DNA Damage Measured by the Comet Assay

The enzyme-linked alkaline comet assay with inclusion of formamidopyrimidine DNA glycosylase
(Fpg, gift from NorGenoTec AS Professor Andrew Collins and Dr. Sergey Shaposhnikov, Norway)
was used to measure the level of DNA SBs and oxidized bases in 2D and 3D cultures. Fpg measures
oxidized and ring open purines and DNA alkylated bases [39,40] and converts these lesions to SBs.
The detailed procedure of the modified comet assay in 2D and 3D models is described in [27]. In brief,
disaggregated cultures were embedded in low-melting-point agarose on precoated slides, before being
submerged in lysis solution (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 10% v/v Triton X-100, pH 10, 4 ◦C)
for at least 1 h. The miniaturized version of the comet assay was used, with 12 mini-gels on each slide,
similarly to [36]. Slides with samples for Fpg incubation were washed twice for 8 min in buffer F (40
mM HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8, 4 ◦C), Fpg diluted in buffer F was added,
covered with a polyethylene foil and incubated at 37 ◦C for 30 min, in a humid box. All slides with
cells embedded in gels were placed in the electrophoresis tank with electrophoresis solution (0.3 M
NaOH, 1 mM EDTA, pH > 13, 4 ◦C), to let the DNA unwind for 20 min before running electrophoresis
for 20 min (25 V, 1.25 V/cm, Consort EV202). Slides were neutralized in PBS and H2O and dried
horizontally, before staining with SYBR®gold (Sigma-Aldrich, Oslo, Norway). Comets were imaged
using a Leica DMI 6000 B microscope (Leica Microsystems), equipped with a SYBR®photographic
filter (Thermo Fischer Scientific, Oslo, Norway), and scored using the software Comet Assay IV 4.3.1
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(Perceptive Instruments, Bury St Edmunds, UK). Median % DNA in tail from around 50 comets per gel
was used as a measure of DNA SBs. Oxidized DNA lesions were calculated as net Fpg-sensitive sites,
i.e., as the difference in % DNA in tail between samples with Fpg incubation and samples without
incubation. Hydrogen peroxide, H2O2 (50 μM, Sigma-Aldrich, Oslo, Norway), and the photosensitizer
Ro 19-8022 (2 μM, kindly provided by Hoffmann La Roche) with light irradiation were included as
positive controls for DNA SBs and Fpg activity, respectively. The photosensitizer with light induces
oxidized purines, mainly 8-oxoGuanine, which is detected by the Fpg [39,41]. At least 2 and 3 gels
were prepared for each concentration, for 2D and 3D cultures, respectively, in each experiment.

2.10. Statistical Analysis

Results are presented as mean with standard error of the mean (SEM) of 3 independent experiments
(n = 3), unless otherwise mentioned. Effects were compared to nontreated cells, and statistical analysis
by one-way ANOVA, multiple comparisons and post-test Dunnett were performed in GraphPad Prism
7. Comparison of 2D and 3D cultures were performed by two-way ANOVA, multiple comparisons
and post-test Sidak. The p-values are marked by * as p < 0.05, ** as p < 0.01, *** as p < 0.001 and **** as
p < 0.0001. EC50 values were calculated in Prism, using nonlinear regression analysis (Hill function).

3. Results

3.1. Characterization of the NPs

Characterization of the NPs was performed in water (TiO2-NPs 455 μg/mL, Ag- and ZnO-NPs
2.56 mg/mL), stock dispersions (TiO2-NPs 455 μg/mL in TMAOH and culture medium with FBS, Ag-
and ZnO-NPs 2.56 mg/mL in BSA-water) and working dispersions (212 μg/mL in medium), at 0 and 24
h after preparation. A summary of the physical and chemical characteristics of the pristine NPs used is
shown in Table 1.

3.1.1. Electron Microscopy Analysis for Size and Shape of the NPs

The primary size and shape of the NPs in water were determined by electron microscopy imaging
(Figure 1). The TiO2-NPs were quasi-spherical, with a mean diameter of 5.54 ± 0.98 nm (Figure 1A),
the Ag-NPs were spherical (Figure 1B) and the ZnO-NPs were aggregated with irregular shapes
(Figure 1C).

 
Figure 1. Representative transmission electron microscopy (TEM) images of (A) quasi-spherical
TiO2-NPs, and representative scanning transmission electron microscopy (STEM) images of (B)
spherical Ag-NPs and (C) irregular ZnO-NPs in pure water. Scale bar = 200 nm. Scale bar in inserts:
(A) 20 nm and (B) 100 nm.
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3.1.2. UV-Vis Spectroscopy for Analysis of Particle Stability

UV−vis spectra of the NP dispersions prepared in pure water (t = 0 h), as stock dispersions (t = 0
and 24 h) and as working dispersions (t = 0 and 24 h) are shown in Figure 2. When comparing Ag-NPs
diluted in pure water and in water with BSA (stock), no red-shift is observed (Figure 2A,B). The
red-shift is indicative of the formation of a dense dielectric layer onto the NP surface consistent with
the absorption of proteins on their surface, and no stable protein corona formation was thus measured
for Ag-NPs, which can be ascribed to the presence of polyethylene glycol at their surface. The UV-vis
spectra of Ag-NPs working dispersions have an increased absorbance signal at high wavelengths and
a decrease in the peak intensity, indicative of aggregation. The UV-vis spectra of TiO2- and ZnO-NPs
(Figure 2C–F) lack absorption peaks in the visible region, and no changes in time were observed. The
small peak that appears in the visible region around 500 nm, as shown in Figure 2B,D,F, is due to the
presence of phenol red in the culture medium.

Figure 2. UV−vis spectra of the nanoparticle dispersions diluted in pure water (t = 0 h), as stock
dispersions (t = 0 and 24 h) and as working dispersions (t = 0 and 24 h). Samples were diluted 1:200
(Ag), 1:10 (TiO2) and 1:20 (ZnO) in pure water for analysis. (A) Ag-NPs in pure water and stock
dispersion (2.56 mg/mL). (B) Ag-NPs working dispersion (212 μg/mL, t = 0 and 24 h). (C) TiO2-NPs
in water and stock dispersion (455 μg/mL, t = 0 and 24 h). (D) TiO2-NPs working dispersion (212
μg/mL, t = 0 and 24 h). (E) ZnO-NPs in pure water and stock dispersion (2.56 mg/mL, t = 0 and 24 h).
(F) ZnO-NPs working dispersion (212 μg/mL, t = 0 and 24 h). The peak at 560 nm can be ascribed to the
presence of phenol red in the culture medium.
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3.1.3. Hydrodynamic Diameter and Zeta Potential

The hydrodynamic diameter and zeta potential of the Ag-, ZnO- and TiO2-NPs in pure water
(t = 0 h only) are summarized in Supplementary Table S3; NP stock dispersions are in Table 2, and NP
working dispersions are in Table 3. Representative size distribution curves are shown in Supplementary
Figures S1 and S2.

Table 2. Hydrodynamic diameter and zeta potential (ZP) of nanoparticle (NP) stock dispersions
(concentrations: TiO2 455 μg/mL; Ag and ZnO 2.56 mg/mL). For analysis, samples were diluted 1:10 in
pure water. Numbers are given as mean ± standard deviation (SD) (n = 3). PDI: polydispersity index,
a.u.: arbitrary unit.

NP Time (h) Hydrodynamic Diameter (nm), by Intensity PDI (a.u.) ZP (mV)

TiO2-NPs
0 193.6 ± 6.2 0.262 ± 0.013 −16.1 ± 1.80

24 207.4 ± 43.1 0.242 ± 0.008 −14.3 ± 0.61

Ag-NPs (NM300K)
0 54.2 ± 3.48 0.364 ± 0.023 −9.84 ± 3.94

24 57.5 ± 1.50 0.459 ± 0.026 −8.79 ± 2.41

ZnO-NPs (NM110)
0 373.8 ± 21.5 0.199 ± 0.046 −15.8 ± 0.70

24 400.1 ± 11.9 0.166 ± 0.032 −14.8 ± 0.30

Table 3. Hydrodynamic diameter and zeta potential (ZP) of nanoparticle (NP) working dispersions
(concentration 212 μg/mL, corresponding to 75 μg/cm2). For analysis, samples were diluted 1:10 in
pure water. Numbers are given as mean ± standard deviation (SD) (n = 3). PDI: polydispersity index;
a.u.: arbitrary unit.

NP Time (h) Hydrodynamic Diameter (nm), by Intensity PDI (a.u.) ZP (mV)

TiO2-NPs
0 217.3 ± 27.3 0.285 ± 0.013 −5.73 ± 1.62

24 189.8 ± 16.2 0.235 ± 0.022 −7.49 ± 2.63

Ag-NPs (NM300K)
0 37.3 ± 0.04 0.283 ± 0.065 −14.4 ± 1.99

24 508.8 ± 29.5 0.452 ± 0.095 −20.1 ± 1.45

ZnO-NPs (NM110)
0 346.1 ± 9.6 0.258 ± 0.020 −23.8 ± 0.30

24 338.0± 21.7 0.281 ± 0.032 −24.9 ± 0.25

The hydrodynamic diameter (by intensity) was for all NPs higher than the pristine NP size.
At the start of the experiment, the mean hydrodynamic diameter (by intensity) was 54.2 nm for
Ag-NPs, 373.8 nm for ZnO-NPs and 193.6 nm for TiO2-NPs. The hydrodynamic diameter of the TiO2-
and ZnO-NPs increased slightly between 0 and 24 h, for both the stock and working dispersions.
In contrast, the increase in hydrodynamic diameter of the Ag-NPs was strong between 0 and 24 h,
and the polydispersity index (PDI) was relatively high at 24 h, indicating a broader size distribution.
The mean hydrodynamic diameter of samples without NPs showed the presence of proteins in the
dispersions, measured with high variations (BSA-water 152.7 nm ± 43.0 nm with PDI 0.406 ± 0.003;
medium 120.2 nm ± 59.9 nm with PDI 0.299 ± 0.128).

The zeta potential measurements also showed an evolution of the NPs’ surface charge. A drop in
the surface charge, toward the average value of proteins, was observed when comparing the dispersions
without proteins (Supplementary Table S3) with stock (Table 2) and working dispersions (Table 3).
Zeta potential curves are shown in Supplementary Figure S3. The zeta potential of NP free BSA-water
was −2.15 ± 1.01 mV, and the corresponding value of medium was −5.77 ± 2.49 mV.
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3.1.4. ICP-MS Analysis of Dissolved Ag and Zn in NP Dispersions

The concentrations of dissolved Ag and Zn in the <3 kDa filtrates were analyzed by ICP-MS.
Medium without NPs had a Zn concentration of 25.7 μg/L (25.4–150.9 μg/L) or 0.4 μM (0.2–2.3 μM)
whereas the Ag concentration was below the detection limit (<0.006 μg/L). A substantial amount of Zn
was measured in the filtrate of the medium with added ZnO-NPs, ranging from 8 to 87 μM. In the
filtrates from medium with added Zn-NPs (10–100 μg/cm2), the Zn concentration was nearly the same
(79 to 87 μM) (Table 4). The concentrations of dissolved Ag in the filtrate of the medium with added
Ag-NPs ranged from 0.00008 to 0.014 μM (Table 4).

Table 4. Concentrations of dissolved Ag and Zn in dispersions of Ag- and ZnO-nanoparticles (NPs) in
cell culture medium. Zn concentrations in medium without NPs was 25.7 μg/L (25.4–150.9 μg/L) or 0.4
μM (0.2–2.3 μM). Ag content was below the limit of detection (<0.006 μg/L). Numbers are given as
median (interquartile range) (n = 3). * Theoretical concentration of total Ag or Zn in the dispersion (not
ZnO).

NP
Nominal Concentration Measured Dissolved Ag/Zn Concentration (<3 kDa)

μg/cm2 μg/L * μM * μg/L μM % of Nominal

Ag-NPs (NM300K)

1 2827.4 26.2 0.0090 (0.0089–0.0399) 0.00008 (0.00008–0.00037) 0.0003
10 28274.3 262.1 0.0920 (0.0804–1.2723) 0.001 (0.001–0.012) 0.0003
30 84823.0 786.3 1.49 (0.88–4.08) 0.014 (0.008–0.038) 0.0018

100 282743.3 2621.1 0.20 (0.12–6.98) 0.002 (0.001–0.065) 0.00007

ZnO-NPs (NM110)

1 2271.5 34.7 519.7 (428.0–611.3) 7.9 (6.5–9.4) 22.9
10 22715.0 347.5 5166.9 (4998.8–5693.0) 79.0 (76.5–87.1) 22.7
30 68144.9 1042.4 5177.1 (4898.0–5436.3) 79.2 (74.9–83.2) 7.6

100 227149.6 3474.8 5700.5 (5627.4–6057.8) 87.2 (86.1–92.7) 2.5

3.2. Cytotoxicity of Ag-NPs, ZnO-NPs and TiO2-NPs in 2D and 3D Cultures

Effects of Ag-NPs, ZnO-NPs and TiO2-NPs on the viability of HepG2 cells in 2D and 3D cultures
were measured after 24 h exposure, using alamarBlue assay and confocal imaging. No interference of
NPs with the alamarBlue assay was found (results not shown). The relative cell viability decreased in a
concentration-dependent manner after exposure to ZnO- and Ag-NPs, but not for TiO2-NPs, in both
2D and 3D cultures (Figure 3). For ZnO-NPs, calculated EC50 values were in the same range for 2D
and 3D cultures: 10.1 and 16.2 μg/cm2, respectively (Table 5). The induced cytotoxicity of Ag-NP was
higher in 2D cultures compared to 3D cultures, with EC50 values of 3.8 and >30 μg/cm2, respectively
(Table 5).

Table 5. EC50 values from alamarBlue assay in HepG2 2D and 3D cultures after 24 h exposure to
TiO2-NPs, Ag-NPs or ZnO-NPs. EC50 values of metal compartments are given in parentheses.

Substance
2D 3D

EC50 (μg/cm2) EC50 (μg/mL) EC50 (μM) EC50 (μg/cm2) EC50 (μg/mL) EC50 (μM)

TiO2-NP >75.0 (>45.0) >212.1 (>127.1) >2655.2 >75.0 (>45.0) >212.1 (>127.1) >2655.2
Ag-NP 3.8 10.7 99.2 >30.0 >84.8 >786.4

ZnO-NP 10.1 (8.1) 28.5 (22.9) 350.4 16.2 (13.0) 45.7 (36.7) 561.4
AgNO3 1.2 (0.8) 3.4 (2.2) 20.1 - - -
ZnCl2 17.5 (8.4) 49.4 (23.7) 362.7 - - -

To investigate the distribution of viable and dead cells in the spheroid culture after exposure to Ag-
and ZnO-NPs, confocal microscopy and imaging was performed on exposed spheroids with live and
dead cell staining by FDA and PI, respectively. Increased numbers of dead cells on the spheroid surface
were seen after exposure to Ag- and ZnO-NPs at the highest concentration, and correspondingly,
fewer viable cells were detected. Limited fluorescence could be detected from the spheroid core, and
the viability of cells in this region could therefore not be determined. Representative images show
a projection of z-stack images from the spheroid surface to approximately 150 μm into the spheroid
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(Figure 4). The confocal microscopy analysis showed a clear induction of cell death on the spheroid
surface after exposure of Ag- and ZnO-NPs.

Figure 3. Cytotoxicity of TiO2-, Ag- and ZnO-NPs measured by alamarBlue assay in 2D and 3D HepG2
cultures. Cell viability was measured as metabolic capacity and calculated relative to negative control
cultures (set to 100%). (A) No significant effects were seen on the viability of 2D (black curve) and
3D (gray curve) cultures after 24 h exposure to TiO2-NPs. The cell viability was reduced after 24 h
incubation with (B) Ag-NP and (C) ZnO-NP for both 2D and 3D cultures. The effect of the exposure
was significantly different in 2D and 3D cultures after exposure to Ag-NP at concentrations 10 and
30 μg/cm2, evaluated by two-way ANOVA with post-test Sidak. Values are presented as mean ± SEM
of 2–6 independent experiments: (A) n = 2, 3, (B) n = 4–6 and (C) n = 3. The concentration 75 μg/cm2

was excluded for testing of Ag-NP and ZnO-NP (b and c) because of high cytotoxicity in previously
published experiments [36]. ** p < 0.01; **** p < 0.0001.
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(a) (b) (c) 

Figure 4. Representative confocal images of HepG2 spheroids exposed for 24 h to (a) culture medium,
(b) Ag-NPs and (c) ZnO-NPs. Spheroids were exposed to 30 μg/cm2 (85 μg/mL) of Ag- and ZnO-NPs
for 24 h, before staining. Dead cells were stained with propidium iodide (PI) (red) and viable cells with
fluorescein diacetate (FDA) (green). The images are z-stack projections from the spheroid surface and
approximately 150 μm down toward the core. An increase in number of dead cells on the surface of
the spheroids was seen after exposure to Ag-NPs and ZnO-NPs. Scale bar = 200 μm. Representative
images from two independent experiments (n = 2), each with at least three parallel spheroids.

3.3. Cytotoxicity of Zn2+ and Ag+ Ion Solutions in 2D and 3D Cultures

To compare the cytotoxicity of Ag- and ZnO-NPs with corresponding salts, the alamarBlue
assay was performed after exposure of HepG2 cells in the 2D model to AgNO3 and ZnCl2 solutions.
Some precipitation was seen upon mixing the AgNO3 solution into the cell culture medium, most
likely due to precipitation of AgCl due to a high presence of Cl– in the medium. The relative cell
viability of the HepG2 cells after AgNO3 and ZnCl2 exposure decreased in a concentration-related
manner (Supplementary Figure S4). The EC50 values were 20.1 μM for AgNO3 and 362.7 μM for ZnCl2
(Table 5), which are higher than the amounts of dissolved Ag and Zn measured in the NP dispersions
(Section 3.1.4). If we used the same concentration units as the NPs, the EC50 values of AgNO3 and
ZnCl2 would correspond to 0.8 μg/cm2 (2.2 μg/mL) Ag+ ions, and 8.4 μg/cm2 (23.7 μg/mL) Zn2+ ions,
assuming the compounds were freely dissolved in the solution. The EC50 values after exposure to
ZnO-NPs and ZnCl2 were similar. The EC50 value for Ag-NPs exposure was higher than for AgNO3,
showing higher cytotoxicity of the salt solution than the NPs in this test system.

3.4. Genotoxicity in 2D and 3D Cultures Measured by the Comet Assay

The levels of DNA SBs and oxidized base lesions were measured by the enzyme-linked comet
assay after 24 h exposure with NPs. In both 2D and 3D cultures, a trend with a concentration-dependent
increasing level of DNA SBs was seen after exposure to Ag-NPs and ZnO-NPs; however, a statistically
significant increase was found only at cytotoxic concentrations in the 2D cultures (from exposure of 3
μg/cm2 Ag-NPs and at 10 μg/cm2 ZnO-NPs in 2D cultures). No effect on the level of DNA damage
was observed after exposure to TiO2-NPs in either 2D or 3D cultures (Figure 5). The background level
of DNA damage was measured in unexposed HepG2 cells from 2D and 3D cultures and found to be
similar for DNA SBs, with 5.0 ± 0.8 (2D, n = 9) and 6.2 ± 1.0 (3D, n = 7) % DNA in tail as average in all
experiments (Supplementary Figure S5). For oxidized DNA base lesions, the background level was
higher in 3D cultures compared to 2D, with levels of net Fpg sites at 3.7 ± 0.7 (2D, n = 9) and 7.6 ± 2.1
(3D, n = 7) % DNA in tail (Supplementary Figure S5). As a positive control for DNA SBs, cells were
treated for 5 min with 50 μM H2O2; this induced a high level of DNA damage in both 2D and 3D
cultures (Supplementary Figure S5). The control sample for Fpg enzyme activity, cells treated with Ro
19-8022 plus light, showed DNA damage within the expected range; the % DNA in tail was increased
by at least 20 percentage points compared to without Fpg incubation (results not shown).
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Figure 5. DNA damage in 2D and 3D cultures after exposure to TiO2-, Ag- and ZnO-NPs measured by
the comet assay. The 2D (A–C) and 3D (D–F) cultures were exposed to TiO2-, Ag- and ZnO-NPs for
24 h. No increase in DNA damage was seen after exposure to TiO2-NPs. Ag- and ZnO-NPs induced
an increase in DNA SBs; however, this was statistically significant only at cytotoxic concentrations.
Moreover, n = 3 for TiO2- and ZnO-NPs, and n = 6 for Ag-NPs except at 3 μg/cm2, where n = 4. X: not
measured due to cytotoxicity and too low cell number. The concentration 75 μg/cm2 was excluded in
the experiments with Ag-NPs and ZnO-NPs (B,C and E,F) because of high cytotoxicity in previously
published experiments [36]. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
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4. Discussion

There is a huge demand to develop in vitro models that more closely resemble the in vivo situation,
for toxicity assessment of NPs and chemicals. These models should be standardized in regard to critical
toxicity endpoints. Here, we have focused on the liver spheroid model and evaluated it for reliability
in detecting cytotoxicity and genotoxicity of NPs.

This study investigated potential differences in induction of cell death and DNA damage,
depending on whether the liver cells were cultured in 2D or 3D arrangements, by applying the
enzyme-linked comet assay, accompanied with cytotoxicity tests, on HepG2 spheroids and monolayers
exposed to TiO2-, Ag- and ZnO-NPs. HepG2 spheroids were prepared with a reproducible scaffold-free
technique described in detail in Elje et al. (2019). Levels of DNA SBs in unexposed cells were found to
be similar to the previous study [27]. However, 3D cultures had a higher background level of oxidized
DNA lesions than 2D cultures, which can indicate a higher basal level of oxidative stress in the 3D
model. This should be investigated further.

As toxicity of NPs is highly dependent upon physicochemical properties, it is important to
characterize NP behavior under the given experimental conditions. The strong increase in the
hydrodynamic size and the high PDI value for Ag-NPs indicate that the working dispersion of Ag-NPs
had aggregated after 24 h of exposure. These results are in accordance with the UV-vis spectra, in
which a decrease in intensity of the silver plasmon band, along with the increased absorbance at
higher wavelengths, is shown. Ag-NP absorption is highly sensitive to the aggregation state of the
NPs, due to strong surface plasmon resonance interactions between close NPs (at distances about
their diameter) [44]. The UV-vis results, combined with the changes in size distribution and zeta
potential, suggest that the amount of BSA protein per Ag-NP was too low to form a homogenous
and dense coating, and that the stabilization of the NPs was likely to be electrostatic. Consequently,
the ionic strength of the culture medium may contribute to the aggregation of the NPs. The increase
in hydrodynamic diameter of TiO2- and ZnO-NPs after 24 h can be explained by the formation of a
loosely bound soft protein corona. In terms of NP stabilization by proteins, no significant information
can be drawn from the UV-vis spectra of TiO2- and ZnO-NPs. The wide band gap nature of these
materials and their inability to absorb energy in the visible range explain the absence of absorption
peaks in the visible region. Thus, the attenuation of transmitted light comes from the combination of
absorption and Rayleigh scattering. Other studies using the same Ag-NPs (NM300K) and ZnO-NPs
(NM110) have reported smaller hydrodynamic sizes and higher stability [6,36,43,45]. As NPs’ behavior
depends on their surroundings [46], this highlights the importance of performing NP characterization
with the same conditions as used in the experiments.

Exposure of HepG2 cells to TiO2-NPs did not induce any cytotoxicity or genotoxicity in 2D and
3D cultures. TiO2-NPs have also been reported in other studies to be less toxic than other nano-metal
oxides [47], and their toxicity is dependent on their physicochemical properties [48–50]. Toxic effects
have been seen in both in vitro and in vivo studies [36,51,52] and are not related to dissolution of metal
ions [47].

ZnO-NPs exposure induced cytotoxicity to a similar extent in both 2D and 3D HepG2 cultures.
Elevated DNA damage was observed in 2D and 3D cultures at the highest concentrations; however,
significant induction of DNA damage was found only in 2D cultures and at cytotoxic concentrations.
Similarly, exposure to Ag-NPs induced cell death and a concentration-dependent increase in DNA
damage, though statistically significant only at cytotoxic concentrations. The reduced viability seen
with the alamarBlue assay was strongest in 2D cultures and did not reach statistical significance in
the 3D cultures. However, when the spheroids were examined with confocal microscopy, many dead
cells were seen at the surface of the exposed 3D cultures. As expected for a relatively complex model
that closely resembles organ structure, higher variability was found in 3D cultures compared to 2D
cultures. This can explain why statistically significant results were more difficult to achieve.

Significant induction of DNA SBs after ZnO- and Ag-NPs exposure was seen only at cytotoxic
concentrations, in contrast to previously reported results for A549 and TK6 cells with the same NPs

38



Nanomaterials 2020, 10, 545

and nearly identical comet assay protocols [36]. This can be explained by the cell lines used, as the
HepG2 cells seem to be less sensitive to genotoxic compounds than A549 and TK6 cells. Cowie
et al. studied genotoxic response to metal and polymeric NPs in human and mammalian cells of
different origin and found large differences in sensitivity of cells, with TK6 cells giving one of the
best concentration-dependent response [53]. The discrepancy can also be related to the differences
in cell cycle and exposure times. As demonstrated in a study applying the comet assay with Fpg to
spheroids of primary liver cells (InSphero model), the genotoxic effect of NPs increased after repeated
or longer exposures [6]. This was shown using the same Ag- and ZnO-NPs as in the present study, in
addition to TiO2-NPs and carbon nanotubes. Ag- and ZnO-NPs were the most potent NPs for inducing
DNA SBs in the spheroidal culture, showing similar effects as in 2D cultured C3A HepG2 derivative
cells [6,54]. Ag-NPs also induce an increase in DNA oxidation [6]. The presence of non-parenchymal
cells can possibly explain the higher response to the NPs in the InSphero model compared to the HepG2
spheroids. The HepG2 spheroids show relatively high metabolic capacity and appear to be a good
advanced in vitro model for the liver [21–24]. The commercial primary cell InSphero co-culture model
is more complex than the HepG2 spheroids. However, the HepG2 spheroids used in this study are
easy to prepare, have low costs and high interlaboratory reproducibility [27], and are thus a convenient
and reliable alternative to commercial models.

Underlying mechanisms of NP toxicity include oxidative stress and dissolution of the NPs. In the
case of metal or metal oxide NPs, toxicity can be caused by dissolution of ions, direct action of the
NPs or interaction between NPs and the cellular environment [1,47,55–57]. Both ZnO- and Ag-NPs
are generally found to induce toxicity in 2D cultures, as well as liver damage in vivo [17,18,55,56].
For metal NPs, there is always a question of whether toxicity is due to direct effect of the NPs or to
dissolved ions. We found that a substantial number of ions was released at the start of the exposure
(Table 4), with dissolved Zn concentrations of 10–100 μg/cm2. Increased intracellular Zn2+ levels
resulting from dissolution of ZnO-NPs have been reported to be correlated with high levels of reactive
oxygen species (ROS) and apoptosis [56]. However, Sharma et al. (2012) found that the released zinc
ions were less important for the toxic effects of ZnO-NPs in HepG2 cells [58]. Other critical factors for
cytotoxicity and genotoxicity of ZnO-NPs are size, shape, surface composition and semiconductor
characteristics [55,56,58]. Other studies have showed that ZnO-NPs dissolve rapidly in cell culture
medium DMEM, with a subsequent slow increase over time [59], and that the dissolution is dependent
upon factors such as pH, ionic strength and HCO3

− and HPO4
2− concentrations, and less on the initial

NP concentration [60]. That the level of dissolved Zn reached a plateau is most likely explained by a
saturation of dissolved zinc in the medium. In the 2D model, ZnCl2 and ZnO-NPs had similar EC50

values for cytotoxicity by alamarBlue assay. The level of dissolved Zn from the ZnO-NPs corresponded
to a nontoxic concentration of ZnCl2. These results indicate that the cytotoxic effect of ZnO-NP was
caused by either by ZnO-NPs or the combination of ZnO-NPs and Zn2+ ions, and not only by released
Zn2+ ions.

Dissolution and release of ions has been linked also with toxicity induced by Ag-NPs [47,55].
Oxidation of Ag(0) on the surface of the NPs, as well as other forms of interactions, will lead to
particle corrosion and release of Ag+ [61–64], which, after cellular uptake, can cause mitochondrial
dysfunction [64,65]. In the present study, low levels of dissolved Ag were found in the Ag-NPs
exposure dispersions shortly after exposure, and the amounts were lower than the measured EC50

for cytotoxicity of AgNO3. Higher amounts of dissolved Ag have been found in other studies using
the same Ag-NPs [6,37,54], and the differences may be related to distinct exposure media, different
incubation times and sample preparation. However, most Ag+ released from the NPs will not remain
freely dissolved in the cell culture medium, due to the high ionic strength of cell culture media
and presence of halides (0.12 M total dissolved Cl [66]), amino acids and proteins. Unbound Ag+

will precipitate as AgCl and Ag2S [62,65] or bind to proteins due to high affinity to thiol groups
(SH-groups) [67]. Precipitation was observed when preparing AgNO3, and a substantial part of the
AgNO3 solution was most likely precipitated AgCl (KSP 1.77 × 10−10 M2 [68]) and not freely dissolved
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Ag+ ions [69,70]. For the Ag-NPs dispersion, precipitated nano- and microcrystals may have been
trapped in the filter during sample preparation for ion analysis and thus not detected as dissolved Ag.
Consequently, the low level of freely dissolved Ag cannot be correlated with the persistence of the
Ag-NPs in the presence of halides. Thus, it is unclear to what extent the Ag-NPs dissolve under the
given experimental conditions. Oxidative stress is a likely underlying mechanism of Ag-NP-induced
toxicity [64], as the corrosion of Ag-NPs is REDOX active and produces ROS [49,50]. A mechanism
for induction of ROS production of Ag-NPs consists of interactions with proteins, subsequent altered
protein function [71] and activation of signaling pathways involved in ROS production [64]. An
increased intracellular level of ROS can activate cell-death-regulating pathways, such as p53, AKT and
MAP kinase [72]. Thus, it is not clear if the toxicity of Ag-NPs in 2D and 3D cultures was caused by the
ions released from the Ag-NPs, the Ag-NPs or both.

The differences in sensitivity to NP-induced toxicity on 2D and 3D cultures could possibly be
related to the exposure scenarios. While the cells in the 2D cultures were growing on the bottom of
flat wells, the spheroids were cultured slightly above the bottom of U-shaped wells. The cultures are
most likely exposed to the same NP concentration (μg/mL) only if the exposure medium is a stable
colloidal dispersion during the experimental time, which would be the case for TiO2- and ZnO-NPs.
The Ag-NPs were aggregated at the end of the exposure time, and sedimentation of the aggregates
would increase the concentration of NPs reaching the cells in the 2D cultures, while decreasing it for the
3D cultures. Possibly this can explain the stronger effect on viability of the 2D cultures compared with
3D cultures. As spheroidal cultures are exposed directly only on the spheroid surface, the exposure of
cells in the interior is dependent on penetration of the compound inside the spheroid. Toxicity to cells
in the interior of the spheroid could also occur via cell signaling pathways activated in the cells on the
surface of the spheroid. As shown in Elje et al., short exposure to H2O2 was not sufficient to induce the
same levels of DNA SBs in HepG2 2D and 3D cultures. The induced damage was around ten times
higher in the 2D cultures, possibly explained by too short a time for the compound to reach the cells in
the interior of the spheroid [27]. Fleddermann et al. found that SiO2-NPs were distributed through the
whole HepG2 spheroid when the NPs were mixed with cells before spheroid formation. However,
when exposing the already formed spheroids for 24 h, NPs were seen only to a depth of 20 μm [26].
Cell types, cell densities, physicochemical characteristics of the NPs (including size distribution) and
ion release may influence the penetration inside the spheroid [73–77].

Several studies have shown differences in sensitivity to induced toxicity in 3D and 2D
cultures [25,27–29,73,78]. We have previously found similar cytotoxicity in 2D and 3D HepG2 cultures,
but higher sensitivity in the 3D culture for induced DNA damage by MMS [27]. Increased sensitivity
in genotoxicity was also seen after exposure to 11 chemicals in a HepaRG spheroid model [29]. In
agreement with this, benzo(a)pyrene and 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine, which
both require metabolic activation for induction of genotoxicity, induced a higher micronucleus frequency
in HepG2 spheroids compared to monolayer cultures [28]. Other studies showed a greater resistance of
the 3D cultures to toxicity of various drugs and chemicals [73,78]. Thus, the development of advanced
3D models for toxicity testing in vitro can give a more realistic model for human hazard and risk
assessment. Slight modifications of experimental protocols may be needed for 3D cultures when
comparing them to 2D cultures, to be able to control the concentration of the tested NPs or chemical
that reaches the cells. Introduction of non-parenchymal cells, such as endothelial cells, stellate cells or
macrophages, in co-cultures with hepatocytes, will make the model more complex and can further
increase the relevance to the human liver.

5. Conclusions

With the increasing production of NPs and, thus, the risk of exposure to humans, the development
of advanced in vitro models is especially important with respect to time, costs and the 3Rs. This study
has shown that the HepG2 spheroid model can be applied successfully for the testing of NP-induced
cytotoxic and genotoxic effects. The toxic responses in 2D and 3D cultures can be different, as seen

40



Nanomaterials 2020, 10, 545

after exposure to Ag-NPs where the 3D cultures were more resistant, but also similar, as TiO2-NPs
induced no effect, and ZnO-NPs induced a strong cytotoxic effect in both models. The 2D cultures
reflected concentration-dependent responses better; higher variability was seen in 3D cultures, and
thus statistically significant results were more difficult to achieve. Ultimately, 3D cultures may be a
more realistic model when compared to the human liver, as the spheroid model involves more complex
cell arrangements and exposure scenario. The HepG2 spheroid model is thus a promising 3D model
for use in nanotoxicology.
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Abstract: Several studies have provided information on environmental nanoplastic particles/debris,
but the in vitro cyto-genotoxicity is still insufficiently characterized. The aim of this study is to analyze
the effects of polystyrene nanoparticles (PNPs) in the Hs27 cell line. The viability of Hs27 cells was
determined following exposure at different time windows and PNP concentrations. The genotoxic
effects of the PNPs were evaluated by the cytokinesis-block micronucleus (CBMN) assay after
exposure to PNPs. We performed ROS analysis on HS27 cells to detect reactive oxygen species at
different times and treatments in the presence of PNPs alone and PNPs added to the Crocus sativus L.
extract. The different parameters of the CBMN test showed DNA damage, resulting in the increased
formation of micronuclei and nuclear buds. We noted a greater increase in ROS production in the short
treatment times, in contrast, PNPs added to Crocus sativus extract showed the ability to reduce ROS
production. Finally, the SEM-EDX analysis showed a three-dimensional structure of the PNPs with an
elemental composition given by C and O. This work defines PNP toxicity resulting in DNA damage
and underlines the emerging problem of polystyrene nanoparticles, which extends transversely from
the environment to humans; further studies are needed to clarify the internalization process.

Keywords: polystyrene nanoparticles; nanoplastics; genotoxicity; Hs27 human fibroblasts

1. Introduction

Global plastic production to date is highly related to the environmental pollution by plastic
materials [1]. Microplastics (MPs), as fragments <5 mm, but also as fragments with lower dimensions
(below 1 mm), are released into the environment [2–4].

Once released, MP particles will degrade gradually into nanosized plastics, but at the same time,
nanoplastics (NPs, <1000 nm) may be emitted directly into the environment [5]. In recent years,
the different aspects of toxicity regarding microplastics have been found in different environmental
organisms [5–12]. According to the literature, the upper dimensional limit of nanoplastics goes from a
minimum of 100 nm to a maximum of 1000 nm [13–15].

Plastics are synthetic or semi-synthetic polymeric materials obtained from natural components
such as cellulose, oil, and coal that are used in the most disparate products for their manageability and
their rapid production. They are excellent insulators, resistant to corrosion and degradation, which
are not optimal for the fate of the environment. Normally produced at a high temperature and by
cooling, the individual monomers bind together and form long carbon chains. The most important and
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used material is polystyrene: an aromatic polymer formed by styrene and petrochemical derivatives
including packaging, electronic, and household products.

Plastics as microplastics have also been reported for a long time in the marine environment [2].
The way in which NPs are formed is still largely unknown. The process is sequential: from

a macroplastic, one passes through the micro- to then arrive at the nanoplastic. It can be assumed
that there is dependence on the plastic material. Polystyrene is the most abundant and reaches
concentrations of the order of 108 particles per milliliter [16].

NPs are a subject of study that is still very undervalued and not widespread. The NPs,
having reduced dimensions, suffer the impacts of water molecules and suspended ones avoid
sedimentation [17]. Being hydrophobic, they can also aggregate with each other based on the pH and
the composition of the liquid, for example, polystyrene nanoparticles in the sea aggregate stably by
altering their dispersion capacities, mainly in relation to the dimensions. Aggregation, through weak
ties, depends on the number and strength of collisions [17]. NPs can also form hetero-aggregation with
other materials, which favors their spread [18].

The toxicity, as demonstrated, is not due to the macro components as well as the degradation
products of the same, which become more reactive and dimensionally favored to overcome the
biological barriers of animals and plants. This damage not only afflicts the ecosystems they live
in, but also humans indirectly. First, there is a variation in the trophic chains; second, there is the
phenomenon of bioaccumulation: when an animal food reaches the “human table”, it is very likely
that it contains not only the plastic directly ingested, but also all that the organisms had consumed, of
which the same was fed (biomagnification). The effects of NPs on humans are still mostly unknown,
although paradoxically more serious given their small size; thanks to these, they can overcome many
biological barriers and enter into circulation, something not possible with the larger dimensions of
microplastics. It is important to clarify how these NPs interact with humans and the food chain [18];
two fundamental characteristics of NPs must be taken into consideration: the size/shape and loads,
which are the most effective in terms of internalization by cells. NPs of spherical shape are much better
absorbed than those of elongated shape and both bind receptor proteins that vary their expression.
It is fundamental to investigate such interactions to be able to elaborate a predictive toxicity system.
Moreover, the interactions between the surface charges of nanoparticles and the biological membranes
are fundamental. Using polystyrene NPs, it was found that these were phagocytosed by macrophages
and not internalized by “tissue” cells [18]. Regarding the charge of nanoparticles, the positive NPs
are internalized more quickly than the negatively charged ones. [19]. NPs may enter the animal and
human food chain [20]. Mussels (Mytilus edulis) take NPs and PNPs (polystyrene nanoparticles) in
the intestine [21,22] and unicellular green algae adsorb PNPs (<100 nm) [23]. The scallop (Placopecten
magellanicus) internalizes protein coated polystyrene microparticles [24]. PNPs < 100 nm is present in
the marine food chain from algae to fish [25]. PNPs < 500 nm may reach the circulation due to gut
absorption in sea urchin embryos [7].

The effects of PNPs (<500 nm) have been tested in vivo in rat [26,27] and in vitro in oral and
intestinal models [28]. Very little information is available on the toxicity of PNPs toward human cells
and organisms and on the potential risks of adsorbed PNPs [29,30]. Considering the nanosize and
the surface exposed of NPs and PNPs, it is urgent to pay more attention to the toxic effects of NPs in
environment and human health.

In this work, we focused our attention on polystyrene nanoparticle genotoxicity by considering
that NPs induce DNA damage [31,32]. We evaluated the cyto- and genotoxic effects of PNPs on the
human fibroblast foreskin Hs27 cell line. The use of human skin fibroblasts as the cell system to
test PNP genotoxicity is related to dermo-cosmetics product components enriched by polystyrene
microbeads (i.e., scrubs, shampoos, soap, toothpaste and personal care products) [33], which may be
fragmented in toxic and genotoxic PNPs and microplastics [34,35].
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It will take time for the scientific community to build up the body of hazard and environmental
exposure data for a full risk assessment of microplastics and NPs of the types applied in cosmetics and
personal care product formulations.

In this context, we investigated the cyto-genotoxic potential of the PNPs after exposing the Hs27
human foreskin fibroblast cell line to different concentrations in the culture medium; following the
treatment, we evaluated the viability and metabolic activity of the cells by the MTS assay test of
cell proliferation associated with a preliminary screening improved by growth curve. Moreover,
we detected reactive oxygen species (ROS) production with PNPs alone and PNPs added with an
antioxidant extract of Crocus sativus L. stigmas. To estimate the PNP genotoxic potential, we used the
cytokinesis-block micronucleus (CBMN) assay. Finally, we carried out PNP morphological analysis
through scanning electron microscopy (SEM) equipped with an x-ray microanalysis system to obtain a
chemical and semiquantitative characterization of the single elements of the PNPs.

2. Materials and Methods

2.1. Cell Culture

The in vitro toxicological study was conducted in a cell line, the fibroblast Hs27 (human foreskin,
cultures from Public Health England, supplied by Sigma-Aldrich Srl, Milan, Italy).

Cell culture media, trypsin, and all reagents used, unless otherwise indicated, were purchased from
Euroclone SpA. The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing
10% fetal bovine serum, 100 UI/mL Penicillin/Streptomycin, 2 mM L-glutamine, in a HERAEUS
incubator (Hera cell 150, Thermo Electron Corporation, Langenselbold, Germany) set with the
following parameters: 5% CO2 atmosphere, 37 ◦C temperature. The culture maintenance was carried
out under sterile conditions under a biological laminar flow hood. The cells were detached with 0.05%
trypsin-0.02% EDTA.

2.2. Polystyrene Nanoparticles

The polystyrene nanoparticles (PNPs) were purchased to Sigma Aldrich (catalogue No. 43,302).
The particle size was 100 nm, the diameter was 0.100 mm, and the density 1.05 gr/cm3. The particles
are in aqueous suspension (10% WT).

2.3. Saffron: Crocus sativus L. Stigmas Extract

Plant material (Crocus sativus L.) was kindly furnished by local farmers in the area of the “Zafferano
dell’Aquila PDO” consortium, Navelli, AQ (Italy). Plant extraction (stigmas) was performed according
to [36], in our case, however, the extraction was carried out in aqueous solution [37].

2.4. Cell–Growth Curve

The cells were seeded at a density of 10,000 cells/cm2 in a six multi-well (35 mm in diameter)
and when 90% of confluence was achieved, they were counted in a Bürker camera with the dye
exclusion Trypan Blue, diluted 1:10. The determination was carried out for 4, 24, and 48 h at different
concentrations of 5, 25, and 75 μg/mL of PNPs. In particular, the cells were treated with the different
concentrations of PNPs, then readings were taken for each concentration at different times of exposure
(4, 24, and 48 h).

Each experimental condition represents a technical triplicate, data refer to the mean and standard
error of three independent experiments.

2.5. MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] Test

The viability of Hs27 cell line was determined by the MTS assay using a CellTiter Cell Proliferation
Test Kit (Promega, Madison, MI, USA). The analysis was performed according to the manufacturer’s
protocol. The effect of PNPs (size 100 nm) on cell proliferation was assessed following exposure for
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4, 24, and 48 h at different concentrations (5 μg/mL, 25 μg/mL, and 75 μg/mL). Cells were seeded at
5000 cells/cm2 and treated after 24 h with different concentrations of PNPs (5 μg/mL, 25 μg/mL, and
75 μg/mL) at the established times in a humidified incubator in a controlled atmosphere (5% CO2,
80% humidity, 37 ◦C). Each experimental condition represents a technical triplicate and data refer to
the mean and standard error of three independent experiments. The positive controls (cells treated
with 0.1% Triton X-100) were performed with each series of experiments (4, 24, and 48 h). Cell culture
absorbance was measured at 490 nm, and cell proliferation was evaluated [38].

2.6. ROS (Reactive Oxygen Species) Detection

Cellular ROS concentration was determined according to the “Total ROS Assay Kit 520 nm”.
Briefly, 10,000 cells/cm2 were seeded in 96-well plates, after 24 h, cells were incubated at 37 ◦C for
60 min with ROS stain 1X (Thermo Fisher Scientific Inc., Waltham, MA, USA ref. 88-5930) resuspended
in dimethyl sulfoxide (DMSO). After incubation, the medium was removed, DMEM was added in the
control cells and DMEM containing 5, 25, and 75 μg/mL of PNPs in treated cells. The H2O2 (150 μM)
was added as the positive control. Another plate was performed with the same conditions (5, 25, and
75 μg/mL of PNPs), in which an antioxidant extract of Crocus sativus stigmas was added at 25 μg/mL
final concentration [37].

Both plates were read at different times in a microplate reader (Perkin-Elmer Victor 3) (λexc 490,
λemi535) at T0, T15, T30, T45, T60 min, and T24 h. The fluorescence data T0–T24 h were evaluated for
statistical analysis. Each experimental condition represents a technical triplicate, data refer to the mean
and standard error.

2.7. Cytokinesis-Block Micronucleus (CBMN) Assay

CBMN was carried out with slight modifications according to the protocol of Fenech [39] and
OECD guidelines [40]. The Hs27 cell line was seeded in each flask with 2.5 × 105 cells/flask, and after
24 h of culture, the cells were exposed to different concentrations (5 μg/mL, 25 μg/mL, and 75 μg/mL)
of PNPs for 48 h. Colchicine was used as a positive control at 5 μg/mL. Cytochalasin B (3 μg/mL) no
longer than 24 h after stimulation by PNPs was added to the cell cultures.

Cells were harvested after an additional 24 h and centrifuged for 8 min at 1100 rpm; next, the
supernatant was removed, and cells treated for 1 min with 0.075 M KCl hypotonic solution.

Following, the cells were processed and analyzed according to the criteria of Fenech guidelines [39].
Three biological replicates for each sample were used for CBMN analysis with three technical

replicates (slides) each.
For each experimental condition, we calculated the cytokinesis block proliferation index (CBPI) to

determine the frequency of mononuclear cells, bi- and multinucleated, using the following formula:
((N◦ mononucleated cells) + (2 × N◦ binucleated cells) + (3 × N◦ multinucleated cells))/(total number
of cells). Furthermore, for each experimental condition we evaluated the total cells and nuclear buds
(NBUDs) as a biomarker of genotoxicity.

2.8. Analysis of Polystyrene Particles (PNPs) by Scanning Electron Microscopy SEM

The study of the morphology and the elemental analysis of PNPs were carried out by scanning
electron microscopy (Gemini Field Emission SEM 500, ZEISS, Milan, Italy) equipped with an x-ray
microanalysis system (EDS Oxford Inca 250 x-act) at the Center of Microscopies, University of L’Aquila.

For PNP characterization, the sample (1 μL) was deposited on a dedicated sample carrier (stub)
and then dehydrated in air. Finally, a thin film (5 nm) of chromium was deposited onto the sample
using Sputter Quorum 150T ES to make it conductive for measurement purposes.

The SEM observations were carried out at different magnifications, and morphological analysis of
the particles was performed simultaneously to obtain the EDS microanalysis of the selected particles.
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2.9. Statistical Analysis

For the data statistical analysis, we used the Student’s t test (unpaired) with post-hoc correction,
comparing the value of the treated cells with the respective untreated control, through independent
tests. For statistically significant values, * = p < 0.05; ** = p < 0.005; *** = p < 0.0005.

The data were analyzed using the GraphPad Prism software, version 6.0 (© 1995–2015 GraphPad
Software, Inc. San Diego, CA 92108). Three independent experiments were performed for all
assays applied.

3. Results

3.1. Cell Growth Curve and MTS

Preliminary results are reported in the growth curve for the Hs27 cell line with PNP treatment
at different concentrations (Figure 1). In Figure 1, it can be seen that with respect to the control in
every experimental condition up to 4 h, there was no significant proliferation decrease, regardless
of the concentration. Differences appeared after 24 h, but control and the highest concentration still
showed almost identical results. The exposure of the cells to 75 μg/mL of PNPs at 48 h showed a
sudden decrease. The trend of the growth curve was due to the possible tendency of the nanoparticles
to aggregate (PNPs in this work as in general the nanoparticles do [30]), this explains why at the lower
concentrations there were no statistically significant results; on the contrary, at the concentration of
75 μg/mL and at a longer time of incubation (48 h), we can assume that PNP particles aggregates tend
to enhance and interact with cell proliferation.

Figure 1. Growth curve in the Hs27 cells was determined by Trypan Blue (counting dye method). The
effects of polystyrene nanoparticles (PNPs) exposure were evaluated following exposure at 4, 24, and
48 h at 5, 25, and 75 μg/mL concentrations and compared to the control cells. Error bars represent the
standard error of the mean.

The cytotoxicity of the PNPs was measured by the MTS cell viability test, which evaluates the
metabolic activation of Hs27 cells after treatment at different concentrations.

The test determines whether cells increase their metabolic activity, measuring the reduction
of MTS by a formazan soluble in the culture medium, as MTS reduction only occurs in viable and
metabolically active cells. Compared to the control cells, the data at 4 h showed a significant viability
increase at 75 μg/mL (about 33%). After 24 h, again, the treatment at 75 μg/mL of PNPs was statistically
significant; finally at 48 h, the results showed an increase only at 5 μg/mL PNPs, which was about 20%.
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Triton-X-100 0.1% was used as a positive control and induced a significant decrease in viability after 4,
24, and 48 h treatment in PNPs (Figure 2). We speculate that the observed viability trend is not dose
dependent and that there is no significant variation in cell viability.

Figure 2. MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] test in Hs27 cells: the effects of polystyrene nanoparticles (PNPs) on cell proliferation were
evaluated following exposures at 4, 24, and 48 h at 5, 25, and 75 μg/mL concentrations and compared to
the control cells. Triton-X-100 0.1% was used as a positive control. Significance values * = p < 0.05;
** = p < 0.005; *** = p < 0.0005; error bars represent the standard error of the mean.

3.2. Tests of Micronuclei with Block of Cytokinesis with Cytochalasin B “CBMN Assay”

From the data obtained from the micronucleus test, we calculated the CBPI index “Cytokinesis
Block Proliferation Index” to evaluate the cellular proliferation progression and therefore the cytostatic
and cytotoxic effects, followed by the different concentrations of PNPs (5, 25, and 75 μg/mL).

Compared to the control condition, the CBPI obtained from the cells incubated with the PNPs was,
in every condition data, not statistically significant (Figure 3a). Regarding the induction of micronuclei
(BNMN), we observed a significant increase dose-dependent at 25 μg/mL and 75 μg/mL where we
observed an increase of about 38% and 52%, respectively (Figure 3b). Furthermore, we analyzed the
presence of NBUDs (Figure 3c), which originate from the nucleus as extroflections of nucleoplasmic
material or as micronuclei connected to the nucleus by a bridge [40]. Our result shows a significant
decrease at 5 μg/mL (about 30%) with respect to the control, and on the contrary, an increase at 75 μg/mL
of about 50%. In Figure 4, we can see DNA damage as micronuclei and NBUDs in Hs27 cells after
PNP treatment.
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Figure 3. Micronuclei (BNMN), CBPI, and Nuclear Bud (NBUDs) expression in the Hs27 cells treated
with polystyrene nanoparticles (PNPs): CBPI, “Cytokinesis Block Proliferation Index” (a), Micronuclei
(b) and Nuclear Buds (c) were evaluated at 5, 25, and 75 μg/mL concentrations after exposure to PNPs.
CBPI = ((N◦ mononucleated cells) + (2 ×N◦ binucleated cells) + (3 ×N◦ multinucleated cells))/(total
cell number). The number of micronuclei refers to 1000 binucleated cells. The number of Nuclear
Buds refers to a total of 1000 binucleated cells. Colchicine (5 μg/mL) was used as a positive control.
Significance values * = p < 0.05; ** = p < 0.005; *** = p < 0.0005; error bars represent the standard error
of the mean.
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Figure 4. CBMN assay in the Hs27 cells: DNA damage after PNP treatment. (a) Binucleated
cell, (b) cell with micronuclei and nuclear bud, (c) cell with nuclear bud, (d) cell with micronuclei.
Magnification 100×.

3.3. ROS Detection

Time course experiments were performed to comparatively evaluate the possible ROS production
in Hs27 cells at different concentrations of PNPs (5, 25, and 75 μg/mL) and PNPs added with an
antioxidant extract of Crocus sativus stigmas (25 μg/mL). Figure 5a shows that treatment with 5 μg/mL
NPs induces highly significant stimulation of ROS production in the cell line, starting from T15 min/T0
of treatment. At T30 min/T0, we statistically increased in ROS production at 5 μg/mL (p < 0.0005)
and 25 μg/mL (p < 0.05) concentrations. The increase ROS level at T1 h/T0 was still statistically
significant with respect to the control at 5 μg/mL (p < 0.005) and 25 μg/mL (p < 0.05) concentrations,
but we also noticed that the same concentrations with respect to T30 min/T0 had a strong decrease in
ROS production. At T24 h/T0, there are no significant variations in ROS production with respect to
the control cells. In Figure 5b, we reported the level of ROS production with PNPs added together
with saffron extract: we observed that in the presence of the extract, the ROS production was lower.
Significant data obtained by comparing the PNP treatment and PNPs added with saffron are reported
in Table 1, and it is noticeable that there was a significant decrease in reactive oxygen species at 5 μg/mL
and T15 min/T0, T30 min/T0, and T1 h/T0. In particular at T30 min/T0, we had a ROS decrease by about
30%. Regarding the 25 μg/mL concentration, the results were statistically significant at T30 min/T0 and
T1 h/T0 and a ROS reduction of about 18% and 22%, respectively.
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Figure 5. ROS detection in Hs27 cells: the effects of polystyrene nanoparticles (PNPs) on ROS production
were evaluated following exposure at 0, 15, 30, 45, 60 min, and after 24 h at 5, 25, and 75 μg/mL
concentrations. Each time refers to T0. Hs27 ROS production with PNPs (a) and Hs27 ROS production
added with antioxidant stigmas extract of Crocus sativus (25 μg/mL) (b). H2O2 (150 μM) was used as a
positive control. Significance values * = p < 0.05; ** = p < 0.005; *** = p < 0.0005; error bars represent the
standard error of the mean.

Table 1. ROS detection comparison in Hs27 cells treated with polystyrene nanoparticles (PNPs) and
PNPs added with the Crocus sativus stigmas extract. Values are means ± SD.

Time Ratio
5 μg/mL P Value 25 μg/mL P Value

PNPs
PNPs with
Crocus s. PNPs

PNPs with
Crocus s.

T15 min/T0 1.4 ± 0.004 1.01 ± 0.004 <0.05 1.13 ± 0.005 0.99 ± 0.002
T30 min/T0 1.60 ± 1.2 × 10−5 1.10 ± 0.001 <0.0005 1.41 ± 0.007 1.16 ± 0.001 <0.05

T1 h/T0 0.95 ± 0.0013 0.75 ± 0.001 <0.005 0.99 ± 0.007 0.78 ± 0.002 <0.05

3.4. Analysis of PNPs by SEM Scanning Electron Microscopy

PNPs information were obtained by evaluating their morphology and elemental composition.
With electron microscopy, we undertook a morphological analysis through different images to test the
particle size (Figure 6). Regarding the composition, an investigation was made with EDS microanalysis
to assess whether there were impurities such as heavy metals that could affect the experiment. During
the analysis of the sample, properly treated, we noticed that polystyrene nanospheres tended to form a
reticular structure thanks to their homogeneous shape. Furthermore, it could be seen that the average
particle size was around 100 nm, according to the manufacturer’s specifications (Figure 6).

 

Figure 6. Scanning electron microscopy (SEM): morphological analysis of polystyrene nanoparticles
(PNPs) with scanning electron microscopy.
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Taking advantage of EDX spectroscopy (energy dispersive x-ray analysis), we evaluated the
elemental composition of the sample (Figure 7). The technique provides information on the elemental
composition, hence the spectrum only shows the presence of the carbon elements, reinforcing the idea
that the only component was polystyrene and oxygen due to the presence of the water residue.

 

Figure 7. Energy dispersive x-ray analysis (EDX spectroscopy) analysis of polystyrene nanoparticles
(PNPs) to characterize elemental composition, area of sample (a) and relative elemental spectrum (b).

4. Discussion

Global plastic production increases annually [41], with an estimated 4.8 to 12.7 million metric
tons of plastic entering the oceans each year [42], posing a threat to seabirds [43], fish [44], turtles [45],
and marine mammals [46]. Dispersed plastic is a new emergency for environmental health, and the
greatest danger is derived from the products of their degradation. NPs are dispersed in the soil, air,
and water; in particular PNPs are the most subjected to degradation. Some new evidence of the toxic
potential of PNPs has emerged from the present study, particularly with regard to the genotoxicity.

Tests of the viability of MTS cells by evaluating the metabolic activity of Hs 27 cells exclude
an inhibitory action of PNPs on metabolic activity; this activity increased after PNP treatment most
likely as a response to cellular stress. This hypothesis is supported by the results of the CBMN tests
regarding the treatments with the lowest concentrations of NPs. Genotoxic damage was observed
at concentrations above 5 μg/mL, which produced results comparable to MTS tests. Thus, high
concentrations of PNPs seem to be necessary to produce appreciable cell damage in relation to exposure
times. These in vitro data are quite indicative of the genotoxicity of PNPs and provide indirect evidence
of the ability of PNPs to penetrate cells, as widely reported for other particles of similar size to NPs [30]
and PNPs [47].

From our results, it is clear that by analyzing the metabolic activity in relation to the production of
ROS, treatment with PNPs is able to determine oxidative stress inside the cells. In agreement with
the literature [30], the result obtained by us show a high production of ROS within the first 30 min
and a decrease afterward, due to the detoxification systems that the cell puts in place. Moreover, we
observed that the ROS production decreased when PNPs were added together with the saffron extract.
Hence, the free radical scavenging ability of saffron [48] is also expressed in human fibroblasts in
which oxidative stress is produced by PNPs. This ability is related to the phenolic/flavonoid contents
of saffron Crocus sativus L. stigmas known to play a role in preventing oxidative damage caused by
free radicals and inhibiting hydrolytic and oxidative enzymes [49]. Thus, the Hs27 human fibroblasts
exposed to PNPs suffer damage both in terms of genotoxicity and oxidative stress and the antioxidant
power of saffron extract may be able to contrast the ROS formation.

According to the SEM-EDX analysis, PNPs are composed exclusively of C and O, and therefore
the physical–chemical properties, and consequently the toxic effects are attributable to the size, shape,
surface properties, reactivity, and solubility, all characteristics that influence the ability to induce
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damage within the cells [50]. The more that particles reach a nanosize, the more their surface area
exposed with reactive chemical groups extends.

Our current approach to study the toxicological potential of PNPs raises some important points
such as to determine how the particles are internalized by the cells; particles with dimensions of
about 100–200 nm are internalized through endocytosis mechanisms, in contrast, larger ones are
absorbed through phagocytosis [30,51]. The available information on the toxicity of PNPs in vivo is
poor [30,52,53]. In this regard, considering environmental pollution, adverse factors could be invoked
for NPs and PNPs such as the risk that they can adsorb, concentrate, and release environmental
pollutants into the organisms, thus acting as transporters [54–56].
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Abstract: The genotoxicity of anatase/rutile TiO2 nanoparticles (TiO2 NPs, NM105 at 3, 15 and
75 μg/cm2) was assessed with the mammalian in-vitro Hypoxanthine guanine phosphoribosyl
transferase (Hprt) gene mutation test in Chinese hamster lung (V79) fibroblasts after 24 h exposure.
Two dispersion procedures giving different size distribution and dispersion stability were used to
investigate whether the effects of TiO2 NPs depend on the state of agglomeration. TiO2 NPs were
fully characterised in the previous European FP7 projects NanoTEST and NanoREG2. Uptake of TiO2

NPs was measured by transmission electron microscopy (TEM). TiO2 NPs were found in cytoplasmic
vesicles, as well as close to the nucleus. The internalisation of TiO2 NPs did not depend on the state
of agglomeration and dispersion used. The cytotoxicity of TiO2 NPs was measured by determining
both the relative growth activity (RGA) and the plating efficiency (PE). There were no substantial
effects of exposure time (24, 48 and 72 h), although a tendency to lower RGA at longer exposure was
observed. No significant difference in PE values and no increases in the Hprt gene mutant frequency
were found in exposed relative to unexposed cultures in spite of evidence of uptake of NPs by cells.

Keywords: titanium dioxide nanoparticles; V79 cells; genotoxicity; Hprt

1. Introduction

Nano-sized or ultrafine titanium dioxide particles (TiO2 NPs) are among the most widely
used nanomaterials. TiO2 is a poorly soluble particulate material with numerous applications such
as food colorant or white pigment in the production of paints, paper, plastics, ink and welding
rod-coating material. TiO2 NPs (<100 nm) are increasingly used in other industrial products,
such as cosmetics, skin care products (in sunscreens, as an ultraviolet blocking agent), toothpaste,
and pharmaceuticals [1–4]. It can even be used as a food additive, for example to whiten skimmed
milk [5]. Therefore, potential widespread exposure may occur during manufacturing and use [6].

Whether TiO2NPs represent any hazard to humans is a question addressed by various regulatory
agencies. Genotoxicity studies of TiO2NPs have been widely performed detecting different types
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of DNA damage such as strand breaks and various DNA lesions (using mostly the comet assay),
gene mutations in bacteria and in mammalian cells, as well as chromosomal damage representing
possible clastogenic or aneugenic effects. However, in-vivo and in-vitro studies have reported
conflicting results; some indicate that TiO2 NPs are genotoxic [6–9], whereas others give negative
results [8,10–12]. This inconsistency is related to the different particle types used, with different NP
sizes and physico-chemical properties, NP dispersion and exposure conditions, as well as to the use
of different cell culture media, cellular models, and test methods [13–16]. Most of genotoxic effects
are seen in cells derived from the respiratory, and the circulatory systems. Where internal exposure
of the lungs can occur, there is a possibility that TiO2 NP may exert genotoxic effects, most probably
through secondary mechanisms (e.g. oxidative stress); however, direct interaction with the genetic
material cannot be excluded. Overall, the studies indicating that TiO2 NPs are genotoxic outweigh
the studies that state otherwise. According to that, TiO2 NPs can be treated as potentially hazardous
compounds [5] consistent with the fact that TiO2 itself is classified as a class 2B carcinogen [17].

The mammalian gene mutation tests belong to the set of assays recommended by the regulatory
bodies and, in nanomaterial genotoxicity testing, they are preferred since the Ames test is not suitable
due to the size of bacteria (comparable with NPs themselves) and the fact that the bacterial wall
limits significantly the uptake of NPs [14,18]. The most commonly used target genes for measuring
the induction of mutations in mammalian cells are the thymidine kinase (Tk) and the hypoxanthine
guanine phosphoribosyl transpherase (Hprt) genes. Specifically, the Hprt mutation assay has already
been successfully applied to the evaluation of different nanomaterials [6,18–21].

With regard to studies using TiO2 NPs to induce Hprt mutants, previous studies have already
been reported, where positive effects were observed in the WIL2-NS human B-cell lymphoblastoid cell
line (24 h exposure of 130 μg/mL UF-TiO2) [6], and in V79-4 hamster cells (2 h of short-term treatment
of 20 and 100 μg/mL anatase TiO2 NPs [7]. Interestingly, negative results were obtained with anatase
TiO2 NPs (10–40 μg/mL) in a long-term (60 days) exposure experiment. In that case, Chinese hamster
ovary cells (CHO-K1) cells appear to adapt to chronic exposure to TiO2 NPs and detoxify the excess of
reactive oxygen species (ROS), possibly through an up-regulation of super oxide dismutase (SOD),
in addition to reducing particle uptake [10].

In this context, the aim of our work is to investigate whether TiO2 NPs induce mutagenic effect in
the Hprt gene, and whether this effect depends on the dispersion procedure used, e.g. on different
states of agglomeration.

2. Material and Methods

2.1. Cells

V79-4 adherent hamster cells isolated from the lung of a normal Chinese hamster (male),
were purchased from European Collection of Authenticated Cell Cultures (ECACC, catalogue number
86041102). Cells were cultured in Dulbecco’s minimal essential medium (DMEM) D6046 (Sigma,
Steinheim, Germany) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco,
Grand Island, NY, USA) and 1% (v/v) penicillin-streptomycin (Gibco) at 37 ◦C in a 5% CO2 humidified
atmosphere. Cells were thawed and sub-cultured 2–4 times before use in the experiments, at an initial
density of 2 × 105 cells/mL in vented T-75 cm2 flasks. Cultures were maintained with density not
exceeding 1 × 106 cells/mL at the time of passage. Cells were seeded 24 h to reach 50–70% confluence
before exposure to test substance. Trypan blue assay was used to check cell viability after trypsinization
of cells.

2.2. Nanoparticle Characterization, Dispersion and Cell Exposure

TiO2 NP (NM-105), an anatase/rutile nanopowder of nominal size 21 nm (15–60 nm), was received
from the EU Joint Research Centre (Ispra, Italy). It was manufactured by Evonik (Essen, Germany),
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and marketed as Aeroxide TiO2 P-25. TiO2 NPs were fully characterised in previous EU projects [13,22],
and results are summarised in Table 1.

Table 1. Summary of primary physical and chemical properties of the used TiO2 NPs NM-105 [13].

Type of Characteristics Properties of NM-105

Phase
Shape of particles

White ultra-fine powder
Irregular/ellipsoidal

Particle size (nm) 15–60
Crystal structure Anatase/Rutile in ratio of 70:30 or 80:20

Surface area (m2/g) 61
Pore volume (mL/g) 0.13

Zeta-potential at pH 7 (mV) −30.2
Chemical composition of particles Ti, O

Ti purity of particles >99%
Surface chemistry Uncoated

Impurities of concern Co (920 ppm), Fe (16 ppm)

For the treatment of cells we used TiO2 NP dispersed by two different procedures, either
with or without serum in stock solution. This can permit investigations on how the state of
aggregation/agglomeration and stability of the dispersion could influence TiO2 NP cytotoxicity
and genotoxicity.

Dispersion Procedure DP1

Stock suspensions of TiO2 NPs at 5 mg/mL were freshly prepared for each experiment, using the
dispersion procedure DP1 developed as part of the FP7 project NanoTEST. For 1 mL of stock suspension,
5 mg of TiO2 NPs mixed with 1 mL of 10% fetal bovine serum (FBS, Gibco) in PBS (phosphate buffered
saline) in a glass tube was sonicated using an ultrasonic probe sonicator (Labsonic, Sartorius, Gottingen
Germany) at 100 W for 15 min on ice/water. This suspension was added to cell culture medium.
Serial dilutions were made in cell culture medium to obtain the full range of NP suspensions, from 3 to
75 μg/cm2, which were then immediately added to cells.

Dispersion Procedure DP2

In DP2, 20 mg of TiO2 NPs was suspended in 10 mL of culture medium with 15 mM HEPES buffer
and without FBS (the procedure developed at University Paris Diderot France [13]). The suspension
was sonicated using the ultrasonic probe sonicator at 60 W for 3 min on ice/water, vortexed for 10 s,
and within 2 min of sonication—aliquoted and stored at −20 ◦C for further use. TiO2 NP suspension
aliquots were thawed just before use, vortexed for 10 s, sonicated at 60 W for 1 min on ice/water and
added to cell culture medium. Serial dilutions were made in cell culture medium to obtain the full
range of TiO2 NP suspensions from 3 to 75 μg/cm2, which were then immediately added to cells.

2.3. Extrinsic Properties of TiO2 NPs

Particle size, size distribution, state of agglomeration and stability of TiO2 NPs, both in stock
solution as well as in culture medium, were characterized by Nanoparticle Tracking Analysis (NTA)
using NanoSight NS 500 (NanoSight Limited, Netherhampton, Salisbury, UK). Table 2 shows size,
agglomeration state and stability in culture medium measured by Dynamic Light Scattering DLS [22].
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Table 2. Average hydrodynamic diameters determined, by Dynamic Light Scattering (DLS), of the
obtained TiO2 NPs stock dispersions [22].

Medium TiO2 Stock Dispersion DP1 TiO2 Stock Dispersion DP2

DMEM +10% FBS Bimodal distribution, 112 (± 20) nm and 296 (± 55) nm 752 (± 397) nm

Size stability after 48 h Stable ~2 days 125 (± 27) nm and 366 (± 65) nm Large Agglomerates

DMEM—Dulbecco’s minimal essential medium; FBS—fetal bovine serum.

2.4. Cellular Uptake

Cellular uptake of TiO2 NPs was measured by transmission electron microscopy (TEM). V79-4 cells
were grown on 6-well plates at a density of 1.75 × 105 cells/well. Cells were exposed to TiO2 NPs
dispersed according to DP1 and DP2 (3, 10, 30μg/cm2) for 24 h. At the end of the exposure time, cells were
centrifuged, fixed in 2.5% (v/v) glutaraldehyde (EM grade, Merck, Darmstadt, Germany) and 2% (w/v)
paraformaldehyde (EMS, Hatfield, PA, USA) in 0.1 M cacodylate buffer at pH 7.4 (PB, Sigma-Aldrich,
Steinheim, Germany), and processed following conventional procedures, as previously described [23].
Samples were first post-fixed with osmium tetroxide, dehydrated in acetone, later embedded in Epon,
and finally polymerized at 60 ◦C, and cut with an ultramicrotome Leica EM UC6 using a diamond
knife and mounted on copper grids. Before image acquisition, sections were stained using uranyl
acetate and Reynolds lead-citrate solutions. All images were examined using a JEOL 1400 (JEOL LTC,
Tokyo, Japan) TEM at 120 kV equipped with a CCD GATAN ES1000W Erlangshen camera.

2.5. Relative Growth Activity (RGA)

RGA measurements are based on cell proliferation activity of the cells during a period of treatment
or after treatment with the tested compound. Cells were seeded at concentration 1 × 105 cells per well
on 12-well plates in 2 mL culture medium and were kept for 24 h under standard conditions at 37 ◦C
in a 5% CO2 humidified atmosphere. Cells were then exposed to different concentrations (ranging
from 0.12 to 75 μg/cm2) of TiO2 NPs lasting for 24, 48, and 72 h. Untreated cells, just with cell culture
medium, were used as a negative control and hydrogen peroxide (H2O2, 100 μM, 5 min in PBS) was
used as a positive control. Just after exposure, medium was removed from the culture and cells were
washed with PBS, trypsinized, and re-suspended in 1 mL of medium. Finally, 10 μL of the final cell
suspension was mixed with 10 μL of 0.4% trypan blue (Life Technologies, OR, USA) to determine the
percentage of viable cells (unstained) and stained cells with damaged membranes. This determination
was carried out using a Countess™ Automated Cell Counter (Invitrogen). RGA was calculated as
already published [24].

2.6. Plating Efficiency (PE)

To determine the potential cytotoxic effects of the treatment, after 24 h exposure of V79-4 cells to
TiO2 NPs, they were washed, trypsinized and counted, as described above. After that, 50 cells per
well were inoculated in 6-well plates (for each concentration tested one plate was used) and incubated
at 37 ◦C for 7 days. Untreated cells, just with cell culture medium, were used as a negative control.
Finally, cells were stained by using 1% methylene blue (Sigma) and the number of resulting colonies
was counted manually. PE values were calculated according to the formula:

PE (%) =
number o f colonies in exposed cultures

number o f colonies in unexposed cultures
× 100%

2.7. Hprt Mammalian Gene Mutation Assay

The mammalian in vitro Hprt gene mutation test was performed according to the OECD Guidelines
for the Testing of Chemicals 476 [25]. V79-4 cells were cultured in 100 mm diameter Petri dishes; 1 × 106

cells were inoculated per dish in 10 mL medium in duplicate for each concentration, and incubated at
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37 ◦C. On the following day, the cells were exposed to TiO2 NPs for 24 h, at concentrations from 3 to
75 μg/cm2.

Untreated cells cultured in medium for 24 h were used as negative control and cells treated for 3h
with 0.1 mM methyl methanesulfonate (MMS; Sigma), served as the positive control.

After exposure, the medium was removed, and cells were washed, trypsinized and re-suspended
in 2 mL of medium. They were then seeded in 100 mm diameter Petri dishes at 3 × 105 cells/dish,
3 dishes per concentration. Cells were grown for 8 days, during which they were subcultured three
times; duplicate samples were taken at 6 and 8 days after treatment for analysis of mutant frequencies.
To detect mutants, cells were inoculated in 100 mm diameter Petri dishes at 2 × 105 cells/dish, 5 dishes
per sample giving a total of 106 cells per sample and grown in medium containing 6-thioguanine
(Sigma) at 5 μg/mL for 10 days to form colonies. 6-Thioguanine is an analogue of guanine, toxic to cells
with functioning Hprt gene, and so only Hprt− cells survive. Mutant colonies were counted manually
after staining with 1% methylene blue; only colonies with at least 50 cells were counted.

For each of the two harvests (6 and 8 day duplicate samples), the frequency of surviving cells
was assessed using the PE assay, as described above. Treated and untreated cells were seeded in
6-well plates at 50 cells per well, 1 plate per concentration, and incubated for 7 days at 37 ◦C to form
colonies. Cell viability was calculated for each mutant harvest on the basis of the number of colonies
as a percentage of the number of inoculated cells. The mutant frequency was determined as previously
described [24].

2.8. Statistical Analysis

One way analysis of variance ANOVA test was used, followed by Dunnett´s multiple comparison
test for the post hoc analysis. Prism 7.0 (GraphPad Software, San Diego, CA, USA) and Microsoft Excel
2013 were used for statistics and mathematical analysis. Differences with P < 0.05 were considered
statistically significant.

3. Results

3.1. TiO2 Characterization, Extrinsic Properties

As NPs change their properties depending on the surrounding environment, we also measured
extrinsic properties of TiO2 NPs. We also aimed to identify whether size and stability of dispersion
can influence the potential effect. The size distribution, state of agglomeration and stability of the
tested TiO2 NPs were analysed in culture medium before the treatment and immediately after the
treatment (times 0 and 24 h) by using NTA measured by NanoSight NS 500. The average size of the
TiO2 NPs in DMEM at time 0, was 228 ± 3.2 nm, and 184 ± 3.5 nm, for DP1 and DP2, respectively.
After 24 h, the mean size of TiO2 NPs prepared by DP1 was 154.1 ± 6.7, while TiO2 NPs prepared by
DP2 had an average size of 217 ± 3.6 showing relatively stable dispersion for both DPs, as showed
in Figure 1. After 24 h, the TiO2 NPs dispersion DP2 was similar to time 0 h, but when we compare
the concentration of particles per mL between time 0 and 24 h, a decrease in the concentration was
observed. Extrinsic characteristics of size, size distribution, and the level of agglomeration/ aggregation
of NPs in dispersions measured by DLS are described in Table 2.
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Figure 1. Particle size distribution obtained by (NTA) of TiO2 NPs using the two proposed dispersion
procedures (DP1 and DP2) in culture medium at 0 and 24 h. The black line is the mean distribution and
the red filling represent standard errors between captured videos.

3.2. Uptake of TiO2 NPs Measured by the TEM

The potential cell uptake of TiO2 NPs was investigated in V79-4 cells after exposures to 3, 10 and
30 μg/cm2 of the TiO2 NPs prepared using both dispersion procedures. Figure 2 shows that after 24 h
of TiO2 NPs exposure they were taken up mostly as agglomerates and these were found in cytoplasm
and vesicles. Agglomerates of TiO2 NPs were also detected in contact with the cell nucleus even when
low concentrations of TiO2 NPs were used. It seems that the uptake of TiO2 NPs did not depend on the
used dispersion since there was no difference in uptake of TiO2 NPs, whichever dispersion procedure
was used.

3.3. Cytotoxic Effect of TiO2 NPs on V79-4 Cells

An important endpoint for measuring the effect of NPs on cells is cytotoxicity. In our study the
cytotoxicity of TiO2 NPs in V79-4 cells was measured by determining both the RGA and the PE values.
RGA measures cytotoxicity in population of cells, while the PE gives information on individual cell
toxicity. RGA values were determined as the ratio between the number of living cells, after exposures
lasting for 24, 48 and 72 h, versus the number of living cells in the unexposed cultures. Figure 3 shows
that, in general, TiO2 NPs exposures were not excessively toxic with rather more marked effects when
DP1 was used. In addition, no significant effects of exposure time were seen, although there was a
tendency to observe higher effects at longer exposure times.

The PE values were determined as the ratio of the number of colonies observed in the exposed
cultures versus those observed in the unexposed cultures. Exposure lasted for 24 h and colonies
were counted after 7 days of growth. As shown in Figure 4, no significant differences were observed
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between the negative control and each of the concentrations used (3, 15 and 75 μg/cm2). In addition,
no differences in PE values were observed between the two dispersion procedures.

 
Figure 2. Representative transmission electron microscopy (TEM) figures of titanium dioxide TiO2

NM105 uptake by Chinese hamster lung fibroblast (V79-4) cells exposed to 3, 10 and 30 μg/cm2 of
TiO2 NPs dispersed according to dispersion procedure 1 (DP1) and dispersion procedure 2 (DP2).
DP1 3 μg/cm2 (a–e), DP1 10 μg/cm2 (f–i), DP1 30 μg/cm2 (j,k), DP2 3 μg/cm2 (l–o), DP2 10 μg/cm2

(p–r), DP2 30 μg/cm2 (s,t), Negative control untreated V79-4 cells (u). N = nucleus; C = cytoplasm;
V = vesicle, M =mitochondrion.

3.4. Mammalian Hprt Gene Mutation Assay, the Effect After TiO2 NPs Exposure

Genotoxicity is one of the most crucial effects that should be investigated in assessing safety
of chemicals including NPs and it covers several genotoxicity endpoints, namely gene mutations,
and structural and numerical chromosome aberrations. In our study we assessed the mutation potential
of TiO2 NPs in V79-4 cells in two different experiments for each harvest point. As observed in Figure 5,
there were no significant differences between the negative control and any of the three (3, 15 and
75 μg/cm2) concentrations used. This observed lack of mutagenic effects was independent of the
dispersion used. In contrast, the positive control (MMS, 0.1 mM, 3 h) showed a clear induction of Hprt
mutants, supporting the validity of the assay, and confirming the lack of mutagenic potential of the
TiO2 NPs, at least under our experimental conditions.
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(a) 

(b) 

Figure 3. (a) and (b). Cytotoxic effects measured as the relative growth activity (RGA %) on V79-4 cells
exposed to TiO2 NPs prepared using the two dispersion procedures (DP1 and DP2). Cells were treated
with 5 concentrations (μg/cm2) of TiO2 NPs for 24, 48 and 72 h, and the cell numbers were counted at
each time point immediately, following trypan blue staining. There were no statistical significances
between exposed and unexposed cultures. Cytotoxicity of MMS was not been observed (RGA = 70%).
Data are expressed as the means ± SEM of two parallel experiments, according to the used procedures.

 
Figure 4. Cytotoxic effects of TiO2 NPs measured by the plating efficiency (PE %) in V79-4 cells. Bars
represent cytotoxicity relative to 100% of untreated cells Data are expressed as the means ± SEM of two
parallel seedings for plating efficiency, according to the used procedure. No statistical significances
between exposed and unexposed cultures were observed.
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Figure 5. Induction of Hprt gene mutants after the exposure of V79-4 cells to different concentrations of
TiO2 NPs for 24 h. There were no statistical significances between exposed and unexposed cultures.
Hprt gene mutant frequency in treated cells with positive control MMS (0.1 mM, 3 h), which gave 131.6
± 2.30 Hprt gene mutants. This value is indicated as a red-dashed line. Data are expressed as the means
± SEM of two parallel seedings for mutation frequency MF1 and MF2, according to the used procedure.

4. Discussion

In-vitro toxicology data, based on well-designed experiments are required for risk assessment
strategies designed for the testing of engineered nanomaterials. Until now, while in-vitro tests have
been successfully applied in nanotoxicology studies, reference and quality standards are not always
included: determination of physico-chemical properties, a range of appropriate controls (including
stabilizer controls) and representative cell models, among other aspects, are crucially important.

Furthermore, physical processes in the preparation of the nanomaterials to be tested, such as
dissolution, aggregation and sedimentation must be taken into consideration to better understand
the mechanism of ENM toxicity [26]. In our study, the effects of TiO2 NPs were compared using
two different DPs: one with serum in the stock solution and one without, in order to investigate
whether the dispersion procedure and dispersion components could influence NP cytotoxicity and
genotoxicity. In addition, we have evaluated the genotoxic potency by detecting their ability to induce
gene mutations at the Hprt locus. It should be noted that the evaluation of the genotoxic potential of
TiO2 NPs has been the subject of different reviews [16,27–30].

The Hprt gene mutation assay has been widely used in human biomonitoring and this target
seems to be a valuable biomarker to determine the genotoxic/carcinogenic risk of exposures [31].
Accordingly, the mammalian gene mutation test is considered a surrogate in vitro marker for use
in cancer risk assessment, together with the micronucleus assay. The use of the Hprt forward gene
mutation assay allows the quantification of a wide set of genetic changes such as base substitutions,
amplifications, or small deletions. This assay has already been used to determine the mutagenicity
of TiO2 NPs in different types of cells [6,7,10,32]. Thus, in cultured WIL2-NS cells, a human B-cell
lymphoblastoid cell line, ultrafine TiO2 particles (<100 nm in diameter) induced approximately 2.5-fold
increases in the mutation frequency, in addition to significant toxicity [6]. However, negative results
were obtained when TiO2 NPs were evaluated in Chinese hamster ovary (CHO-K1) cells subject to
chronic exposures of up to 60 days [10]. In such cells no cytotoxic effects were apparent using the XTT
(2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)22H-tetrazolium-5-caboxyanilide), trypan-blue exclusion,
and colony-forming assays for viability and, in addition, no variations in the frequency of Hprt
mutations were reported. Finally, the Hprt assay has also been used in V79 cells to determine the
mutagenic potential of TiO2 NPs, showing a clear dose-dependent effect [7,32]. This disparity in the
obtained results would support the view that there are many factors affecting the outcome when the
genotoxicity of NPs in general, and TiO2 NPs in particular, is evaluated. It is important to point out
that, in spite of the reported contradictory data, TiO2 NPs are well taken up by mammalian cells,
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including V79 cells. In this case, our positive uptake findings have been confirmed by a recent study
using flow cytometric analysis and TEM in the same cell line [32]. In this study TEM micrographs
showed the internalization (confirmed by SEM/EDX analysis) of TiO2 NPs in the cytoplasm inducing
ultra-structural changes such as swollen mitochondria and nuclear membrane disruption.

The ability of TiO2 NPs to produce gene mutants has also been tested using gene targets other
than the Hprt gene. Thus, the mouse lymphoma assay targeting the Tk gene was used to determine
the mutagenicity of TiO2 NPs, with negative results [33]. These negative results were obtained
independently of the presence/absence of the microsomal S9 fraction in the culture medium.

As previously indicated, the Hprt assay has also been used to evaluate the genotoxic potential
of other nanomaterials. Thus, by using silver nanomaterials it was shown that such NPs were
mutagenic in V79-4 cells and, interestingly, this effect depended on their size [26]. On the other hand,
amorphous silica NPs were evaluated for the detection of both Hprt mutants and ROS production in
V79 cells, with negative results [34]. Furthermore, when multi wall carbon nanotubes were tested in
the dose-range of 0.12 to 12 μg/cm2, significant cellular uptake was observed by using transmission
electron microscopy. In addition, a clear concentration-dependent increase in the induction of Hprt
mutants was seen together with a significant increase in the levels of intracellular reactive oxygen
species [20]. Finally, this gene mutation assay has also been used to detect the mutagenic potential of
nickel oxide NPs. In that case, a small but statistically significant increase in the frequency of Hprt
mutations was observed for NiO NPs but only at one of the different tested doses [21].

From our results it appears that the dispersion procedure is not a factor modulating the genotoxicity
of TiO2 NPs. Thus, there were no significant increases in the Hprt gene mutation frequency when the
two different methods in our study were applied. These results would agree with those reported using
the same TiO2 NPs, where no increases in the frequency of micronuclei in TK6 cells, rat bone marrow
erythrocytes, or human lymphocytes were observed following three different dispersion procedures [35].
In the same study, using the comet assay, TiO2 NPs dispersed in a stable, non-agglomerated state were
able to induce DNA strand breaks in human white blood cells, although no increases in levels of DNA
oxidation were seen. The overall conclusion of that study is that NPs in an agglomerated state were
unable to cause DNA damage. The observed differences in the results obtained with the different
assays can be consequences of the differences in the mechanisms underlying the genotoxic effects
detected by the different assays [35]. The dispersion procedure not only can affect genotoxicity but
also toxicity. The levels of agglomeration/aggregation of NPs and their size distribution depends on
the dispersion procedure, and on the use of serum in stock solution. In our case, DP1 using FBS gave a
relatively stable dispersion of TiO2 NPs, while with the second procedure DP2, rapid formation of
TiO2 NP agglomerates occurred in the testing medium as measured by DLS, as well as by TEM [13].
Our results show also a discrepancy in measurement of size distribution and stability of dispersion in
exposure medium between NTA and DLS measurements, implying that DLS gives a more realistic
measure of extrinsic properties of NPs, compared with NTA.

Independently of the results obtained in this study, a procedure giving more stable dispersion
should be preferred, so as to avoid false negative data that may be caused by the uptake difficulties
associated with big agglomerations/aggregations.
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Abstract: Titanium dioxide nanoparticles (NPs-TiO2 or TiO2-NPs) have been employed in many
commercial products such as medicines, foods and cosmetics. TiO2-NPs are able to carry antibiotics
to target cells enhancing the antimicrobial efficiency; so that these nanoparticles are generally used in
antibiotic capsules, like lincomycin, added as a dye. Lincomycin is usually used to treat pregnancy
bacterial vaginosis and its combination with TiO2-NPs arises questions on the potential effects on
fetus health. This study investigated the potential impact of TiO2-NPs and lincomycin co-exposure on
human amniocytes in vitro. Cytotoxicity was evaluated with trypan blue vitality test, while genotoxic
damage was performed by Comet Test, Diffusion Assay and RAPD-PCR for 48 and 72 exposure
hours. Lincomycin exposure produced no genotoxic effects on amniotic cells, instead, the TiO2-NPs
exposure induced genotoxicity. TiO2-NPs and lincomycin co-exposure caused significant increase of
DNA fragmentation, apoptosis and DNA damage in amniocytes starting from 48 exposure hours.
These results contribute to monitor the use of TiO2-NPs combined with drugs in medical application.
The potential impact of antibiotics with TiO2-NPs during pregnancy could be associated with adverse
effects on embryo DNA. The use of nanomaterials in drugs formulation should be strictly controlled
in order to minimize risks.

Keywords: titanium dioxide nanoparticles; lincomycin; human amniotic cells; in vitro genotoxicity;
apoptosis; DNA damage

1. Introduction

The toxicology and safe application of the recently developed nanoparticles (NPs) have raised
great interest in the last years. There is a growing demand on the use of these NPs in different
industries due to some physicochemical properties: small size, large surface area, redox potential,
photocatalytic and quantum properties [1–4]. NPs can easily be released and enter human body
during the use of commercial products. It has emerged that all types of NPs tested are able to cross
the placental barrier [5–7]. Notably, the pregnant women cannot avoid exposing to them. Several
studies have shown toxicity and genotoxicity of a wide range of engineered nanoparticles [8–13],
consequently this aspect has raised concerns regarding the health of exposed organisms. Among
nanomaterials, titanium dioxide nanoparticles (TiO2-NPs) are the most commonly used. TiO2-NPs
are applied in medicine as photosensitizer for photodynamic therapy [2,14], drug delivery [15,16]
biomedical ceramics [17] and implant biomaterials [18], in foods [19], in cosmetics as sunscreen,
toothpaste and personal care products [20–22], in sterilization and in paint industry [23,24]. NPs-TiO2
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are inert and poorly soluble nanoparticles that can be absorbed by living organisms generally by oral
ingestion, this is the main way of absorption as they are used a food additive, in toothpaste, capsules,
and various foods [25]. Regarding the extensive application of TiO2-NPs in everyday life, the question
arises as to whether this nanoparticle has detrimental effects on human health. Human exposure to
TiO2-NPs may also occur through inhalation and ingestion, and then penetrate into the circulatory
system and reach other organs (liver, spleen, lungs, brain and testis) [26–28]. TiO2-NPs exposure causes
ovarian and female reproductive system dysfunction in mice [29]. These nanoparticles, like all types of
tested NPs, are able to cross the placental barrier and induce damage [6]. TiO2-NPs prenatal exposure
could increase the risk of gestational diabetes, in fact nanoparticles increase maternal fasting blood
glucose levels due to gut microbiota alterations [30]. Some studies have also shown that TiO2-NPs can
be transferred from pregnant mice to their offspring and affect mice hippocampus by degeneration,
necrosis, and the absence of axonal outgrowth of offspring neurons. This suggested that maternal
exposure to TiO2-NPs caused learning and memory decline in offspring by decreasing the number of
neurons and inhibiting axonal and dendritic outgrowth of hippocampal neurons [31]. Furthermore,
the TiO2-NPs induce behavioral deficits related to autism spectrum disorder and neurodevelopmental
disorders [32]. The gestational exposure to TiO2-NPs impairs the growth and development of placenta
in mice with a mechanism that seems to be involved in vascularization, proliferation and apoptosis
pathways [33]. These alterations cause pregnancy complications, fetal growth retardation and adverse
birth outcomes [34], associated with embryonic and bone toxicity due to TiO2-NPs accumulation in
fetal mice. These effects may be due to the direct or indirect role of TiO2-NPs interfering with Ca, Zn,
and other metabolic processes [35]. NPs-TiO2 induce cytotoxicity and reduce mitotic index in human
amniotic fluid cells perturbing cells adhesion ability [36]. One of the most worrying characteristics
of NPs-TiO2, as for all NPs, is their ability to carry any type of substances to the target cells, thus
determining a greater effectiveness of the molecule carried, which does not spread throughout the body,
but acts directly on the intended target. At the same time, the transport of a toxic substance could
improve its toxicity and/or genotoxicity (“Trojan horse” effect) [13,37–40]. The substances, potentially
carried by NPs, can be environmental pollutants such as heavy metals or even drugs. This effect
is also used in medicine to deliver drugs to target organs. In fact, one approach for increasing
the antimicrobial efficacy of antibiotics, without raising the overall dose, is to increase the local
targeting concentration by conjugating antibiotics with nanoparticles [41,42]. So, the application of
nanoparticles has emerged as an option in the control of bacterial infections in many drugs, that present
titanium dioxide as a coloring additive of the capsule, such as lincomycin.

Lincomycin and its derivatives (clindamycin) are antibiotics widely used in clinical practice for
the treatment of bacterial infections, in particular those caused by anaerobic species. Lincomycin is
bacteriostatic, inhibiting protein synthesis in sensitive bacteria (especially Gram-positive and also
protozoans), and bactericidal if used at higher concentrations [43]. Lincomycin and clindamycin are
usually used in treatment for bacterial vaginosis in pregnancy, where the normal vaginal microbiota is
replaced by a mixed anaerobic microbiota. Bacterial vaginosis may be associated with an increased
risk of spontaneous preterm delivery and other complications during pregnancy [44,45], and then
the treatment is necessary.

Given the importance of maternal and fetus health during pregnancy, investigation on
possible effect of TiO2-NPs on amniotic fluid cells will give important information about TiO2-NPs
biohazards [36,46]. Therefore, the amniotic cells have been chosen as a model in this study with
the aim to assess the effects of titanium dioxide nanoparticles and lincomycin. Lincomycin has
been used alone and in combination with TiO2-NPs to demonstrate the ability of nanoparticles to
influence the antibiotic action and also to detect the possible “Trojan horse” effect. Cytological effects
and genotoxic damage have been evaluated through the trypan blue vitality test, Comet and Diffusion
Assay and the RAPD-PCR technique for two exposure times (48 and 72 h).
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2. Materials and Methods

2.1. Chemicals

Titanium dioxide nanoparticles (Aeroxide) were supplied by Evonik Degussa (Essen, Germany;
Lot. 614061098). Aeroxide has been 99.9% pure certified and is a blend of 75% rutile and 25%
anatase forms with a dimensional average of 21 nm. The preparation of the TiO2-NPs stock solution
(10.0 mg/L) was performed according to literature data [13,38]. Briefly, TiO2-NPs solution underwent,
ultrasonication to disperse nanoparticles and to eliminate agglomeration. Sonication was carried out
in medium (Millipore) for 3 h (40 kHz frequency, Dr. Hielscher UP 200S, Germany). UV–Vis spectra
were acquired in the range of 200–600 nm by a Shimadzu UV-1700 double beam spectrophotometer.
No absorption was detected in the range 300–400 nm, where characteristic peaks for TiO2-NPs
nanoparticles aggregates are known to appear [11,13]. Lincomycin (CAS 7179-49-9, 99% purity)
was provided from Sigma-Aldrich. This product was provided as delivered and specified by the issuing
Pharmacopoeia. All the substances tested were dissolved in DMSO (dimethylsulfoxide, CAS. 67-68-5).

2.2. Chromatographic Analysis

Chromatographic analysis was carried out using an Agilent 1260 Infinity II HPLC system equipped
with 1260 Infinity II VL quaternary pump, and 1260 Infinity II DAD WR diode array detector. CDS LC
ChemStation OpenLAB Software was used for data acquisition and analysis.

Separation was achieved using Phenomenex Luna Phenyl-Hexyl, 150 × 2 mm i.d. column (3.0 μm
particle size) using a gradient of water (A) and acetonitrile (B), both with 0.1% formic acid. Starting
with 10% B, a linear gradient was followed to 25% B in 6.0 min, and held at 25% B for other 1.0 min.
Finally, starting conditions were restored and the system re-equilibrated for other 1 min. The total
analysis time was 8.0 min, the flow rate was 0.3 mL min−1. Injection volume was 5.0 μL.

2.3. Cell Culture and Exposure Procedure

The human amniotic cells were collected from amniotic fluid of pregnant women undergoing
prenatal diagnosis for possible chromosomal abnormalities as a routine procedure during
the mid-trimester (15–18 weeks of gestation) at Sant’ Anna e San Sebastiano Hospital (Caserta, Italy).
Amniotic fluid was collected from pregnant women after written informed consent which was
obtained from all participants or their legal guardians, in compliance with the Declaration of Helsinski.
Amniotic fluid samples were centrifugate at 1500 rpm for 10 min and suspended into a medium
specific for amniocytes growth (Amniomed®Plus, EuroClone). This medium is a complete medium
which contains L-glutamine, FBS, phenol red, sodium bicarbonate, antibiotics and all the necessary
growth factors for optimal and selective amniocytes growth. The conditions for the proliferation of
amniocyte clones (temperature: 37 ◦C; pH: between 7.2–7.4; CO2: 5%) onto a plastic culture flask
(surface of 25 cm2) are selected according to Ascar and collaborator, 2015 [36]. The obtained primary
culture amniotic cell was tripsinized, harvested for metaphase spreads and analysed for prenatal
diagnosis. After performing prenatal diagnosis, 32 secondary culture amniotic cell (sub-cultures)
were then allowed to expand until clones >50 cells formed reaching the cell confluence. Clones were
pooled, centrifuged at 1500 rpm for 10 min and suspended into medium and replated on plastic
culture flask. When the sub-cultures reached the confluence, the cells were trypsinized with 1 mL of
1 X trypsin-EDTA (Microgem Cat. L0930-100) and divided in four experimental groups: one flask
treated with 10 μg/L of TiO2-NPs, one with 100 mg/L of lincomycin, one with 10 μg/L of TiO2-NPs
plus 100 mg/L of lincomycin, and the last one with 20 μl of DMSO as negative control. As a positive
control, 10 mM of H2O2 was used. We used a single concentration of TiO2-NPs antibiotic according to
our previous genotoxic studies [11,47]. Time exposure were 48 and 72 h. The same cells pool has been
used across all assays and experiments. Incubation was performed as described above. All experiments
were performed in triplicate.
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2.4. Viability Assay

Amniotic cell viability was assessed by blue trypan assay according to literature data [48]. A cell
suspension was mixed with 0.4% dye and examined on a slide with optical microscope to discriminate
cells that incorporate the dye from cells that exclude it. A viable cell will have a clear cytoplasm
whereas a nonviable cell will have a blue cytoplasm.

2.5. Comet Assay

DNA strand breaks in human amniotic cells have been evaluated by Comet assay [49]. The Comet
assay provided the trypsinization of cell samples and then centrifugation at 2000 rpm for 5 min,
the pellet was re-suspended in 200 μL of physiological solution. So, the amniotic cells have been mix
with the Low Melting Point Agarose (0.5%) and were included into Normal Melting Agarose (1%)
layers on slides. After overnight incubation in the cold lysis solution (NaCl 2.5 M, Na2EDTA 0.1 M,
Tris-Base 0.4 M, TRITON-X100 1%, DMSO 10%, pH 10), the slides were site for 10 min in alkaline buffer
(NaOH 10N, EDTA 200 mM, pH 12.1), then were exposed to electrophoresis (25V,300 mA) for 15 min.
Finally, the slides were fixed in cold methanol, stained with 30% ethidium bromide and observed
by the fluorescence microscope with 60X magnification (Nikon Eclipse E-600). Comet assay was
performed in triplicate. The images were acquired by means of the “OpenComet” software [50].
The parameter considered was the percentage of damaged DNA present in the comet tail (% Tail DNA).
Highly damaged cells, also known as ghost cells or clouds, have been excluded from analysis because
they artifactually increase the apparent DNA fragmentation due to actual genotoxicity. In fact, the ghost
cells detected after the treatments were due both to the genotoxic damage and to the apoptosis induced
by these substances, so they do not allow to discriminate the two processes [51].

2.6. Diffusion Assay

Diffusion assay protocol is the same as the Comet Assay, but the cell slides do not undergo
electrophoresis. This assay showed the apoptotic cells that are characterized by irregular contours
with nuclei with highly dispersed DNA. The nuclei of the necrotic cells, on the other hand, are larger
and not well defined [52]. Diffusion assay was performed in triplicate. The Diffusion assay slides were
scored by subdividing the degree of DNA diffusion pattern in five classes of damage as reported by
Cantafora and collaborator in 2014 [53] and we considered only class 5 (apoptotic cell).

2.7. RAPD-PCR Technique

Amniotic cell DNA was isolated from 200 μl of all treated cell suspension using the High pure
PCR template preparation Kit (ROCHE Diagnostics) according to the manufacturer’s instructions to
guarantee a sufficiently pure extraction to produce a good quality RAPD-PCR profile. The amplification
DNA protocol was conducted through primer 6 (5′-d[CCCGTCAGCA]-3′) [54]. The amplification
program provides one first step at 94 ◦C for 2 min, then 1 min at 95 ◦C, 1 min at 36 ◦C and 2 min
at 72 ◦C, for 45 cycles. The reaction products were analysed by means of electrophoresis on 1,5%
agarose gel and examined after gel staining with 1% ethidium bromide. The RAPD-PCR profiles have
polymorphic patterns that allow the calculation of the template genomic stability (GTS%) as follows:

GTS = (1 − a/n) × 100

where a is the average number of polymorphic bands found in each treated sample and n is the total
number of bands in the negative control. Appearance of new bands and disappearance of bands
are polymorphism detected in RAPD-PCR profiles, which are analysed by comparison to the control
sample. The average is calculated for each sample exposed to different molecules. The variations of
these values are estimated as a percentage respect to the control set to 100% [13].
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2.8. Statistical Analysis

The data were expressed as mean and standard deviation (SD). Differences in the percentage of
cell viability, DNA damage and apoptosis genomic stability among the experimental groups were
analyzed with the unpaired Student’s t-test using GraphPad Prism 6. Only results with p-value ≤ 0.05
were considered statistically significant.

3. Results

3.1. Characterization and Analytical Determinations

Culture media respectively enriched in lincomycin, TiO2-NPs and TiO2-NPs combined with
lincomycin underwent chromatographic separation (Figure 1) and UV spectra for chromatographic
peaks were extracted. The spectrum of pure lincomycin showed a weak absorbance, with a maximum
at 195 nm.

Figure 1. Representative chromatograms of lincomycin, TiO2-NPs and TiO2-NPs + −72h.
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In order to verify TiO2-NPs and lincomycin interactions, TiO2-NPs absorbance was also acquired in
the range 190–250 nm. Two bands were detected, the first one (herein described as Band I) was at 196 nm,
whereas the second (Band II) at 240 nm (Figure 2).

Extracted UV spectra of TiO2-NPs and lincomycin combination showed a hyperchromic effect.
In fact, a single peak was detect, with a retention time almost superimposable to that of TiO2-NPs.
Indeed, it was observed that a time-dependent increase of TiO2-NPs Band I absorbance (Figure 3).

Figure 2. Extracted UV spectra of lincomycin (A), and TiO2-NPs (B) in the range 190–250 nm.

78



Nanomaterials 2019, 9, 1511

Figure 3. Extracted UV spectra of TiO2-NPs + lincomycin in the range 190–250 nm at (A) t = 0h; (B) t =
48h; (C) t = 72h.

3.2. TiO2-NPs Reduces Amniotic Cells Viability

48 and 72 exposure hours to TiO2-NPs statistically significant reduced amniotic cell viability.
The exposure to TiO2-NPs plus lincomycin did not induce a statistically significant changes in viability
(Figure 4).

Figure 4. Percentage of alive amniotic cells (ordinate) after 48 h exposure time (A) and after 72 h
exposure time (B) to TiO2-NPs, lincomycin and their combination (abscissa). The dark bar is negative
control; the white bar is 10 μg/L TiO2-NPs treated cells; the dark grey bar is 100 mg/L lincomycin
treated cells; the light grey bar is 10 μg/L TiO2-NPs + 100 mg/L lincomycin treated cells; the striped bar
is 10 mM H2O2 treated cells. * p ≤ 0.05.

3.3. TiO2-NPs and Lincomycin Co-Exposure Induces an Increase of Amniocyte DNA Fragmentation

The results from Comet Assay showed a statistically significant increase of cell DNA fragmentation
after 48 and 72 h exposure to TiO2 nanoparticles alone and in combination with lincomycin. The exposure
to lincomycin did not show statistically significant DNA damage (Figure 5).

79



Nanomaterials 2019, 9, 1511

Figure 5. Percentage of DNA in the tail of the comet in amniotic cells (ordinate) after 48 h exposure
time (A) and after 72 h exposure time (B) to TiO2-NPs, lincomycin and their combination (abscissa).
The dark bar is negative control; the white bar is 10 μg/L TiO2-NPs treated cells; the dark grey bar is
100 mg/L lincomycin treated cells; the light grey bar is 10 μg/L TiO2-NPs + 100 mg/L lincomycin treated
cells; the striped bar is 10 mM H2O2 treated cells. * p ≤ 0.05.

3.4. TiO2-NPs in Combination with Lincomycin Cause Amniotic Cells Apoptosis

The data from Diffusion assay did not show statistically significant apoptotic damage induced
by lincomycin. The exposure to TiO2-NPs and co-exposure to TiO2-NPs and lincomycin after 48
and 72 h induced a statistically significant increase of apoptotic amniotic cells (class 5) with respect to
the negative control (Figure 6).

Figure 6. Percentage of apoptotic cells after (ordinate) after 48 h exposure time (A) and after 72 h
exposure time (B) to TiO2-NPs, lincomycin and their combination (abscissa). The dark bar is negative
control; the white bar is 10 μg/L TiO2-NPs treated cells; the dark grey bar is 100 mg/L lincomycin
treated cells; the light grey bar is 10 μg/L TiO2-NPs + 100 mg/L lincomycin treated cells; the striped bar
is 10 mM H2O2 treated cells. * p ≤ 0.05.

3.5. TiO2-NPs and Lincomycin Determines a Change of DNA Polymorphic Profiles

The RAPD-PCR analysis showed a variation of the polymorphic profiles of the amniotic cell
DNA exposed to TiO2-NPs and lincomycin after 48 and 72 exposure hours respect to the DNA of
the not-treated amniotic cells. 48 h exposure to lincomycin and TiO2-NPs induced the variation of
one and two bands respect to control polymorphic profiles respectively. Co-exposure to lincomycin
and TiO2-NPs induced the loss of two bands respect to the control. 72 h exposure to lincomycin
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determined the gain of a band, instead TiO2-NPs treatment caused three bands variation; lincomycin
and TiO2-NPs combination showed the variation of two bands (Table 1).

Table 1. Molecular sizes (bp) of appeared and disappeared bands after amplification with primer P6 in
amniotic cell DNA exposed to the TiO2-NPs and lincomycin. *Control bands are at: 200, 300, 320, 400,
500, 520, 700, 950 bp.

Substances Concentration Hours of Exposure Gained Bands * Lost Bands *

TiO2-NPs 10 μg/L 48
72

850, 530
650

-
320, 400

Lincomycin 100 mg/L 48
72

-
650

400
-

TiO2-NPs 10 μg/L + Lincomycin 100 mg/L 48
72

-
650

400, 520
300

3.6. TiO2-NPs and Lincomycin Co-Exposure Decreases Amniotic Cells Genomic Stability

The polymorphic profiles obtained by RAPD-PCR were used to evaluate the percentage of genome
stability in human amniotic cells exposed to TiO2-NPs alone and in combination with lincomycin
in vitro. 48- and 72 h exposure to TiO2 nanoparticles and co-exposure with lincomycin induced
a statistically significant reduction in genomic stability (Figure 7).

Figure 7. Changes in percentage of Genome Template Stability (ordinate) in amniotic cell DNA after
48 h exposure times (A) and after 72 h exposure time (B) to TiO2-NPs, lincomycin and their combination
(abscissa). The dark bar is negative control; the white bar is 10 μg/L TiO2-NPs treated cells; the dark grey
bar is 100 mg/L lincomycin treated cells; the light grey bar is 10 μg/L TiO2-NPs + 100 mg/L lincomycin
treated cells; the striped bar is 10 mM H2O2 treated cells. * p < 0.05.

4. Discussion

The nanoparticles large-scale application has raised the attention on the possible adverse effects
on the exposed organism’s health. Titanium dioxide is among the most used nanoparticles in different
industrial sectors. NPs-TiO2 can penetrate in different internal organs through inhalation and ingestion
and consequently accumulate inducing DNA damage, ROS production, apoptosis and change in cell
cycle and nuclear membranes [55–58]. TiO2-NPs are able to diffuse through the protective cellular
barriers, such as a placental barrier, and may also involve risks to human health. On that regard it is
needed an in-depth investigation of their possible toxicological effects. In an ex-vivo human placental
perfusion model, Wick and collaborators [59] demonstrated the uptake of nanosized fluorescently
labeled polystyrene beads of 50, 80, 240, and 500 nm across the placental barrier. Also, in animal models,
the translocation of TiO2-NPs has been reported in brain of prenatally exposed mice. Since the blood
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barriers are underdeveloped in the fetus, the nanoparticles could easily pass into brain during the early
stages of fetal development [60]. In the study conducted by Saquib and collaborators [46], the DLS data
revealed the formation of TiO2-NPs aggregates in the RPMI cell culture medium, which were also found
to be internalized in the TEM images of the treated human amniotic cell lines. These aggregated NPs,
in culture medium, have been reported to enter into cells, such as human amniotic cells, mainly through
endocytosis. Their localization in the vacuoles and cell cytoplasm of the exposed cells corresponds
well with the observations of Hussain and collaborators [61,62]. In order to safeguard and protect
pregnant women and fetus health, the knowledge of the toxic/genotoxic mechanisms of NPs-TiO2

and their association with drugs is very important. The unnecessary supplementation of drugs
and commercial products with TiO2-NPs should be restrained during pregnancy until its detrimental
effects on embryo development have been clarified. The present work investigated the genotoxic effect
of titanium dioxide-NPs and lincomycin on human amniotic fluid cells in vitro. The results show that
lincomycin exposure has no toxic/genotoxic effects on amniotic cells; differently, TiO2-NPs exposure
induced an increase of DNA strand breaks, a reduction of cells viability, a loss of DNA stability
and apoptosis for each time tested (48–72 h). Each type of cell has its own vulnerability to NPs; in fact,
the metabolic rate, the antioxidant enzyme machinery and DNA repair capabilities of each cell type
responded differently based on the concentration of TiO2-NPs, which induced different toxicity levels.
Moreover, several crystalline forms of NP-TiO2 and the aggregation of NPs determined a change in
their effects due to the increase in their size. Sadhukha and collaborators [63] showed how particle
size is a determining factor in biological functions, demonstrating how well-dispersed nanoparticles
induce apoptosis while aggregates show different effects.

In order to protect the cell, we suggest that DNA repair activity would be activated as a consequence
of DNA damage in cells exposed to TiO2 nanoparticles. This response could be different related to
the exposure time and dosage. The results of this study are in accordance with Boland and collaborators [64]
who only investigated the effect of short-term exposure to TiO2-NPs and demonstrated how titanium
dioxide nanoparticles are harmful to cell survival by activating an exuberant apoptotic response. The latter,
to be activated, it requires the internalization of the TiO2 nanoparticles since the accumulation in lysosomes
leads to their rupture and to the release of hydrolases such as cathepsins and intracellular ROS production.
The primary mechanism of NPs induced toxicity is due to oxidative stress, resulting in damage to cellular
membranes and biological macromolecules [65–68]. Our results have demonstrated that the TiO2-NPs
induced DNA damage in amniocytes at a concentration of 10 μg/L. Thus, the dose comparison of
our study with earlier reports [69,70] suggests the induction of oxidative stress in human amniotic derived
fluid cells at relatively lesser concentrations of TiO2-NPs. Furthermore, the nanomaterials released in
the cytoplasm allow their access to essential biomolecules causing damage. In addition, the nanoparticles
can reach the nucleus, in fact, a high fragmentation was also found by Patel and collaborators in 2017 [71].
The authors showed that exposure to ·OH significantly increases damage to the DNA, which was
quantified as a moment and as a percentage of DNA in the tail, in peripheral blood lymphocytes.
NPs-TiO2 could induce ·OH radicals which are probably responsible for the DNA damage in the exposed
cells [72]. There are contradicting results in literature on exposure with different NPs at different stages of
embryo development and also with the differences in experimental models [73–75]. This raises a concern
for pregnant women who could be exposed unconsciously due to the environmental spread of these
nanoparticles, in fact, one of the main exposures for the general population is through food consumption
products, even from food packaging [76]. This study investigation shows that the co-exposure TiO2-NPs
and lincomycin induced genotoxic effects without any cytotoxic one; in fact the co-exposure times
affected the cell survival and induced changes in genetic material which do not cause cytotoxic effects.
However, this mechanism has not been clarified and needs further investigations. Human amniocyte
co-treated with TiO2-NPs and lincomycin showed the increase of DNA fragmentation, induction of
apoptotic process and DNA damage. The results of Comet Assay demonstrate that the co-exposure
induced a statistically significant increase of DNA strand breaks starting from 48 exposure hour. The data
obtained by Diffusion assay highlighted the increase of amniotic cell apoptosis from 48 to 72 exposure
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hours after TiO2-NPs and lincomycin co-exposure. Similarly, the DNA genomic stability was statistically
reduced after the co-exposure.

However, we stress that although co-exposure induces genotoxic effects, the latter are still lower
than the exposure to TiO2-NPs alone. The results of this work suggested that the combination of
TiO2-NPs and lincomycin cause an intermediate level of genotoxicity to amniocytes compared
to the exposure of each single compound which by themselves are quite toxic to these cells.
Nevertheless, the combination tested produce less toxicity that the same quantity of NPs probably
because the co-exposure could affect the bioavailability of the NPs or their biophysical characteristics
(e.g., aggregability). In fact, extracted UV spectra of lincomycin and TiO2-NPs showed that when media
with TiO2-NPs combined with lincomycin was injected, in each chromatogram, a single peak was
detected and its retention time seemed almost superimposable to that of TiO2-NPs. The observation
of this hyperchromic effect, together with the disappearance in the HPLC chromatogram of the peak
related to pure lincomycin, allowes us to hypothesize the interactions have been established.
Therefore, the results demonstrate that the combination of TiO2-NPs and lincomycin leads to
the aggregate formation reducing the genotoxcity compared with the dispersed nanoparticles.

The loss or gain of genotoxicity drugs and/or pollutants carried by titanium dioxide nanoparticles
could depend on the molecule carried and media, determining or not the “Trojan horse effect”.
However, the experimental evidence on “Trojan horse effect” is conflicting, in fact, it has been
demonstrated no interaction of the TiO2-NPs with organic pollutants (CdCl2 and dioxin) in Dicentrarchus
labrax in sea water [38,39]. Instead, TiO2-NPs reduced CdCl2-induced effects and DNA damage in
Mytilus galloprovincialis, whereas, additive effects were no observed [31]. According to these reports,
our results suggest the absence of synergistic effect after co-exposure to TiO2-NPs and lincomycin on
human amniotic cells, rather co-exposure reduces the TiO2-NPs genotoxicity. Considering that Trojan
horse effect is controversial, it could be hypothesized that these nanoparticles could influence the activity
of the lincomycin in such a way that could improve its efficacy and thus lead to dosage reduction.

The exposure to TiO2-NPs during pregnancy should be thoroughly investigated and exposure
to NPs must be prevented or minimized. Nevertheless, it must be considered that the behavior of
the substances tested is relative to an in vitro system that use a single concentration substances, so, it is
necessary to complement the in vitro testing by performing a complete genotoxicity assay on a large
range of concentrations and by accurately assessing the level of cytotoxicity; then, by performing
methodologies able to display relevant genetic events (mutagenesis, chromosomal aberrations). In this
way, a complete in vitro genotoxicity profile will be available. As a result, further studies on other
in vivo models could be considered to clarify this aspect, so as to carry out prevention interventions on
maternal exposure. The data assume that the genotoxicity studies of NPs must be recommended during
a comprehensive assessment of the safety of TiO2-NPs and novel types of NPs and nanomaterials.
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Abstract: Tungsten was chosen as a wall component to interact with the plasma generated by the
International Thermonuclear Experimental fusion Reactor (ITER). Nevertheless, during plasma
operation tritiated tungsten nanoparticles (W-NPs) will be formed and potentially released into the
environment following a Loss-Of-Vacuum-Accident, causing occupational or accidental exposure.
We therefore investigated, in the bronchial human-derived BEAS-2B cell line, the cytotoxic and
epigenotoxic effects of two types of ITER-like W-NPs (plasma sputtering or laser ablation), in their
pristine, hydrogenated, and tritiated forms. Long exposures (24 h) induced significant cytotoxicity,
especially for the hydrogenated ones. Plasma W-NPs impaired cytostasis more severely than the laser
ones and both types and forms of W-NPs induced significant micronuclei formation, as shown by
cytokinesis-block micronucleus assay. Single DNA strand breaks, potentially triggered by oxidative
stress, occurred upon exposure to W-NPs and independently of their form, as observed by alkaline
comet assay. After 24 h it was shown that more than 50% of W was dissolved via oxidative dissolution.
Overall, our results indicate that W-NPs can affect the in vitro viability of BEAS-2B cells and induce
epigenotoxic alterations. We could not observe significant differences between plasma and laser
W-NPs so their toxicity might not be triggered by the synthesis method.

Keywords: tungsten; nanoparticles; tritiated particles; in vitro testing; cytotoxicity; micronuclei
formation; DNA damage; epigenetics; DNA methylation; BEAS-2B cells.

1. Introduction

Thermonuclear fusion could potentially represent an unlimited carbon-free source of energy.
The International Thermonuclear Experimental fusion Reactor (ITER) project is—at present—exploiting
this hypothesis. Based on the current configuration of the ITER fusion plant, tungsten (W) will be the
main component of the divertor of the tokamak reactor, the place where the maximum of energy is
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deposited. Among other materials, W has been chosen thanks to its robustness, its elevated melting
point and its resistance to erosion by the tokamak plasma [1]. Nevertheless, tritiated particles will be
formed with a theoretical size ranging from tens of nm to tens of micrometers. The safety of reactor’s
workers and of those living in the nearby area is ensured by High Efficiency Particulate Air (HEPA)
filters. Their function is to prevent environmental contamination and occupational or accidental
exposure to W particles. However, HEPA filters have a lower retention capability for particles in the
100–500 nm range [2], so a fraction of the ITER-derived W nanoparticles (W-NPs), might escape the
reactor in the case of Loss-Of-Vacuum-Accident (LOVA) and disperse into the environment.

Even if W is used in different applications ranging from military use to diagnostics and therapeutic
medical devices, from electronics to tanning processes, there is no consensus on its toxicity mechanisms
mainly due to its possible redox transformation. Up to now, W has been studied under different
forms such as tungsten carbide (WC) alloys doped with cobalt (WC-Co), sodium tungstate (Na2WO4),
tungsten (VI) oxide nanoparticles (WO3NPs), and metallic W.

The soluble Na2WO4 (W6+) was able to induce apoptosis and cell cycle blockage in human
peripheral lymphocytes [3] and, by enhancing the expression of genes related to cancer and
inflammation, to alter gene expression in the bronchial human-derived BEAS-2B cell line [4]. WO3NPs
(W6+) impaired the viability of human-derived lung alveolar A549 cells, enhanced DNA damage and
micronuclei formation, as well as ROS production and apoptosis [5].

In contrast, more information is available on WC-Co alloys, classified as probably carcinogenic
in humans (Group 2A) by the International Agency for Research on Cancer [6]. In BEAS-2B cells,
WC-Co was shown to reduce the cellular viability in a time and concentration related manner. When
comparing micrometric and nanometric particles, it was observed that only nano-WC-Co caused actin
rearrangements and was internalized by BEAS-2B cells [7]. The very same WC-Co particles were
reported to impair the cellular viability and increase the secretion of pro-inflammatory cytokines
more severely in BEAS-2B than in co-cultures with a monocytic cell line as THP-1 cells or in THP-1
monocultures. These results were explained by suggesting that THP-1 cells might somehow protect
the epithelial BEAS-2B cells from the toxic mechanisms exerted by WC-Co [7]. A cell-related effect of
WC-Co was also observed in other studies [8–10]. Bastian et al. reported that the A549 cell line was less
affected by WC-Co particles than other cell types such as the intestinal Caco-2 and the skin HaCaT cells,
and that the presence of cobalt ions enhanced the toxicity of WC particles [8]. Moche et al. showed
that WC-Co is a suitable candidate as positive control in genotoxicity assays, but that cell type and
exposure length play a key role. In fact, while WC-Co particles did not provide satisfactory positive
results in L5178Y mouse lymphoma cells, freshly isolated human lymphocytes were more sensitive,
especially at short exposures (4 h) when primary DNA damage was studied, and at long exposures
(24 h) when chromosome breakage or loss was considered [9]. Finally, Paget et al. reported that A549
cells underwent less severe cytotoxicity, DNA damage, and cell cycle arrest compared to Caki-1 kidney
cell line and Hep3B liver cells, although similar WC-Co internalization was measured [10]. These
three above mentioned publications [8–10] suggest that the mechanisms triggering WC-Co cyto- and
geno-toxicity are the production of reactive oxidative species (ROS) and the different antioxidant
capability in each of the cell types investigated. As previously demonstrated, in fact, Co provides
the electrons that deposit on WC particles, thus reducing the oxygen on their surface and generating
ROS [11].

The less studied form of W is the metallic one and, to our knowledge, only one publication is
available. Machado and coauthors investigated, on A549 lung cells, the effects of mixtures of ballistic
debris containing W (W-Ni-Co and W-Ni-Fe) as well as of nanosized and of micrometric metallic W
particles [12]. Their results showed that the metallic W nanoparticles exerted severe cytotoxicity but
not as significantly as the mixture of ballistic debris, and that the micrometric metallic W did not impair
cellular viability [12].
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Altogether, the literature suggests that W can impair the integrity and the normal functioning of
in vitro cellular systems representative of different organ compartments. Nevertheless, the genotoxic
and epigenetic effects of W-NPs have not yet been fully investigated.

In this study, we used the bronchial human-derived epithelial BEAS-2B cell line [13,14] to describe
the epigenotoxicity of bench synthesized plasma sputtering and laser ablation ITER-like W-NPs.
In order to mimic the particles generated by the ITER fusion reactor, W-NPs produced by plasma
sputtering and laser ablation were hydrogenated and tritiated. Moreover, the size of our ITER-like
W-NPs resulted in the HEPA filters escape range, further enhancing the importance of our study in
an occupational risk perspective. Cell viability, evaluated via the quantification of the adenosine
triphosphate (ATP) by luminescence, and cytostasis, evaluated via the cytome version of the Cytokinesis
Block MicroNucleus assay (CBMN-cyt), showed that both plasma and laser ITER-like W-NPs are toxic
to BEAS-2B cells and that the effect was enhanced upon exposure to hydrogenated/tritiated particles.
Laser ablation-derived ITER-like W-NPs seem to exert a slightly enhanced micronuclei formation and
primary DNA damage, as shown by CBMN-cyt and alkaline comet assay, respectively. Pancentromeric
staining revealed that plasma and laser ITER-like W-NPs induced both clastogenic and aneugenic
effects. Epigenetics, in contrast, showed that laser and plasma ITER-like W-NPs had no effects on
the DNA methylation of BEAS-2B cells. Finally, oxidative stress, which has been proposed as the
factor triggering the cytogenotoxicity of other types of W compounds, has been investigated and a
significant alteration of the oxidized/reduced glutathione content was detected. Since more than 50%
of W exhibits oxidative dissolution, the role of W6+ species must be considered in the biological effects.

2. Materials and Methods

2.1. Reagents

LHC-9 and LHC basal medium, Bovine Serum Albumin (BSA), fibronectin, collagen, PBS,
and Trypsin-EDTA were purchased from Thermo Fisher Scientific (Illkirch, France). CellTiter-Glo®

Luminescent Cell Viability Assay and GSH-Glo™ Glutathione Assay were purchased from Promega
(Charbonnières-les-Bains, France). All other reagents were purchased from Sigma-Aldrich (St. Quentin
Fallavier, France).

2.2. Particles Synthesis and Suspensions Preparation

Two synthesis methods were used to produce ITER-like W-NPs with different physico-chemical
properties: magnetron plasma sputtering and gas condensation (plasma W-NPs), and laser ablation
(laser W-NPs). Detailed description of the production set-up and morphology, composition,
and crystalline structure were already described [15–17]. Given the characteristics of the tokamak that
will operate at ITER, particles of irregular shape and of smaller size than those produced by other
already existing W-based tokamaks are expected. Plasma sputtering and laser ablation were thus
believed to be the two synthesis methods that can produce W-NPs that most likely will resemble those
generated during ITER operation.

Plasma-derived ITER-like W-NPs were produced in a cluster source by condensation of the
metal vapors supplied into argon gas flow by radio-frequency (13.56 MHz) magnetron sputtering
discharge [18]. The metallic clusters produced were collected on a dedicated substrate.

Laser-derived ITER-like W-NPs were produced using laser power density deposition on a tungsten
target, a dust production technique with relative simplicity and flexibility was developed in preliminary
projects [19] and upgraded for the specific requirements of this study. Absorption of the laser energy
in the W metallic structure triggers the excitation of free electrons, and this energy is relaxed in the
matrix through a thermic wave conveyed by phonons. The brief and intense heat source at the surface
of an ITER grade W sample submitted to the laser impulses allows the formation of particles by two
processes: ejection of melted material or accretion of particles in the plasma formed in the heated
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volume. We used a picosecond laser of wavelength 1064 nm, frequency 10 Hz, pulse energy density
5 J/cm2, and pulse duration 50 ps to produce laser W-NPs [15].

The physical and chemical stability of the W-NPs in biological media were assessed by mean
of Dynamic Light Scattering (DLS) using the Mastersizer S (Malvern Panalytical; Orsay, France) and
dissolution experiments [17]. The chemical analysis of W in the suspension was performed within
inductively coupled plasma mass spectrometry (ICP-MS) (Perkin Elmer Nexion 300; Villebon-sur-Yvette,
France). H2O2 solutions at room temperature for 24 h were used to digest the solid forms of W solid
forms via a total oxidation. The dissolved W species were isolated by combining two filtration stages
at 25 and 20 nm [17].

In the facility where radioactive species were manipulated, all the equipment necessary to
investigate the physico-chemical properties and the cyto-epi-genotoxic potential of tritiated W-NPs
were not available. We therefore included in our study both the pristine and the hydrogenated forms
of laser and plasma W-NPs. Pristine is the form in which W-NPs were bench produced; hydrogenated
W-NPs were investigated because they are equivalent to the tritiated ones, but not radioactive. Their
lack of radioactivity allowed us to thoroughly study them even in the absence of a dedicated facility.

2.3. Cellular Model

The transformed human bronchial epithelial BEAS-2B cell line (ATCC CRL #9609; LGC Standards
Sarl, Molsheim, France) was cultured in sterile tissue culture treated flasks or plates pre-coated
with LHC basal medium supplemented with BSA (0.01 mg/mL), human fibronectin (0.01 mg/mL),
and collagen (0.03 mg/mL). The cultured cells were maintained in LHC-9 medium under standard
cell culture conditions (37 ◦C in 5% CO2 at 95% humidity) and passaged before confluence by trypsin
(0.25%)-EDTA (2.6 mM).

For the experiments with tungsten, BEAS-2B cells were exposed for 2 h and/or 24 h to increasing
concentrations (0–150 μg/mL) of plasma and laser ITER-like W-NPs.

2.4. Cytotoxicity Assessment

Intracellular ATP. The viability of BEAS-2B cells was indirectly evaluated via the in vitro
quantification of intracellular ATP produced by metabolically active cells upon exposure to W-NPs
(1–150 μg/mL). The CellTiter-Glo® Luminescence Cell Viability Assay was performed as previously
described [20]. Data were acquired using a GloMax® Explorer Multimode Microplate Reader
(Promega; Charbonnières-les-Bains, France). For each experimental point, three independent assays
were performed, each of them in triplicate (n = 9). The percentage of cellular viability was compared to
the unexposed control cells.

Cytostasis and cellular replication. By performing the cytome version of the Cytokinesis Block
MicroNucleus (CBMN-cyt) assay [21], adapted to the use with nanoparticles [22], cytostasis and cellular
replication were also evaluated. To assess cytostasis, the Cytokinesis Block Proliferation Index (CBPI)
was calculated by scoring mononucleated, binucleated, and multinucleated cells in the first 500 living
cells analyzed in each sample. CBPI, which indicates the average number of cell divisions completed
by the cells, was calculated as follows:

[(1 × number binucleated) + (2 × number multinucleated) + (3 × number
multinucleated)]/(500 viable cells).

(1)

The percentage of cytostasis was calculated as recommended by OECD in the test guideline
487 [23]:

{100 − 100 × [(CBPI exposed cells-1)/(CBPI control cells-1)]}. (2)
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The replication index, which represents the proportion of cell division cycles completed in a
treated culture during the exposure period and recovery, was calculated as described in the OECD test
guideline 487 [23]:

[(number of binucleated cells) + (2 × number multinucleated cells)]/total exposed cells/
([(number binucleated cells) + (2 × number multinucleated cells)]/total control cells) × 100.

(3)

2.5. Genotoxicity Studies: Micronucleus and Alkaline Comet Assay

Cytokinesis-Block MicroNucleus assay. To identify chromosome breakage or chromosome loss
following exposure W-NPs, the Cytokinesis-Block MicroNucleus assay (CBMN) was performed as
described before [20].

Briefly, BEAS-2B cells were seeded onto a two-well Lab-TekTM II Chamber SlideTM System
(Nalgene Nunc International, Villebon sur Yvette, France) and treated with increasing concentrations
(0–20 μg/mL) of plasma and laser ITER-like W-NPs. After 24 h exposure, cells were washed and
3 μg/mL cytochalasin B (Sigma Aldrich Chimie Sarl; St. Quentin Fallavier, France) was added to
the cultures to block cytokinesis; BEAS-2B cells were kept in culture for an additional 28 h and then
cells were fixed with 4% (v/v) paraformaldehyde in PBS. Mitomycin C (MMC, 0.1 μg/mL) served
as a positive control, whereas LHC-9 culture medium as the negative one. Upon permeabilization,
the cytoskeleton was stained with phalloidin-tetramethylrhodamine B isothiocyanate (Sigma Aldrich
Chimie Sarl; St. Quentin Fallavier, France), while nuclei with DAPI ProLong® Gold antifade reagent
(Fisher Scientific; Illkirch, France).

CBMN was performed in duplicate, and slides were blindly scored using an Axio Imager.
A2 fluorescence microscope (Carl Zeiss S.A.S; Marly Le Roi, France) at 400×magnification. Micronuclei
(MN) were only assessed in binucleated (BN) cells that had completed one nuclear division following
exposure to the test compounds [20]. For each experimental condition, the number of binucleated
micronucleated (BNMN) cells was scored in 1000 BN cells.

Comet assay. To detect the primary DNA damage induced by plasma and laser ITER-like W-NPs
in BEAS-2B cells the alkaline comet assay was performed as previously described [20]. BEAS-2B
cells, seeded onto pre-coated 12-well plates (BD Falcon; Le Pont de Claix, France), were exposed
to W-NPs (1–20 μg/mL) for 2 and 24 h. At the end of the treatment period, cells were washed,
trypsinized, resuspended in low melting point agarose, and then spotted onto glass slides pre-coated
with 1.6% and 0.8% normal melting point agarose. Cells were then lysed, and the DNA denatured in
a MilliQ water solution containing NaOH and EDTA. After electrophoresis (25 V and 300–315 mA),
samples were neutralized and dehydrated. Air-dried slides were stained with propidium iodide
(PI) right before imaging and data acquisition. Cells incubated only with LHC-9 medium served as
negative control, while hydrogen peroxide (110 μM) was used as positive control. Slides, which were
prepared in duplicate for each experimental condition, were analyzed under a fluorescence Axio
Imager. A2 microscope (Carl Zeiss S.A.S; Marly Le Roi, France) at 400×magnification using the Komet
6.0 software (Andor Bioimaging, Nottingham, UK). DNA damage was expressed as mean % tail DNA
± standard error of the mean (SEM).

2.6. Oxidative Stress Evaluation

The induction of oxidative stress in BEAS-2B cells upon exposure to W-NPs (1–20 μg/mL) was
detected by performing the GSH/GSSG-Glo™ Assay (Promega; Charbonnières-les-Bains, France),
a luminescence-based system suitable to determine the ratio between the reduced glutathione GSH
and its oxidized form GSSG in cultured cells. According to the manufacturer instructions, cells were
cultured in a 96-well plate and then exposed for 30 min to plasma or laser W-NPs. After exposure,
ITER-like W-NPs solutions were removed, and cells were lysed with total glutathione or oxidized
glutathione lysis reagent. Luciferin detection regent was then added, and plates were further incubated
for 15 min before luminescence was read at a GloMax® Explorer Multimode Microplate Reader
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(Promega; Charbonnières-les-Bains, France). Data were analyzed by subtracting the GSSG reaction
signal from the total glutathione to obtain the value of reduced glutathione in the sample. Data were
expressed as % GSH/GSSG ratio ± SEM. Exposed cells were compared to the untreated ones.

2.7. Epigenotoxic Effects of W-NPs

We investigated if pristine plasma and laser ITER-like W-NPs induced epigenetic effects, such as
variation in the DNA methylation, in BEAS-2B cells. Cells were seeded onto pre-coated T25 flasks and
cultivated under standard conditions until they reached 80% confluency. The BEAS-2B cultures were
then exposed for 24 h to 1 and 5 μg/mL pristine plasma and laser ITER-like W-NPs, and untreated
controls were also included in the experimental set-up. The collection of the samples was performed at
different time points (Table 1).

Table 1. Experimental set-up for epigenetic sampling preparation.

Day −1 Cells collected before exposure (generation F0)

Day 0 Cells collected at the time of their exposure to plasma and laser
ITER-like W-NPs (generation F0)

Day 1 Cells collected at the end of the 24 h exposure (generation F0)

Day 3 Cells collected 2 days after the end of the exposure (generation F0)

Day 7 Day 3 cells passaged and collected at day 6 after the end of the
exposure (generation F1)

BEAS-2B cells were collected as follows: cell culture medium was removed and cells were washed
in PBS before being trypsinized and centrifuged (1200 rpm, 5 min, RT). The pellets were dried by
aspiration and then stored at −20 ◦C before DNA methylation was investigated.

We analyzed the methylation of the most frequent repetitive DNA sequences found in the human
genome. Alu and LINE are, respectively, short or long interspersed repeats found throughout the
genome, i.e., either in highly condensed heterochromatin and transcriptionally inactive loci but also in
less condensed regions containing expressed genes. Given this broad distribution, epigenetic status
of these two types of repeats is considered as a surrogate marker of the global profile for a given
cell. We also analyzed DNA methylation of Satellite 2 and 3 (Sat 2 and Sat 3) repeats, corresponding
mainly to heterochromatin associated with centromeric regions and sensitive to exogenous stress.
DNA methylation was determined after sodium bisulfite modification of genomic DNA. This method
is based on the oxidative desamination of cytosines. Unmethylated cytosines are converted to uraciles
while methylation cytosines are not converted, allowing the analysis of individual CGs in any given
sequence after PCR amplification and deep sequencing. DNA was extracted from the different types of
samples using the Qiagen DNA prep kit following manufacturer’s instructions. The DNA methylation
protocol, data acquisition, and analysis has already been described [24]. Data are presented as % DNA
methylation at different time points.

2.8. Statistical Analysis

Cell viability, primary DNA damage, and oxidative stress were statistically analyzed by one-way
ANOVA with Sidak post-hoc test. Cytostasis, cellular replication, and micronuclei frequency were
analyzed by Chi-square test. Statistical analysis was performed using GraphPad Prism version 8.1.2
for Windows (GraphPad Software; San Diego, CA, USA).
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3. Results

3.1. ITER-Like Plasma and Laser W-NPs Physico-Chemical Characterization

A detailed physico-chemical characterization of the ITER-like plasma and laser W-NPs, in their
powder form, was already presented [15,16,19] and is here summarized in Table 2.

Table 2. Summary of the physico-chemical properties of plasma and laser tungsten nanoparticles
(W-NPs) powders.

Plasma W-NPs

Synthesis Magnetron Sputtering

Electron microscopy Scanning electron microscopy 100–200 nm mean size

Transmission electron microscopy Inhomogeneous shape: star-like, squared
and round

Crystalline structure Fourier transform pattern Beta-phase W metal

XRD Beta-phase W metal

Density Helium pycnometer 14.32 g/cm3

Surface area BET 4 m2/g

W/WOx ratio (in mass) Helium pycnometer 90% W metal, 10% WO3

XAS 90% W metal, 10% WO3

Laser W-NPs

Synthesis High energy laser ablation

Electron microscopy Transmission electron microscopy 60–80 nm mean size

Crystalline structure XRD Alpha-phase W metal

Density Helium pycnometer 8.27 g/cm3

Surface area BET 43.5 m2/g

W/WOx ratio (in mass) Helium pycnometer 22% W metal, 78% WO3

XAS 18% W metal, 32% WO2, 50% WO3

The laser W-NPs with a smaller average size were also more oxidized than plasma ones (82% of
W4+ +W6+ compared to 10% of W6+ in the case of plasma W-NPs).

The ITER-like plasma and laser W-NPs suspensions were prepared from stock suspension at the
initial concentration of 2.5 mg/mL in tris(hydroxymethyl)aminomethane (TRIS) medium. The particle
size (Table 3) was determined using Dynamic Light Scattering (DLS). In the case of plasma-derived
W-NPs, the particle size in TRIS did not significantly change after hydrogenation and tritiation. When
dispersed in LHC-9, plasma-derived W-NPs at t = 0 h showed a slight increase in their mean size
and PDI after hydrogenation and tritiation. In the case of laser ITER-like W-NPs dispersed in LHC-9,
no significant differences were detected between the three types of laser W-NPs investigated, not in
terms of size or in particle stability (PDI and Z pot). While dispersed in TRIS at t = 0, the average size
of the pristine laser ITER-like W-NPs is much larger than the TEM size (Table 2). This can suggest an
aggregation effect in TRIS medium. The hydrogenation and tritiation tends to decrease the average
size of the laser-derived W-NPs. Such size decrease is difficult to interpret but it might be due to a
partial oxidative dissolution that, already within 2 h, took place when W-NPs were suspended in
LHC-9 culture medium. Indeed, even if it was impossible to quantify the amount of dissolution in
the case of laser ITER-like W-NPs due to a low amount of raw material, in the case of pristine plasma
ITER-like W-NPs, the dissolved W fraction in mass corresponded to 9%, 23%, 48%, and 58% for t = 0, 2,
4, and 24 h, respectively, for a 100 μg/mL suspension. When diluted at 10 μg/mL, dissolution further
increased at 10%, 50%, 60%, and 66% for t = 0, 2, 4, and 24 h, respectively. A detailed W-NPs dissolution
protocol (using ICP-MS after filtration at 0.02 μm) and data analysis is available elsewhere [19].
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Table 3. Size and zeta potential determination of International Thermonuclear Experimental fusion
Reactor (ITER)-like plasma and laser W-NPs in Tris-HCl and in complete BEAS-2B culture medium
(LHC-9 medium).

t = 0 h
100 μg/mL

Plasma-Derived W-NPs Laser-Derived W-NPs

Mean Size
(nm)

PDI * Z Pot (mV)
Mean Size

(nm)
PDI Z Pot (mV)

TRIS buffer

Pristine 122 0.016 −44 314 0.290 −24

Hydrogenated 107 0.090 −39 265 0.330 −32

Tritiated 126 0.120 −31 284 0.301 −27

LHC-9 culture medium

Pristine 103 0.116 −8 162 0.400 −7

Hydrogenated 122 0.250 −10 155 0.350 −11

Tritiated 135 0.210 −13 174 0.500 −10

* PDI: Polydispersity Index.

3.2. Cytotoxic Effects

At 2 h exposure none of the tested particles were able to significantly reduce the viability of
BEAS-2B cells, whereas the behavior was different after 24 h incubation (Figure 1).

Figure 1. Cytotoxic effects exerted by W-NPs in BEAS-2B cells: (a) pristine plasma; (b) pristine laser;
(c) hydrogenated plasma; (d) hydrogenated laser. At short exposures (2 h) none of the particles
were able to affect the cell viability. After 24 h exposure, in contrast, only pristine laser W-NPs were
not cytotoxic. Data are presented as mean % ± SEM of three independent experiments in triplicate.
Statistical significance was evaluated by one-way ANOVA with Sidak post-hoc test: * p< 0.05; ** p < 0.01;
*** p < 0.001.

Plasma W-NPs, both pristine (Figure 1a) and hydrogenated (Figure 1c), severely affected the
metabolic activity of BEAS-2B cells. The cytotoxic effect of pristine plasma W-NPs was statistically
significant at concentrations ≥40 μg/mL and increased at the highest tested condition (150 μg/mL).
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Hydrogenated plasma W-NPs exhibited a statistically significant impairment of ATP production in
BEAS-2B already at 5 μg/mL, which augmented in a concentration related manner.

While upon exposure to pristine laser W-NPs (Figure 1b) no cytotoxic effects were detected neither
at 2 h nor at 24 h incubation time, the hydrogenated ones (Figure 1d) severely impaired the metabolism
of BEAS-2B at 24 h exposure: 35% cytotoxicity was observed already at the lowest tested concentration
of 1 μg/mL, and the effect was increased up to 60% cytotoxicity at 150 μg/mL.

Overall, our results show that at short exposures (2 h) W-NPs do not impair BEAS-2B cell viability,
while longer incubations (24 h) have more significant effects. In addition, while at 24 h plasma W-NPs
impaired the ATP production in BEAS-2B cells independently of their surface properties, the presence
of hydrogen on laser W-NPs is necessary to induce cytotoxic effects. The more severe cytotoxicity
observed upon exposure to hydrogenated particles could thus be due to a surface-effect. The presence
of hydrogen enhances the cytotoxicity of ITER-like W-NPs and this effect seems time-related, since it
does not appear at short exposures (2 h). Tritiated plasma and laser W-NPs could not be tested because
of the lack of an appropriate plate reader in the facility where radioactive species are manipulated.

The cytotoxicity data allowed us to select some concentrations of interest for further experiments
on the epigenotoxic effects of W-NPs. We thus chose 1–5–10–20 μg/mL as test concentrations because
they do induce cytotoxicity without exceeding the levels (55% ± 5%) recommended for the genotoxicity
tests [23].

3.3. Effects on Cytostasis and Cellular Replication

Figure 2 shows the cytostasis of BEAS-2B cells in the presence, for 24 h, of plasma (Figure 2a,b)
and laser (Figure 2c,d) W-NPs in their pristine, hydrogenated, and tritiated forms. Cytostasis was
evaluated via Cytokinesis-Block Proliferation Index (CBPI) and Replication Index (RI).

Figure 2. Cytostasis evaluation: (a) Cytokinesis Block Proliferation Index (CBPI) upon exposure
to plasma W-NPs; (b) Replication Index (RI) upon exposure to plasma W-NPs; (c) CBPI following
incubation with laser W-NPs; (d) RI following incubation with laser W-NPs. Independently of the
presence or absence of hydrogen and tritium, both plasma and laser W-NPs reduced CBPI and RI of
BEAS-2B cells. As expected, the positive control (Mitomycin C (MMC), 0.1 μg/mL) was both cytostatic
and cytotoxic. Data are expressed as mean value ± SEM of three independent experiments, each in
duplicate. Statistically significant differences from the untreated cells (0 μg/mL) were determined by
Chi-square test: * p < 0.05, ** p < 0.01 and *** p < 0.001.
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Both types of W-NPs impaired CBPI; nevertheless, no differences were observed comparing the
results obtained upon plasma (Figure 2a) and laser (Figure 2c) exposure.

RI was also impaired by plasma and laser W-NPs. Pristine and hygdrogenated plasma (Figure 2b)
and laser (Figure 2d) ITER-like W-NPs seem to behave similarly, while tritiated plasma W-NPs seem to
exert damage to BEAS-2B cells at lower concentrations than their laser counterparts.

3.4. Micronuclei Formation

The potential chromosomal damage in BEAS-2B cells was evaluated by CBMN assay (Figure 3).
Dose-related and statistically significant increased MN frequency was measured following exposure to
plasma (Figure 3a) and laser (Figure 3b) W-NPs in their pristine, hydrogenated, and tritiated forms.
The presence of hydrogen and tritium did not enhance the genotoxic effect of plasma and laser W-NPs,
as already observed for cytostasis and cellular replication (Figure 2).

Figure 3. Micronuclei (MN) frequency in BEAS-2B cells exposed to (a) plasma W-NPs; (b) laser
W-NPs. Both plasma and laser W-NPs, independently of the presence/absence of hydrogen and tritium,
induced MN formation compared to the untreated cells. MMC (0.1 μg/mL) was used as positive
control. Data are expressed as mean value ± SEM of two independent experiments, each in duplicate
(n = 2000). Statistically significant differences from the untreated cells were determined by Chi-square
test: * p < 0.05, ** p < 0.01 and *** p < 0.001.

To investigate more in detail the type of chromosomal damage exerted by the ITER-like plasma and
laser W-NPs, a pancentromeric staining was performed (Figure S1). The aim was to distinguish between
centromeric positive (CMpos) MN, issued by a whole chromosome loss exerted by an aneugenic
compound, and centromeric negative (CMneg) MN, resulting from chromosome fragmentation
following exposure to a clastogenic product.

As shown in Figure S1, plasma and laser W-NPs exert both CMpos and CMneg micronuclei.
Compared to their respective negative controls, statistically significant CMpos and CMneg MN
formation was observed. Since from the graphical representation it was not possible to clearly
distinguish and understand which effect (clastogenic or aneugenic) was predominant in laser and
plasma W-NPs, the CMpos and CMneg fold increase were calculated. In the presence of plasma W-NPs
(Figure S1a,b) CMpos seem to be more induced than CMneg, suggesting a slight but not significant
predominant aneugenic potential compared to the clastogenic one. Similarly, a slight predominance of
CMpos MN can be observed in BEAS-2B cells upon exposure to laser (Figure S1c,d) W-NPs. Overall,
the ITER-like plasma and laser W-NPs display both aneugenic and clastogenic potential.
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3.5. DNA Damage Quantification

To evaluate primary DNA lesions, the comet assay was performed following a conventional
alkaline protocol. As shown in Figure 4, all the tested ITER-like W-NPs induced DNA fragmentation
compared to the untreated BEAS-2B cells. While no differences in the quantification of the DNA
damage were observed between tritiated plasma (Figure 4a,b) and laser (Figure 4c,d) at 2 h (Figure 4a,c)
and 24 h (Figure 4b,d) exposure, the behavior of pristine and hydrogenated W-NPs was different.
In fact, short incubation times generated more severe DNA damage than long exposures. This is
very clear in cells exposed to pristine and hydrogenated plasma W-NPs and to pristine laser W-NPs,
a bit less pronounced is the difference following incubation with hydrogenated laser W-NPs. The
hypothesis to explain these results might be given by the formation of reactive oxidative species (ROS)
that participate, as already reported in the literature, in DNA damage.

Figure 4. DNA damage by alkaline comet assay: (a) 2 h exposure to plasma W-NPs; (b) 24 h exposure
to plasma W-NPs; (c) 2 h exposure to laser W-NPs; (d) 24 h exposure to laser W-NPs. Both plasma and
laser W-NPs enhanced DNA strand breaks compared to the untreated cells (0 μg/mL) and displayed
dose-related behavior. A total of 110 μM hydrogen peroxide (H2O2) was used as positive control. Data
are presented as mean % tail DNA ± SEM of three independent experiments in triplicate. Statistical
significance was evaluated by one-way ANOVA with Holm-Sidak post-hoc test: * p < 0.05; ** p < 0.01;
*** p < 0.001.

3.6. Oxidative Stress

To verify our hypothesis that ROS play a role in the induction of DNA damage, we measured
oxidative stress in BEAS-2B cells exposed to plasma (Figure 5a) and laser (Figure 5b) W-NPs. Already
after 30 min exposure a highly statistically significant imbalance of the GSH/GSSG ratio was detected.
With the exception of hydrogenated plasma W-NPs, which exerted the less severe reduction of
GSH/GSSG ratio, pristine plasma W-NPs and the two tested types of laser W-NPs showed a dose-related
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oxidative stress. These data confirmed thus that oxidative stress took place upon exposure to ITER-like
W-NPs and that it might trigger DNA damage.

Tritiated plasma and laser W-NPs could not be tested because of the lack of an appropriate plate
reader in the radioactive facility. Nevertheless, because the hydrogenated particles can be considered
as the non-radioactive equivalent of the tritiated ones, we could suppose that these latter ones have the
same behavior than the hydrogenated.

Figure 5. Oxidative stress induced by (a) plasma W-NPs; (b) laser W-NPs. Compared to the untreated
cells (0 μg/mL) both plasma and laser W-NPs induced significant oxidative stress, as evaluated by the
GSH/GSSG ratio. Menadione (20 μM) was used as positive control. Data are presented as mean %
GSH/GSSG ± SEM of three independent experiments, each in triplicate (n = 9). Statistical significance
was evaluated by one-way ANOVA with Holm-Sidak post-hoc test: * p < 0.05; ** p < 0.01; *** p < 0.001.

3.7. DNA Methylation Changes Analysis

Epigenetic variations were evaluated at different time points and in different BEAS-2B generations
(F0 and F1) upon 24 h exposure to 1–5 μg/mL pristine plasma (Figure 6a) and laser (Figure 6b) ITER-like
W-NPs. Compared to the untreated control, for the different sequences analyzed, no significant changes
in DNA methylation were observed at any time point tested, with none of the sequences we used in
our analysis. Additionally, no differences were observed in the % of methylated DNA in cells exposed
to plasma or laser ITER-like W-NPs, confirming again that the biological effects of these two types of
particles are similar despite their physico-chemical differences.
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Figure 6. DNA methylation level determined after exposure of BEAS-2B cells to naked induced by
pristine (a) plasma W-NPs; (b) laser W-NPs. No significant differences were observed at any of the
time points of any of the BEAS-2B generations investigated. No differences could be observed between
the effects exerted by plasma and laser ITER-like W-NPs.

4. Discussion

When thermonuclear fusion reactors become operational, generating tritiated tungsten particles,
they could represent a potential risk for the environment and human health as they might be released in
case of LOVA. Since the reactor is still under construction, we can only gather preliminary information
from the current literature, which is mainly related to different types and forms of W and not to
ITER-derived W-NPs.

The aim of our study was thus to provide an evaluation of the cytotoxic, genotoxic, and epigenetic
in vitro effects that ITER-like W-NPs might have on human health, in relation with the possible W-NPs
transformation in biological media. In particular, we focused our attention to an in vitro 2D model
of the lung, the BEAS-2B cell line, that was chosen because inhalation is the main route of exposure
to W. Similarly, a significant number of toxicity studies on W were performed on lung-derived cell
lines [4,5,7,8,10,12].

The main outcome of the current literature is that W is cytotoxic and induces apoptosis. In addition,
W can exert MN formation or DNA damage as well as alter gene expression and arrest the cell cycle.
Generally, the production of ROS is considered as the main cause triggering W genotoxicity. Analogously,
our data showed that plasma and laser ITER-like W-NPs exert cytotoxic and genotoxic effects in
BEAS-2B cells, and the increased oxidative stress might be one of the reasons explaining our results.

Even if we can identify similarities between the outcome of previous studies on W and our data,
there are some important differences that we think are pivotal in understanding our results and the
mechanisms by which W results toxic. First of all, our bench produced plasma and laser ITER-like
W-NPs display peculiar physico-chemical properties [15–17]. More in detail, although they are metallic
W-NPs, XAS and helium pycnometer analysis have shown that a significant fraction of tungsten oxide
(WOx) is present and it could participate in the toxicity of the particles. WO3 represented only a small
fraction (10%) of plasma ITER-like W-NPs, while more oxidation was observed on laser ITER-like
W-NPs powders (78% WO3 by helium pycnometer and 50% WO3 + 32% WO2 by XAS analysis).
Additionally, ITER-like W-NPs are highly soluble. ICP-MS, in fact, revealed that the dissolved W
fraction in 100 μg/mL suspensions corresponded, in LHC-9 culture medium, to 9% at t = 0 h and it
increased up to 23% and 58% at, respectively, 2 and 24 h incubation [17]. As expected, further dilution
of W suspension to 10 μg/mL enhanced their dissolution kinetic: 10% was the soluble W fraction
measured at t = 0 h, while 50% and 66% was dissolved at t = 2–24 h [17]. All together these data
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indicate that the ITER-like W-NPs we investigated were characterized by oxidation and dissolution.
These findings bring thus a new perspective on the toxicity of ITER-like W-NPs and they make the
plasma and laser particles we investigated unusual.

Not much information is reported in the literature on the solubility of W-containing particles,
on their oxidation, and on the involvement of ionic W and W oxides in exerting toxicity. In contrast,
studies on the soluble Na2WO4 and the on WO3NP have already been reported. Sodium tungstate
was applied to BEAS-2B cells at concentrations ranging from 50 to 250 μM in order to investigate
the carcinogenicity of W via several endpoints such as cell transformation, cell migration, and the
activation of multiple cancer-related pathways [4]. After 6 weeks of treatment, results clearly showed
that Na2WO4 increased BEAS-2B colonies formation at all tested doses; in addition, cell migration was
tested via the cell scratch assay and the transformed clones were able to heal the wound within less
than a day after the scratch was made. Changes in gene expression due to tungstate exposure were
observed in BEAS-2B transformed clones: RNA sequencing showed that more than 16,000 genes were
altered and the majority of them were related to lung cancer and leukemia, inflammation, and tumor
morphology. Overall, the results of Laulicht and coauthors showed that ionic W has carcinogenic
in vitro potential [4].

In freshly isolated human peripheral blood lymphocytes (hPBL) Na2WO4 was applied in the
range 0.1–1–10 mM for 24–96 h and apoptosis, cell cycle, and cytokines secretions were investigated [3].
Early apoptosis increased in tungstate exposed hPBL whereas the number of lymphocytes entering the
cell cycle was reduced. Already at relatively low concentration (1 mM), W in its ionic form significantly
increased the G0/G1 fraction and impaired the number of cells in S- or G2/M-phase. Moreover, when
5-ethynyl-2′-deoxyuridine (EdU) was used to test DNA synthesis, tungstate was observed to reduce,
up to 50%, the EdU-positive cells, also those in G0/G1-phase. Likewise, the production of cytokines
such as TNF-α, IL-10, and IL-6 resulted significantly lowered, probably due to the high rate of apoptotic
hPBL upon exposure to Na2WO4. Osterburg and coauthors suggested that the mechanism by which
ionic W induces toxic effects depends on its ability to inhibit phosphatase and alter the phosphorylation
of some intracellular molecules [3].

From the literature, ionic W seems thus to induce a variety of effects on different in vitro cellular
systems. This effect is confirmed by our results on the soluble plasma and laser ITER-like W-NPs that,
at least after 24 h exposure, decreased viability and, even if not in a significant manner, the cytostasis
of BEAS-2B cells. If we only consider the ionic W released by plasma and laser W-NPs as the key
factor triggering cytotoxicity, we should keep in mind that the differences in cell viability observed at 2
and 24 h exposure might depend on the kinetic of dissolution of the particles. In fact, the amount of
ionic W measured by ICP-MS was low at 2 h (9%–10%), but much higher (58%–66%) at 24 h. We thus
suggest this is one of the reasons that allowed us to observe more cytotoxic effects at long than at short
exposures (Figure 1).

Since the presence of WO2 and WO3 we detected during powders characterization is not
negligible [24], oxidation should also be considered when analyzing plasma and laser ITER-like W-NPs
toxicity. Ex vivo bone cells and hepatocytes of 8 weeks old male Sprague-Dawley rats were used to
investigate the cytotoxicity, the genotoxicity, and the mutagenic potential of WO3NPs [25,26]. Upon
30 days of intraperitoneal injections of WO3NPs at the dose of 25–50–100 mg/kg b.w., bone cells
were collected from tibia. While chromosome aberration test did not show any difference in bone
cells from exposed rats compared to the untreated controls, mitotic index, a marker for cytotoxicity,
and MN frequency, an indicator of genotoxic damage, were affected by WO3NPs. Mitotic index was
significantly decreased at all the tested doses; MN frequency, conversely, was enhanced only in rats
exposed to 50–100 mg/kg b.w. [25]. Turkez and coauthors further investigated the effects of WO3NPs
in rat hepatocytes [26]. After performing an ex vivo culture of hepatocytes, cells were exposed for
72 h to WO3NPs concentrations ranging from 5 to 1000 ppm. The cytotoxic potential was detected by
observing a decrease in cell viability, assayed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) test, and an increase in the levels of extracellular lactate dehydrogenase at fairly high
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concentrations (≥300 ppm). Surprisingly, no MN formation was observed at any of the tested WO3NPs
concentrations, while oxidative stress and secondary oxidative DNA damage were reported [26]. From
the publications of Turkez and coauthors [25,26] it seems that WO3NPs are feebly cytotoxic and could
induce chromosome losses. They also generate significant oxidative stress that can cause indirect DNA
damage via the formation of adducts, as observed via 8-oxo-2-deoxyguanosine quantification or impair
mitotic spindle.

In contrast, plasma and laser ITER-like W-NPs showed significant cytotoxicity on BEAS-2B
cultures, they resulted genotoxic by significantly enhancing the MN frequency and by inducing DNA
strand breaks. In agreement with previous studies [25,26], we equally observed oxidative stress that
might have triggered DNA damage. Nevertheless, the differences between our results and those of
Turkez and coauthors [25,26] might be due to the fact that only a fraction of our ITER-like W-NPs was
oxidized. We think that both oxidation and dissolution played a synergistic role in the initiation of
ITER-like W-NPs toxicity. Since the current literature on WO3NPs does not provide information on the
particle dissolution, further comparison cannot be done between the studies of Turkez et al. [25,26]
and ours.

While we do not have any physico-chemical information on the WO3NPs used in the
Sprague-Dawley ex vivo studies presented just above [25,26], Chinde and colleagues have presented a
thorough characterization of the WO3NPs they have tested on the alveolar A549 cell line [5]. In milliQ
water, by TEM, the mean size of WO3NPs corresponded to 54 ± 29 nm, while DLS corresponded,
respectively, to 170 ± 2 nm and 224 ± 5 nm in milliQ and in DMEM cell culture medium. WO3NPs are
thus slightly bigger than the plasma and laser ITER W-NPs we investigated, whose size range, via DLS
and in LHC-9 cell culture medium, was set to 103–135 nm and to 155–174 nm, respectively.

Chinde and coauthors have also investigated the dissolution of WO3NPs in cell culture medium.
Particles were suspended for 24–48 h in DMEM and the nominal WO3 concentration was compared
to total W measured by ICP-MS. While the nominal WO3 concentration of 200 and 300 μg/mL
corresponded to 170 and 330 μg/mL total W concentration before ultracentrifugation, only a small
fraction of soluble W (0.9 and 2.4 μg/mL) was detected in ultracentrifuged solutions [5]. These results
clearly indicate that Chinde et al. used non-soluble WO3NPs; conversely, our ITER-like W-NPs showed
a significant dissolved W mass fraction already at t = 0 h in cell culture medium which further increased
up to 24 h (Table 2).

Our results on BEAS-2B cells confirm the in vitro lung toxicity of WO3NPs observed by Chinde
and coauthors, although some differences in the experimental set-up and in its outcome are noticeable.
In A549 cells, the cytotoxicity was observed at high concentrations (≥200 μg/mL WO3NPs; 24–48 h
exposure duration) [5], whereas in BEAS-2B cells and at 24 h exposure, plasma and laser ITER-like
W-NPs resulted cytotoxic already at 1 μg/mL. Similarly, DNA damage, MN frequency, apoptosis,
and oxidative stress were only enhanced in A549 cells exposed at nominal concentrations ≥200 μg/mL
WO3NPs [5]. Moreover, WO3NPs uptake quantification showed that only 0.3% of particles were
internalized by A549 cells, and that the most significant fraction (70%–75%) of W was diluted in
the supernatant.

The nominal concentrations tested and the oxidation state of the particles represent the greater
differences between the study of Chinde et al. and ours. Nominal WO3NPs concentrations of at least
200 μg/mL, in fact, differ by 10-fold compared to the maximal plasma and laser ITER-like W-NPs
concentration we tested (20 μg/mL). Additionally, plasma and laser ITER-like W-NPs contained,
respectively, 10% WO3 and 32% WO2/50% WO3, which further decreases the nominal concentration
of WOx we applied to BEAS-2B cells. Since only a fraction of the plasma and laser ITER-like W-NPs
powders is oxidized on their surface, our hypothesis is that the oxidation and the oxidation state are
not the unique factors inducing cytotoxic and genotoxic effects in BEAS-2B cells.

To our knowledge, very few epigenetic investigations have been performed on various forms
of W. Verma and co-workers investigated by Western blot the posttranslational histone epigenetic
modifications, such as acetylation of histone 3 (H3), phosphorylation of Ser10 (H3-Ser10), and the
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trimethylation of histone H3 on lysine 4 (H3K4me3) in the tail of histone H3 in human embryonic
kidney (HEK293), human neuroepithelioma (SKNMC), mouse myoblast (C2C12), and hippocampal
primary neuronal cultures exposed to 50–184 μg/mL metal W and W-alloys (91% W, 6% Ni, 3% Co)
for 1 day or 1 week, depending on the cell type [27]. H3K4me3 showed no changes in any of the cell
cultures following metal exposure, indicating absence of modification in transcriptional activation of
genes. Whereas W induced dephosphorylation of H3-Ser10 exclusively in HEK293 cells, tungsten-alloy
reduced H3-Ser10 phosphorylation in C2C12 cells and hippocampal primary neuronal cultures,
probably taking advantage of the synergistic toxic effects of W with Ni and Co [27]. H3K4me3, as well
as the demethylation of histone H3 at lysine residue 9 (H3K9me2), were further investigated in BEAS-2B
and A549 cells exposed, in vitro, to 1–2.5–5–10 mM Na2WO4 for 48 h [28]. Via Western blot analysis
Laulicht-Glick and coauthors observed that global levels of both H3K4me3 and H3K9me2 increased
compared to the untreated controls, and that the methylation was not reversible when the treatment
solutions were removed and cells further incubated with cell culture medium. Further investigation
revealed that the degradation of the demethylases JMJD1A and JARID1A caused the increased H3
methylation in BEAS-2B and A549 [28].

Conversely to Verma et al. [27] and to Laulicht-Glick et al. [28], we quantified the variations in
DNA methylation of BEAS-2B cells upon 24 h exposure to 1–5 μg/mL plasma and laser ITER-like W-NPs.
Under our experimental conditions we did not detect changes in DNA methylation compared to the
control cells, not at any of the days post-exposure nor in sub-cultured BEAS-2B cells (F1 generation).
Additional tests might be required, extending the exposure period or increasing the test concentrations,
to verify if and at which time point epigenetic effects are induced by ITER-like W-NPs.

5. Conclusions

Despite its use, W still represents a potential occupational or accidental risk. Even if, upon intake,
the human body rapidly excretes W, traces could be found in kidney, liver, bones, and spleen [29].
The Occupational Safety and Health Administration (OSHA) has established that 5 and 1 mg/m3

are the permissible exposure limits for, respectively, insoluble and soluble W compounds employed
in the construction and shipyard industries [30,31]. Nevertheless, no information is yet available
on ITER-derived W-NPs, their morphology, their physico-chemical properties, and their biological
profile. All together, these facts highlight the importance of our study attempting at fulfilling the gap
of knowledge on ITER W-NPs. Under our experimental conditions ITER-like plasma and laser W-NPs
induced, in a 2D in vitro model of the respiratory compartment, cytotoxic and genotoxic effects as well
as strong oxidative potential. Our data represent thus a first, although not exhaustive, multi-endpoint
characterization of the biological profile and of the potential risk that ITER-released W-NPs might
induce on human health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/9/1233/s1,
Figure S1: Pancentromeric staining in BEAS-2B cells exposed to W-NPs: (a) CMpos and CMneg formation upon
exposure to plasma W-NPs; (b) CMpos and CMneg fold increase compared to untreated cells upon exposure to
plasma W-NPs; (c) CMpos and CMneg formation upLHCon exposure to laser W-NPs; (d) CMpos and CMneg
fold increase compared to untreated cells upon exposure to laser W-NPs. Independently of the presence/absence
of hydrogen and tritium, ITER-like plasma, and laser W-NPs induced both CMpos and CMneg MN formation
compared to the untreated cells (0 μg/mL). MMC (0.1 μg/mL) was used as positive control. Data are expressed as
mean value ± SEM of two independent experiments, each in duplicate. Statistically significant differences from
the untreated cells were determined by Chi-square test: * p < 0.05, ** p < 0.01 and *** p < 0.001.
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Abstract: Due to several gaps remaining in the toxicological evaluation of nanomaterials (NMs),
consumers and public health agencies have shown increasing concern for human health protection.
In addition to aluminum (Al) microparticles, Al-containing nanomaterials (Al NMs) have been
applied by food industry as additives and contact materials. Due to the limited amount of literature
on the toxicity of Al NMs, this study aimed to evaluate the in vivo genotoxic potential of Al0 and
Al2O3 NMs after acute oral exposure. Male Sprague-Dawley rats were administered three successive
gavages at 6, 12.5 and 25 mg/kg bw. A comparison with AlCl3 was done in order to assess the
potential effect of dissolution into Al ions. Both DNA strand breaks and oxidative DNA damage were
investigated in six organs/tissues (duodenum, liver, kidney, spleen, blood and bone marrow) with the
alkaline and the Fpg-modified comet assays. Concomitantly, chromosomal damage was investigated
in bone marrow and colon with the micronucleus assay. The comet assay only showed DNA damage
with Al2O3 NMs in bone marrow (BM), while AlCl3 induced slight but non-significant oxidative
DNA damage in blood. No increase of chromosomal mutations was observed after treatment with
the two Al MNs either in the BM or in the colons of rats.

Keywords: genotoxicity; comet assay; micronucleus assay; nanomaterial; aluminum; oral route;
gut; liver

1. Introduction

Micro-and nanoscale forms of aluminum (Al) have a great lightness and mechanical resistance,
and strong oxidizing power [1]. Due to these unique properties, Al microparticles and Al-containing
nanomaterials (Al NMs) have been applied by industry, including in food products [2]. Indeed, they
are used as food additives (firming agents, anticaking agents, neutralizing agents, emulsifying
agents or texturizers) and in food contact materials, such as cooking tools and food packaging [1–5].
In addition, Al-containing particles are largely used in waste water treatment [6], and in drug vehicles,
dental products and other hygiene products, such as toothpaste [1,7–9].

According to the European Food Safety Authority (EFSA) and the Food and Agriculture
Organization/World Health of the United Nations (FAO/WHO), provisional tolerable weekly intakes of
1 and 2.3 mg Al/kg/week have been established respectively [1,10]. However, these organizations have
raised the fact that this amount can be exceeded to a large extent by some populations, particularly
children. As recurrent exposure to micro- and nanoscale Al particles for the general population occurs
through foodstuffs, hazard assessment through ingestion should be addressed. Nevertheless, several
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gaps remain in the toxicological evaluation of Al NMs following oral exposure, which may raise the
concern already outlined concerning Al by consumers and public health agencies.

Few in vivo studies are available on the oral toxicity and genotoxicity of Al NMs, most of them
focusing on Al2O3 NMs. These NMs were shown to accumulate in several organs, including the
liver following oral exposure [11–13]. Rodents treated orally with 500 to 2000 mg/kg bw of Al2O3

NMs showed deleterious effects in the liver and kidney, and genotoxicity in bone marrow (BM) and
oxidative stress in liver [11,14]. According to the ECHA’s safety assessment, the data available are
inconclusive as to whether or not Al2O3 NMs present a genotoxic potential [15]. In contrast, no data
on the genotoxicity of Al0 NMs have been published so far, either in vitro or in vivo.

In vitro studies reported that Al2O3 NMs can induce genotoxicity in a variety of mammalian
cell lines, including primary human fibroblasts [16], hepatic HepG2 cells [17], human peripheral
lymphocytes [18] and Chinese hamster ovary cells (CHO-K1) [19]. These genotoxic effects were found
to be associated with oxidative damage [17] although other studies reported no association [16,19].

In addition, there is a lack of information concerning the mechanisms involved, and whether the
release of the ionic compound can be the cause of genotoxicity. Indeed, the metal salt AlCl3 has been
shown to induce DNA damage in vitro in human peripheral blood lymphocytes, including increases in
micronuclei and chromosomal aberrations and positive results in the comet assay [20–22]. In vivo, Paz
et al. (2017) reported histopathological lesions in the stomach and the liver, and increased chromosomal
damage in BM from 50 mg/kg bw after unique oral exposures to mice [22].

In this study, we aimed to provide new genotoxicity data for Al0 and Al2O3 NMs and to do a
comparison with AlCl3. For this purpose, we conducted an in vivo study in rats by gavage. After
three oral administrations, the alkaline and Fpg-modified comet assays were performed on several
organs to detect DNA breaks and the micronucleus assay to detect if any chromosomal damage could
be induced in bone marrow and the colon.

2. Material and Methods

2.1. Chemicals, NMs and Dispersion

AlCl3 (hexahydrate, 231-208-1) was purchased from Sigma Aldrich (Saint Louis, MO, USA).
The selected Al0 and Al2O3 NMs were obtained from IoLiTec (Heilbronn, Germany) and were

chosen with a similar primary particle size (approximately 20 nm). The NANOGENOTOX protocol
was used for NM dispersion [23,24]. Briefly, particle powder was dispersed in a scintillation vial
at a concentration of 2.56 mg/mL in 0.05% BSA in ultra-pure water (dispersion stock solution) by
sonication in ice for 16 min at 400 W using a Branson ultrasonic sonicator (Branson Ultrasonics, Eemnes,
Netherlands) with a 13 mm probe diameter. Several parameters of physicochemical characterization
in the dispersion stock solution and those provided by the suppliers are summarized in Table 1.
A more detailed description of the physicochemical characterization of the two NMs was published
previously [25,26].
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Table 1. Summary of nanomaterial (NM) characteristics.

NM NM-Code

Average
Particle
Size a

(nm)

SSA b

(m2/g)
Purity c

Bulk Density,
True Density d

(g/cm3)
MorphologyPdi e

Z-Average
Size in the

Stock Solution
Dispersion at

0 h e (nm)

Solubility
f (24h)

(%)

Al0 NM-0015-HP 18 40–60 >99%
2.7 Spherical 0.17 ±

0.004
254 ± 4 0.48 ±

0.020.008–0.2

γ-Al2o3 NM-0036-HP 20 <200 99%
- Spherical 0.23 ±

0.015
168 ± 3 0.15 ±

0.010.9
a Average particle size was determined by TEM. b Average specific surface area (SSA) was determined by
Brunauer-Emmet-Teller (BET). Purity was determined by X-ray powder diffraction (XRD). d Density was assessed
by normal volumetric test. e Pdi and Z-average size were assessed by dynamic light scattering (DLS) using Malvern
Zetasizer (Malvern Instruments, Malvern, UK) equipped with a 633-nm laser diode operating at an angle of 173◦. f

Ion release was performed using with a quadrupole inductively coupled plasma mass spectrometry (ICP-MS). a,b,c,d

Information provided from the supplier. e,f Dispersion stock solution.

2.2. Animals and Experimental Design

Male Sprague-Dawley (SD) rats, 8–10 weeks old (around 200 g), were purchased from Janvier
(Saint Berthevin, France). Rats were housed in conventional cages and had free access to water and
food. Temperature and humidity were kept constant with a light/dark cycle of 12 h/12 h. The animals
were treated after at least 5 days of acclimatization. All the experiments were in accordance with the
ethical recommendations of the Directive 2010/63/EU of the European Parliament and were validated
by the Anses ethical committee (COMETH). Five animals per group were randomly assigned to nine
groups including negative and positive controls.

Animals were treated by oral gavage (9.76 mL/kg) at 0, 24 and 45 h. Animals were sacrificed 3 h
after the last administration. Al0 and Al2O3 NMs were given at 6, 12.5 and 25 mg/kg bw, and AlCl3 was
given at 25 mg/kg bw. We chose to give a similar mass of compounds to the animals. Nevertheless, the
content of Al per animal differed according to the material administered (Table S1). Ultra-pure water
with 0.05% BSA was used as vehicle for the negative control group. The positive control was methyl
methane sulfonate (MMS from Acros, Geel, Belgium) at 100 mg/kg for the first two oral administrations
and at 80 mg/kg for the third. The experimental design was carried out according to the OECD
guideline 489 for the comet assay [27].

2.3. Tissue Collection and Sample Preparation

Animals were anesthetized with an intraperitoneal sublethal dose of pentobarbital (60 mg/kg),
and the following samples were collected: blood, bone marrow from femur, liver, spleen, kidney,
duodenum and colon.

For the comet assay, cells or nuclei were isolated as described in Tarantini et al. (2015) [28]. Briefly,
blood was collected directly from the heart before a perfusion step; nuclei of the liver and kidney were
mechanically isolated from few small pieces using a Medimachine (BD Biosciences, Le-Pont-de-Claix,
France) (5 s in the grinding medium). Spleen cells were harvested by flushing. Sections of duodenum
and colon were rinsed with Hank’s balanced salt solution (HBSS) medium and epithelial cells were
collected by scraping with a coverslip. The rest of the colon and bone marrow cells collected from the
two femurs by aspiration with fetal bovine serum were further prepared for the micronucleus assay as
described below.

2.4. Alkaline Comet Assay and FpG-Modified Comet Assay

Briefly, after isolation from organs, cells were centrifuged 5 min at 136× g, and the alkaline comet
assay and the modified comet assay using the bacterial DNA repair enzyme formamidopyrimidine-DNA
glycosylase (Fpg) were performed (2 slides per organ and condition, migration 24 min, 0.7 V/cm
and 300 mA) as previously described [28]. FpG (5U/slide) favors the detection of oxidized bases by
catalyzing excision of oxidized purines, including the major purine oxidation product 8-oxoguanine,
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into single-strand breaks [29]. For each tissue and condition (with and without FpG), two slides were
prepared. Before scoring, slides were coded, stained with propidium iodide (2.5 μg/mL in PBS) and
immediately observed with a fluorescence microscope (Leica DMR, Nanterre, France) equipped with
a CCD-200E camera. For each slide, 75 nucleoids were scored using the Comet Assay IV software
(Perceptive Instruments, Haverhill, UK). The percentage of DNA in the tail (% Tail DNA) was chosen
to evaluate DNA damage. The mean of the median tail intensity value of each slide was calculated for
each animal, prior to the calculation of the mean value of each group. When DNA damage was too
high to score, the cells were counted as hedgehogs [30,31].

2.5. Bone Marrow Micronucleus Assay (BMMN)

The BMMN assay was carried out following the general principles of the OECD guideline 474 [32].
Briefly, after isolation and centrifugation for 5 min at 210× g, drops of BM cells were spread on a
microscope slide and allowed to air dry half a day. After fixation in ethanol 96◦, the smears were
stained for 3 min with May–Grünwald (MG) reagent, 2 min in MG diluted in Sörensen buffer (50/50V,
pH 6.75 ± 0.05), 10 min in 14% Giemsa and 1 min in demineralized water. Duplicate slides were
prepared for each animal. At least 2000 polychromatic erythrocytes (PCEs) per slide were examined
microscopically to determine the frequency of micronucleated polychromatic erythrocytes (MN-PCEs).
For myelotoxicity evaluation, the ratio of PCEs to normochromatic erythrocytes (NCEs) was calculated.
Coded slides were analyzed under a bright field microscope and micronuclei were scored by two
independent scorers.

2.6. Colon Micronucleus Assay

The “swiss roll” technique was performed as previously described [28]. The whole colon was cut
longitudinally prior to a wash with HBSS. The tissue was rolled up from the rectum to the caecum with
the mucosa inward, fixed in 4% formaldehyde and embedded in paraffin. Sections were deparaffinized
and dehydrated twice in toluene followed by successive baths of ethanol 100%, 95% and 70%. After
rinsing and staining with Schiff’s reagent (Saint Louis, MO, USA) and fast green, a dehydration step in
ethanol 70◦ and ethanol 96◦ was performed, and finally, slides were mounted using DPX. Intact colon
crypts were chosen, and scoring was done on at least 1000 cells per rat.

2.7. Statistical Analysis

For the in vivo comet assay, the results from the five animals were analyzed using a one-way
ANOVA. For the bone marrow and colon MN assays, Pearson’s chi square test with Yate’s correction
was used. Myelotoxicity and hedgehogs over the vehicle control were analyzed with the Mann–
Whitney U test (one tailed). Statistical significance was set at p < 0.05.

3. Results

3.1. Comet Assay

The results from the alkaline comet assay after three oral treatments with Al0 NMs and Al2O3

NMs at 6, 12.5 or 25 mg/kg bw/day, and AlCl3 at 25 mg/kg bw/day, are shown in Figure 1. Al0 NMs did
not induce an increase in tail intensity irrespective of the organ or tissue investigated compared to the
vehicle control group. Al2O3 NMs induced a significant increase in tail intensity only in BM at the
highest dose (25 mg/kg bw).

110



Nanomaterials 2020, 10, 305

Figure 1. DNA damage in organs/tissues of rats orally exposed to Al0 NMs, Al2O3 NMs or AlCl3.
A group treated with the vehicle (0, negative control) and a group treated with a genotoxic agent (MMS,
positive control) were included. Significant from control at ** p < 0.01, *** p < 0.001.

AlCl3 did not induce increases in the DNA tail intensity irrespective of the organ or tissue
investigated compared to the vehicle control group.

The data for oxidative DNA damage using the modified Fpg comet assay are shown in Figure 2.
No increase in tail intensity was observed in any organ or tissue from rats treated with Al0 and Al2O3

NMs. However, a significant decrease in tail intensity was detected in the duodenums of rats treated
with Al0 NMs for the three doses. An increase in oxidative lesions, although not statistically significant,
was observed in the blood of rats treated with AlCl3 at 25 mg/kg bw.

The positive control MMS induced a significant increase in tail intensity for all organs with and
without Fpg (*** p < 0.001).

With the exception of the positive control MMS, the number of hedgehogs was generally low
for all treated groups and tissues in the modified Fpg comet assay except for kidney and spleen
(Supplementary Tables S2 and S3).

111



Nanomaterials 2020, 10, 305

Figure 2. Oxidative DNA damage in different organs/tissues of rats orally exposed to Al0 NMs, Al2O3

NMs or AlCl3. A group treated with the vehicle (0, negative control) was included. Significant from
control at * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Bone Marrow Micronucleus Assay (BMMN)

The results of the BMMN test conducted after oral exposure to Al0 NMs and Al2O3 NMs at 6, 12.5
or 25 mg/kg bw, and to AlCl3 at 25 mg/kg bw, are presented in Table 2.

Table 2. Genotoxicity of Al0 NMs, Al2O3 NMs and AlCl3 in rats treated orally detected by the
micronucleus assay in bone marrow.

Genotoxicity Myelotoxicity

Micronucleated PCE/2
000 PCE

%PCEs

Doses (mg/kg bw/day) Mean ± SD Mean ± SD

Control 1.3 ± 0.91 72.5 ± 26

Al0

6 2.0 ± 2.0 66.3 ± 13
12.5 1.5 ± 0.8 71.5 ± 8
25 2.1 ± 1.0 74.7 ± 16

Al2O3

6 1.1 ± 0.7 68.4 ± 18
12.5 1.6 ± 1.3 65.8 ± 17
25 0.9 ± 0.8 56.7 ± 17

AlCl3 25 1.5 ± 0.7 65.9 ± 19

MMS 100, 100, 80 16.7 ± 3.7 * 44.5 ± 12

NCE: normochromatic erythrocytes; PCEs: polychromatic erythrocytes; results correspond to mean ± SD, n = 5;
* p < 0.001 with the Pearson X2 with Yate’s correction.
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The two Al-NMs did not induce any significant changes in the percentage of MN-PCEs compared
to the control group. No significant myelotoxicity was found with either Al-NMs or AlCl3.

The positive control group treated with MMS demonstrated a significant increase in MN-PCEs
and a decrease of the percentage of PCEs.

3.3. Micronucleus Assay in Colon

The micronucleus assay in colon (Figure 3) showed that the two Al-NMs and AlCl3 did not induce
any significant increase in micronucleated cells compared to control rats. Similarly, no increase in
mitosis and apoptosis was detected with the three Al forms. With the positive control MMS, only a
significant increase in the level of apoptotic figures was detected.

 

Figure 3. (A) MN, mitotic and apoptotic frequencies per 1000 cells in the colon of rats orally exposed
to Al NMs and AlCl3 or to the solvent control (0). (B) MN, mitosis and apoptosis percentages per
crypt. Results correspond to individual values with mean ± SD (n = 5). Significant from control at
*** p < 0.001, **** p < 0.0001 compared to the vehicle control. (C,D) Schiff’s reagent and fast green
counterstained colon sections of rats treated with MMS (C) and Al0 NMs at 12.5 mg/kg bw (D). Black
arrow indicates micronuclei in cells. a: apoptosis, m: mitosis.
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4. Discussion

To date, published data on the oral genotoxicity of Al-containing NMs are scarce. In this study,
we investigated the genotoxic potentials of two nanoforms (Al0 and Al2O3) by applying the in vivo
OECD guidelines for the comet assay in several key tissues/organs [27], and the micronucleus assay on
bone marrow [32] and on colons. In addition, we have compared the responses with the ionic form
AlCl3.

The micronucleus assay both on BM and on colon was negative with Al0 and Al2O3 NMs up
to 25 mg/kg bw indicating that no chromosome or genome mutations were induced in these two
organs. Similarly, a negative response was observed in the blood of rats exposed orally to Al2O3 NMs
(30 nm and 40 nm) at a unique dose of 500 mg/kg bw. However, doses above 1000 mg/kg bw induced
the formation of MN, concomitantly to high levels of Al content in several organs, including blood,
liver, spleen and kidney [11]. Nevertheless, such doses are very high and far from human exposure.
Intraperitoneal injection of nano- and bulk-Al from 300 to 1200 μg/kg bw in male and female mice
did not provoke any increase of MN in BM [33]. In vitro, Al2O3 NMs were found to induce MN
in a concentration dependent manner after 24 h exposure from 0.5 μg/mL in Chinese hamster cells
CHOK1 [19] and in human fibroblasts at 13.3 and 26.6 μg/cm2 (50 and 100 μg/mL) [16]. In contrast,
no MN increase was found in human blood lymphocytes [34] or RAW 264 macrophages exposed for
72 h to Al2O3 NMs [35]. A negative response was also observed with the chromosome aberrations assay
in human lymphocytes with Al2O3 NMs [18]. Similarly, with the same NMs and dispersion protocol
used in our study, we did not detect any increase of MN in human intestinal Caco-2 cells and hepatic
HepaRG cells for Al0 and Al2O3 NMs up to 80 μg/cm2 and for AlCl3 following 24 h exposure [36].

No DNA damage was observed in the alkaline comet assay in any of the six organs/tissues
investigated from rats orally-exposed to Al0 NMs up to 25 mg/kg bw. Nevertheless, a decrease of
the tail intensity was observed in duodenum that may be a result of cross-links induced by NMs,
preventing the DNA migration, as described in the literature [37]. In fact, such a cross-linking effect
has been recently described in plants treated with AlCl3, and it was suggested that Al may interact
with DNA in an electrostatic manner [38]. Further data are necessary to confirm this hypothesis. Due
to interference of Al0 NMs with the assay in vitro, the genotoxic potential of these NMs on hepatic and
intestinal cell lines is unclear [36].

In this study we have shown induced DNA damage in BM of rats exposed to 25 mg/kg bw Al2O3

NMs but not in the other organs or tissues investigated. Balasubramanyam et al. (2009) observed an
increase of DNA damage in blood of rats up to 48 h after a single treatment with 30 and 40 nm Al2O3

NMs by gavage; however, this was observed at very high doses (above 1000 mg/kg) [11]. Recently,
DNA fragmentation due to cell death (both necrosis and apoptosis) was reported in liver and kidney of
rats treated orally for 75 days with 70 mg/kg bw Al2O3 NMs [39]. Two other studies have investigated
the genotoxic potential of Al2O3 NMs after intraperitoneal administration. These have demonstrated
DNA damage in blood after 6 weeks of repeated exposure at 1.25 mg/kg bw [40] and in the brains of
rats 48 h after a single intraperitoneal administration of Al2O3 NMs, although at very high doses (from
4 to 8.5 g/kg bw) which were evaluated as lethal (from 30 to 65% of the LD50) in the same study [41].
In this study, the DNA damage was correlated with Al accumulation in several organs, including
the brain.

In vitro, time- and concentration-dependent DNA damage was found in Chinese hamster lung
fibroblasts [33] and in liver HepG2 cells [17] exposed to Al2O3 NMs from 30 μg/mL. However, other
studies have reported negative responses in human peripheral blood cells and human embryonic
kidney cells up to 100 μg/mL following a 3 h treatment [42], and in human lymphocytes at 100 μg/mL
after a 24 h exposure [18]. Recently, it was shown that Al2O3 NMs can inhibit DNA polymerase
replication but without affecting mutation rate compared to controls [43].

To investigate if oxidative DNA damage can be increased with Al NMs, we performed the
Fpg-modified comet assay. Neither Al0 nor Al2O3 NMs induced oxidative DNA damage in six different
organs of rats exposed to 6–25 mg/kg bw. Although in this study we did not observe an increase in
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oxidative DNA damage with Al2O3 NMs, Shah et al. (2015) reported an increase in 8-oxo guanine,
an oxidized DNA base, in vivo in the brain of mice treated intraperitoneally with 50 mg/kg Al2O3

NMs [44]. Similar results were observed in vitro in mouse neuronal cells treated with Al2O3 NMs from
100 to 150 μg/mL [44].

Several metal oxide NMs have been shown to induce oxidative stress [13,14,18,33,45,46] which
in some cases was correlated with DNA damage [47]. Several in vivo studies with Al NMs have
described a concentration-dependent increase in oxidative stress with Al2O3 NMs in several tissues
including liver and kidney induced after acute (3 days) and chronic (up to 21 days) oral exposures to
rats at doses ranging from 500 to 2000 mg/kg bw [13,14]. Moreover, oxidative stress was observed in
several organs of rodents following acute and repeated intraperitoneal exposure [44,48]. Using doses
of Al2O3 NMs more consistent with daily human exposure (0.5 to 70 mg/kg bw), oxidative stress was
detected in rat liver, kidney and erythrocytes after repeated daily oral exposure [39,45,49]. In vitro,
some evidence that exposure to Al2O3 NMs can induce oxidative stress has been also reported in
various cell lines following 24 h exposure [18,33,44,46,47] that can be rapidly repaired depending on
the concentration [47]. In contrast, Demir et al. (2015) did not observe any oxidative DNA damage
in human peripheral blood cells exposed 3 h to Al2O3 NMs up to 10 μg/mL [50]. It was also shown
that impairment of mineral homeostasis linked to oxidative stress could be induced by Al2O3 NMs in
hippocampi of rats after intravenous injections [51].

In agreement with our results for Alo and Al2O3 NMs, no increase in MN was observed in either
in BM or colons of rats exposed to 25 mg/kg bw AlCl3. In other studies, however, AlCl3 was found to
increase the number of MN in BM after a unique oral exposure to mice at 50 mg/kg bw [22]. Likewise,
increases in MN frequency were observed in rat liver after a 30 day oral exposure [52] or with a 5 mg/kg
bw daily intra-peritoneal exposure for 10 weeks [53]. Interestingly, the induction of MN formation
following oral exposure could be decreased with an antioxidant treatment (propolis or borax) [52,54]
suggesting that the effects of AlCl3 where linked to oxidative stress as described elsewhere [55–57].
Nevertheless, apoptosis has been described as a cause of DNA fragmentation in the liver of mice
following acute exposures to AlCl3 (25 mg/kg by ip) [58]. Aluminum acetate (50 mg/kg) was also
found to induce chromosome aberrations in BM of mice after both single and seven consecutive day
intraperitoneal administration while the MN response was only positive after repeated exposure [59].
In vitro, AlCl3 was reported to increase the number of MN and chromosomal aberrations in peripheral
blood lymphocytes after 24 h exposure between 1 and 10 μg/mL [60].

We did not observe any increase in DNA damage with the comet assay in duodenum and liver,
in agreement with our in vitro results on liver and intestinal human cells [36]. No DNA damage,
with or without Fpg, was detected in the other organs and tissues investigated, with the exception
of blood where a slight increase of oxidative DNA damage was observed. Indeed, DNA damage in
response to AlCl3 exposure was reported in vitro in human peripheral blood cells [20,21]. Oxidative
stress in response to AlCl3 treatment was demonstrated to correlate with oxidative DNA damage
induced in human peripheral blood cells [21] and the increase of GSH/GSSG ratio and Hsp70 mRNA
levels in human neuroblastoma cells [61].

While a negative response in the MN assay was observed with the three forms of Al both
in vitro and in vivo, the comet assay indicated effects of Al2O3 NMs on BM and with AlCl3 on blood.
No correlation between the in vivo genotoxicity of Al NMs and the ionic salt AlCl3 was observed in our
study, and we therefore cannot conclusively determine the potential effect of aluminum ions released
from the Al NMs. Although we have previously reported a low solubility of these Al-containing NMs
in an in vitro digestion system [25], estimating the solubility of NMs in the intestinal fluid in vivo
remains challenging. Therefore, no clear conclusion can be drawn on the role, if any, of metallic ions
in the genotoxic effects observed. The differences due to the route of exposure, the Al form tested,
the organs studied and the dose of exposure can explain the discrepancies of the responses in the
different publications.
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5. Conclusions

Our results indicate that Al0 and Al2O3 NMs do not induce chromosomal mutations detected
by the micronucleus assay in BM or the colons of rats exposed orally to Al-containing NMs at doses
from 6 to 25 mg/kg bw. However, the comet assay showed some increase of DNA damage only in BM
with Al2O3 NMs, while AlCl3 induced slight oxidative DNA damage in blood. No clear relationship
between genotoxic effects and ion release could be determined. Challenges remain in the evaluation
of the genotoxicity of Al-containing NMs, and further work is necessary in order to correlate these
data with the measurement and characterization of Al NMs in the different organs and body fluids,
including data on solubility in vivo.
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Abstract: Due to their antibacterial and antiviral effects, silver nanoparticles (AgNP) are one of the
most widely used nanomaterials worldwide in various industries, e.g., in textiles, cosmetics and
biomedical-related products. Unfortunately, the lack of complete physicochemical characterization
and the variety of models used to evaluate its cytotoxic/genotoxic effect make comparison and
decision-making regarding their safe use difficult. In this work, we present a systematic study of
the cytotoxic and genotoxic activity of the commercially available AgNPs formulation Argovit™ in
Allium cepa. The evaluated concentration range, 5–100 μg/mL of metallic silver content (85–1666 μg/mL
of complete formulation), is 10–17 times higher than the used for other previously reported
polyvinylpyrrolidone (PVP)-AgNP formulations and showed no cytotoxic or genotoxic damage in
Allium cepa. Conversely, low concentrations (5 and 10 μg/mL) promote growth without damage to
roots or bulbs. Until this work, all the formulations of PVP-AgNP evaluated in Allium cepa regardless
of their size, concentration, or the exposure time had shown phytotoxicity. The biological response
observed in Allium cepa exposed to Argovit™ is caused by nanoparticles and not by silver ions.
The metal/coating agent ratio plays a fundamental role in this response and must be considered
within the key physicochemical parameters for the design and manufacture of safer nanomaterials.

Keywords: nongenotoxic silver nanoparticles; genotoxic; cytotoxic; antioxidant activity; silver ions;
Allium cepa; metal/coating agent ratio
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1. Introduction

Silver nanoparticles (AgNPs) are the most widely used nanomaterials worldwide in different
areas such as the pharmaceutical, food, biomedical, textile and agricultural industries, due to their high
capacity as antimicrobial and antiviral agents [1–3]. Due to the AgNPs diverse areas of application, it is
fundamental to know, as much as possible, the toxicological profile of each nanoparticle formulation.

Physicochemical properties of AgNPs, such as size, shape, stability, and the coating agents have
been identified as direct modulators of the cytotoxic/genotoxic damage elicited on different cellular
systems, e.g., mammals, plants, bacteria [4–9]. Practically all publications identify the release of silver
ions and reactive oxygen species (ROS) overproduction as triggers of cellular damage. Additionally,
many of them described size-dependent toxicity, as the smaller the nanoparticles, the higher the toxicity
found [1,4,9–13].

Conversely, several works associate the cytotoxic damage not to the released silver ions but to the
nanoparticle itself [14–18]. Furthermore, it was found that the coating agent could play a significant
role in the cytotoxic/genotoxic damage and the cellular uptake by a dependent or independent
clathrin/caveolae endocytosis [19–23].

Just a few AgNPs formulations provide a complete characterization, and even fewer have been
evaluated on diverse systems, including those recognized as a reference, i.e., primary cultures in the
case of mammals [24] and Allium cepa for higher plants [25]. The above mentioned makes the task of
comparison and decision-making regarding toxicity and safety use of AgNPs very difficult.

Allium cepa is considered one of the most sensitive plant systems to determine the cytotoxic
and genotoxic effects of diverse chemical agents. The advantage provided by this system has been
widely described in different works and reviews articles [25–28]. Despite all known benefits, the use
of this model for nanomaterials still provides controversial results that made hard the task for
decision-makers. Most of the problems are not associated with the model itself but to the scarce
physicochemical properties of nanomaterials supplied by the authors. Furthermore, in our knowledge,
scarce studies reported the physiological response of plants exposed to different concentrations of
silver ions and fewer with the coating agent alone.

Diverse biological responses were described when Allium cepa was exposed to various formulations
of AgNPs. The observed effects were mainly associated with the silver ions released. However, different
groups working with very stable AgNPs formulations—most of them coated with polyvinylpyrrolidone
(PVP)—showed cytotoxic and genotoxic effects that cannot be associated with the leached silver ions [14,15].
Thus, the biological response must be elicited mainly by the nanoparticle itself and not by its constituents.

Table 1 summarizes the cytotoxic and genotoxic response registered after the exposure of
Allium cepa to different concentrations of diverse AgNPs formulations from published data. Most of
the formulations assessed reported cytotoxic and genotoxic damage, mainly those that lack of coating
agent and the biogenically produced nanoparticles [29–37].

It is well known that the coating agent contributes to the stability of AgNPs and, in turn, their toxicity
response [3,21,22,38,39]. The use of PVP as a coating agent substantially diminishes the genotoxic
damage [40,41]. Minimal effect on root elongation and the mitotic index were found with AgNPs coated
with citrate (61.2 nm), PVP (9.4 nm) and CTAB (5.6 nm) [14]. Interestingly, all AgNPs evaluated by
Cvjetko [14] produce cytotoxic damage, increasing ROS concentration, and lipoperoxidation with an
AgNPs concentration-dependence manner. Although no DNA damage was observed with citrate-AgNPs
by comet assay (Table 1).

An essential contribution of the manuscript of Cvjetko is the association of cytotoxic and genotoxic
damage to the nanoparticles and not to the released silver ions [14]. Another work by Scherer [15] also
reported the cytotoxic and genotoxic effect of PVP-AgNPs with different sizes with no contribution
of free Ag+ ions to cytotoxicity observed. In the mentioned work, the authors describe a cytotoxic
and genotoxic effect with a size dependence behavior. Small nanoparticles produce more considerable
cytotoxic damage and micronuclei (MN) frequency. All AgNPs studied in this work, no matter the
size, produce cytotoxic and genotoxic damage.
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During the last years, our research group has studied a commercial PVP-AgNPs formulation
known as Argovit™ that has shown striking results in agriculture, aquaculture, and human and
veterinary medicine [44–51]. These AgNPs have been very useful in disinfection and heal acceleration
of diabetic wounds [44], reduction of tumor growth on mice [45], treatment of white spot virus on
shrimps without toxic effects [46–52] and distemper on dogs [47], a decrease of the infectivity of
Rift Valley fever virus on mice [48], elimination of parasites from fish for human consumption [49],
disinfection and promotion of plants growth during micropropagation [50,51], among many others.

In this work, we present the systematic study of Allium cepa biological response elicited by
the exposure for 24, 48 and 72 h to different concentrations of a fully characterized PVP-AgNPs
formulation, silver ions from AgNO3 solution corresponding to the amount of silver contained in the
nanoparticles and the corresponding amount of PVP (acting as coating agent of the nanoparticles) for
each concentration assessed. The physiological response was evaluated, monitoring the number and
length of new roots. The cytotoxic damage was determined considering the mitotic index, the effects
on the mitosis cycle, and the evaluation of ROS overproduction, the antioxidant response of the onion,
quantification of the total phenol content, and evidence of lipoperoxidation. Finally, the endpoint to
determine genotoxic damage was the change in the micronuclei frequency on dividing cells.

2. Materials and Methods

2.1. Materials

The AgNPs formulation used in this work is a stable aqueous suspension that contains 1.2%
weight of metallic silver stabilized with 18.8% weight of PVP, commercially available as Argovit™.
The final concentration of the suspension is 200 mg/mL (20%) of AgNPs. The AgNPs of this formulation
has been described as a spheroidal shape by transmission electron microscopy (TEM) with a diameter
distribution between 1 to 90 nm and an average size of 35 ± 12 nm. The hydrodynamic diameter is
70 nm, with a zeta potential of −5 mV and a plasmon resonance found at 420 nm. All determinations
performed in distilled water [45]. Silver nanoparticles were donated by Vasily Burmistrov of Vector-Vita
Scientific and Production Center (Novosibirsk, Russia). The UV-vis, zeta potential, and hydrodynamic
diameter for AgNPs batch used in this work were determined in distilled water. The UV-vis spectra
were acquired with an Agilent Cary 60 spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA), and the absorption maximum was observed on 424 nm. The zeta potential (−14 mV) and the
hydrodynamic diameter (95 nm) were determined with a Zetasizer Nano NS DTS-1060 (Malvern
Panalytical Ltd., Worcestershire, UK) The values obtained agree with those reported by the producers.

2.2. Experimental Design

For each treatment, three Allium cepa bulbs (2–3 cm of diameter) were used. Roots were removed
without primordial destruction. After washing, each bulb was placed in a 50 mL Falcon conical tube.
Each tube contained 10 mL of distilled water and the corresponding treatment: AgNPs, AgNO3, or PVP.
The final concentrations for AgNPs and AgNO3 were 5, 10, 15, 25, 50, 75 and 100 μg/mL (metallic silver
content), while the final PVP concentrations were 78, 156, 235, 391, 783, 1175 and 1566 μg/mL. The PVP
concentrations correspond to the maximum amount of polymer used as a coating agent on each AgNPs
concentration evaluated, considering that Ag%: PVP% ratio in Argovit™ is 1.2%:18.8%. Distilled water
was used as a negative control (C−) and sodium arsenite (NaAsO2) at a concentration of 0.37 μg/mL
(2.84 μM) as a positive control (C+). The inclusion of positive genotoxic control is to guarantee that
the cyto-genotoxic response observed is a product of the agents studied and not an artifact of the
technique. Samples were incubated at 25 ◦C ± 0.5 ◦C for 72 h in darkness with the corresponding
stimuli, except NaAsO2 samples, which were exposed only for one hour with the stimuli and then
placed in distilled water without arsenite to complete the incubation period [53,54]. Due to the high
sensitivity of Allium cepa to sodium arsenite exposure reported in two studies [55,56], it was decided to
use an exposure time of only one hour at 0.37 μg/mL, to prevent masking of genotoxic damage by the
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cytotoxic effects (induction of apoptosis and necrosis). The onions exposed to sodium arsenite were
incubated for 71 h extra in distilled water to resemble the conditions used for AgNPs and AgNO3.
Three independent experiments by triplicate were performed for each treatment.

2.3. Sample Preparation

After incubation time, three mm of the root was fixed with MeOH (80% v/v) and then submerged
for 2 min in 5 N HCl. After that, samples were rinsed with distilled water to remove the acid excess.
Rinsed roots were submerged in the acetic-orcein stain for 30 min and then rinsed with distilled water.
Finally, the stained root was placed on a slide with a drop of acetic acid at 45% (v/v). The sample was
“squashed” with the help of a coverslip for microscope observation. Observations were performed with
a Carl Zeiss Primo Star microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) with a 40× objective.

2.4. Mitotic Index and Genotoxicity

The mitotic index was determined with the ratio of cells in division
(P = prophase +M = metaphase + A = anaphase + T = telophase) and the total number of
counted cells according to the formula:

MI = [(Cells on division (P +M + A + T))/(Total counted cells)] × 100 (1)

Genotoxicity was determined with the micronuclei frequency present on 1000 cells under division
counted to determine the mitotic index [57].

2.5. Determination of Antioxidant Capacity

The antioxidant capacity was determined using the Oxygen Radical Activity Capacity kit (ORAC
kit, ab233473, Abcam, Cambridge, MA, USA) according to the method described by [58]. Briefly,
one gram of freeze-dried extract (H2O: MeOH, 20: 80 v/v) of Allium cepa roots and bulbs were diluted
in methanol for quantification. Analyses were performed at 37 ◦C using a pH 7.4 phosphate buffer.
The peroxide radicals were produced by 2,2′-Azobis(2-amidinopropane) dihydrochloride (AAPH),
using fluorescein as substrate and Trolox as standard. Fluorescence was measured every 2 min for one
hour. A calibration curve of Trolox in the concentration range 10 to 100 μM was used in each plate
read. All determinations were done by triplicate.

2.6. Determination of Reactive Oxygen Species (ROS)

The determination of ROS was performed by a direct colorimetric and fluorometric assay that
measures hydrogen peroxide (H2O2) as a reactive oxygen metabolic by-product (Hydrogen Peroxide
Assay Kit-ab102500, Abcam, Cambridge, MA, USA). The determination was performed following the
supplier protocol. Briefly, 5mg of freeze-dried Allium cepa roots and bulbs samples were separately
homogenized in cold phosphate buffer solution and washed by centrifugation for 2–5 min at 4 ◦C
and 1000× g to remove any insoluble material. The collected supernatant was transferred to a clean
tube to keep on ice. Perchloric acid (PCA) 1 M was used for deproteination; the mixture was stirred
and incubated on ice for 5 min. PCA was precipitated with 2M KOH. The mixture was centrifuged at
10,000× g for 20 min at 4 ◦C, and the supernatant was collected. Deproteinized samples were used to
determine ROS with Hydrogen Peroxide Assay Kit (Abcam, Cambridge, MA, USA). All determinations
were performed by triplicate.

2.7. Determination of Total Phenolic Content (TPC)

Samples from roots and bulbs from the different experimental conditions were extracted for
three hours at 250 rpm with a solvent mixture H2O: MeOH (50:50 v/v) at 30 ◦C. The obtained extracts
were filtered under vacuum and concentrated in a rotary evaporator. The concentrated extract was
lyophilized, and the obtained freeze-dried powder was stored at −80 ◦C. The TPC was determined
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using the Folin–Ciocalteu method previously described by [50]. The absorbance was measured at
760 nm, and TPC was calculated from a calibration curve of gallic acid (10–150 μg/mL) and expressed as
milligrams of gallic acid equivalents (GAE) per gram of sample. All assays were carried out in triplicate.

2.8. Determination of Lipoperoxidation (LPO)

Lipid peroxidation was determined indirectly by the quantification of malondialdehyde (MDA)
produced by the decomposition of unsaturated fatty acids. 200 mg of freeze-dried roots and bulbs
samples were homogenized in 4 mL of 0.1% Trichloroacetic acid (TCA). The extract was centrifugated
at 10,000× g for 15 min. 1 mL of supernatant was collected and mixed with 2 mL of 20% TCA and 2 mL
of 0.5% Thiobarbituric acid (TBA). The mixture was heated for 30 min at 95 ◦C, then cooled on ice.
The produced malondialdehyde was quantified reading at 532 and 600 nm. All determinations were
performed by triplicate.

2.9. Statistical Analysis

GraphPad Prism 8.4 was used to analyze data, which are expressed as the means ± standard error.
One-way ANOVA statistical analysis was performed, followed by Tukey’s test to identify significant
differences among groups. Significant differences were considered with p < 0.05. A Bartlett test [59]
was performed before conduct each analysis of variance to probe the null hypothesis that variances
in all groups are the same. The results showed p ≥ 0.05 for all variables considered in this study.
We assume normality based on the Bartlett test sensitivity for normal distributions [60].

3. Results and Discussion

Figure 1 shows changes in Allium cepa root length with time. After 24 h of exposure, AgNPs with
concentrations of 5, 10, 25, and 50 μg/mL, as well as 156 μg/mL for PVP, promoted root elongation
compared with the negative control. For this exposure time, the most important elongation was
observed for 5 μg/mL of AgNPs. The lowest concentrations of PVP (78 μg/mL) and AgNO3 (5 μg/mL)
seem to make root elongation slower. Root elongation increase was observed with the concentration
increase of both PVP and AgNO3, but to less degree than the obtained for AgNPs. The minimal
root elongation was found in onions exposed to 1175 and 50 μg/mL of PVP and AgNO3, respectively
(Figure 1). Most significant changes in root elongation were observed on plants exposed to AgNPs for
48 h, being the most impressive one reached in onion exposed to 5 μg/mL of AgNPs, 3.5-times higher
elongation compared with the negative control (Figure 1). PVP and silver nitrate showed similarly or
slightly superior elongation values than the negative control, albeit never more than double. After 72 h
of exposure, the highest root elongation was still produced by the lowest concentrations of AgNPs
assayed, 5 μg/mL and 10 μg/mL.

The number of new roots found after the exposure to AgNPs increases for all assessed
concentrations compared with the negative control (Figure 2). As in the case of root elongation,
the concentration of 5 μg/mL was the most effective. Interestingly, the number of new roots found for
10, and 15 μg/mL rapidly drops compared with those seen for 5 μg/mL. Then it increases again for
concentrations of 25 and 50 μg/mL, but not so impressive as for 5 μg/mL. The number of roots found
for 75 and 100 μg/mL drops again.

On the other hand, PVP only promoted the emergence of new roots with the highest
concentration assessed, 1566 μg/mL. Meanwhile, AgNO3 shows the changing pattern found for
different concentrations of AgNPs but, in this case, involving the concentrations from 15 (maximum
root numbers) to 100 μg/mL. For both agents, PVP, and AgNO3, the lowest concentration assessed
presents the smaller number of new roots, even lower than for the negative control (Figure 2).

The mitotic index shown in Figure 3 is the primary biomarker used to determine the cytotoxic
effect of different substances and provides strong arguments to explain the root elongation and increase
of root number elicited by exposure of Allium cepa to AgNPs. In our experimental conditions, the MI
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value for the negative control (C−) was 12.5 ± 1.5. This value is similar to the reported by Dizdari [61]
and Cvjetko [14] with IM values of 15 ± 0.32 and 9 ± 0.5, respectively.

Figure 1. Root elongation of Allium cepa exposed to AgNPs, PVP, and AgNO3 with different
concentrations after 24 (black), 48 (dark gray), and 72 h (gray) of exposure. The negative control (C−)
was distilled water, and 0.37 μg/mL of sodium arsenite was used as a positive control (C+). Dotted lines
were included for comparative purposes that show the elongation observed for negative control on
each evaluated time. * Indicates significative differences with the negative control (p < 0.05); § indicates
significative differences with the positive control (p < 0.05) after 72 h of exposure.

Figure 2. The number of new roots counted on Allium cepa exposed to AgNPs, PVP, and AgNO3 with
different concentrations after 24 (black), 48 (dark gray), and 72 h (gray) of exposure. Negative control
(C−) was distilled water. 0.37 μg/mL of sodium arsenite was used as a positive control (C+). Red dotted
lines were included for comparative purposes that show the number of roots observed for negative
control on each evaluated time. * Indicates significative differences with the negative control (p < 0.05);
§ indicates significative differences with the positive control (p < 0.05) after 72 h of exposure.
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Figure 3. Mitotic index obtained after 72 h of exposure to the corresponding stimuli, AgNPs (lined),
PVP (dark gray), and AgNO3 (grid). The concentrations assessed are indicated in the figure. C−
corresponds to untreated plants (light gray) and C+ to those exposed to 0.37 μg/mL of sodium arsenite
(black). * Indicates significative differences with the negative control (p < 0.05); § indicates significative
differences with the positive control (p < 0.05).

The AgNPs concentrations of 5 and 10 μg/mL showed higher MI values for all the series.
Meanwhile, the other concentrations (15–00 μg/mL) showed a MI value similar to the negative control,
but never below. On the contrary, for all PVP and AgNO3 concentrations, the MI values are beneath
the negative control. MI value ranges are within 8.6 ± 0.7–6.3 ± 0.7 for PVP and 7.2 ± 0.8–4.7 ± 0.5
for AgNO3. MI value for sodium arsenite is close to the MI value of PVP (8.43 ± 1.66). From 5 to
25 μg/mL of silver nitrate, the MI decreases in a concentration-dependent manner; for 50 μg/mL and
higher concentrations, the MI keeps practically constant (Figure 3). It is clear from Figure 3 that lower
concentrations of this AgNPs formulation promote cellular division, contrary to silver ions that affect
cell division starting from the lower concentration assessed. A detailed analysis of cell populations
demonstrates that the exposure to AgNPs with concentrations of 5 and 10 μg/mL elicits a critical
percentage of cells found in prophase–more than three times in comparison with the negative control
(Figure 4). Additionally, a small increase in the frequency of cells in telophase is observed with these
concentrations. With higher concentrations of AgNPs (75 and 100 μg/mL), the frequency of cells on
prophase is still above the observed for the negative control.

Conversely, PVP and AgNO3 decrease the cell count in all phases compared with the negative
control, except for the interphase. Both agents present a cell counting decrease on prophase with a
dose-concentration behavior. For the rest of the phases, no dose-dependence behavior was found,
but in all of them, a significant reduction in cell counting compared with the negative control was
observed, even most important than the produced by sodium arsenite (C+).
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Figure 4. Effects elicited by AgNPs, PVP, and AgNO3 on mitosis of Allium cepa root cells. (a) Cell
population in each phase of mitosis after 72 h of exposure to several concentrations of AgNPs (lined),
PVP (dark gray), and AgNO3 (grid). C- corresponds to untreated plants (light gray) and C+ to
those exposed to 0.37 μg/mL of sodium arsenite (black). * Indicates significative differences with the
negative control (p < 0.05); § indicates significative differences with the positive control (p < 0.05).
(b) Representative photographs of cells at different stages of mitosis. Images were obtained with a
digital camera adapted to the microscope using a 40× objective.

Exploring the factors that could contribute to cytotoxicity and, in turn, to the decrease of MI values,
we quantify the concentration of reactive oxygen species (ROS) within the cells. It is important to note
that only PVP at 78 μg/mL and AgNO3 at 75 and 100 μg/mL produce an increase of ROS statistically
significant compared with the negative control (Figure 5a). On the other hand, AgNPs provide a
significate upsurge of ROS starting from the concentration of 15 μg/mL.
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Figure 5. Antioxidant response of Allium cepa roots exposed to different stimuli. (a) Reactive Oxygen
Species, (b) Oxygen Radical Absorption Capacity assay, (c) Total Phenolic Content, and (d) Lipoperoxidation
recorded on the onion roots after 72 h for different concentrations of AgNPs (lined), PVP (dark gray),
and AgNO3 (grid). C- corresponds to untreated plants (light gray) and C+ to those exposed to 0.37 μg/mL
of sodium arsenite (black). * Indicates significative differences with the negative control (p < 0.05);
§ indicates significative differences with the positive control (p < 0.05).

The oxygen radical absorbance capacity registered on plants exposed to AgNPs shows an increase
compared with negative control only for concentrations of 5 and 10 μg/mL (Figure 5b), despite the
ROS underproduced by these concentrations (Figure 5a). Contrariwise, PVP increases the presence of
antioxidant agents for the concentration range of 156 to 1175 μg/mL. Silver ions present practically
no changes, except for the concentrations 15 and 50 μg/mL (Figure 5b). Figure 5c shows total phenol
content (TPC) as a part of the antioxidant response of the onions to the application of the chemical
agents. The TPC uprate for AgNPs was observed in the concentration range 5–25 μg/mL, while for
PVP and silver ions in a broader range, 156–1175 and 10–75 μg/mL, respectively. The lipoperoxidation
(Figure 5d) only show differences in comparison with the negative control for the high concentrations
of AgNPs (100 μg/mL) and Ag+ (75 and 100 μg/mL).

Indeed, these results suggest different cytotoxic mechanisms exerted by the substances evaluated
in this work. The MI drop registered in onions exposed to Ag+ or PVP did not show a direct association
with the overproduction of ROS. On the other hand, the ROS overproduction elicited by AgNPs does
not produce changes on the mitotic index compared with the negative control (Figures 3 and 5a).

Essential differences in the antioxidant response of the plant support the proposal of different
cytotoxic mechanisms exerted by these agents. The low concentrations of AgNPs cause an upper
production of TPC that helps the enzymatic response to fight ROS overproduction. Meanwhile, at 50
to 100 μg/mL, the TPC decreases 20% compared with the negative control, suggesting that from
here on, the antioxidant activity ultimately falls on the enzymatic systems. Nevertheless, even at
higher AgNPs concentrations, the onion antioxidant response is still useful because the mitotic index
presents no changes, and the frequency of cells on prophase and telophase increases compared with
the negative control.

Only the higher concentration of AgNPs evaluated, 100 μg/mL, produces an increase of
malondialdehyde that can be considered as the beginning of lipoperoxidation compared with the
negative control. So, for low concentrations of AgNPs, no ROS overproduction was observed, but an
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increase in the antioxidant response was found (increase in ORAC and TPC compared with C-),
while for Ag+ no changes neither in ROS concentration nor in the antioxidant response was observed.
These could explain the drastic root growth activation caused by AgNPs compared with Ag+. For
high concentrations of AgNPs and Ag+, two biomarkers associated with phytotoxicity increase
compared with C-: ROS increases by 200% and 120%, respectively, and lipoperoxidation increase
12–14% (Figure 4). Nevertheless, antioxidant mechanisms, measured by ORAC and TPC, show a
small decrease with AgNPs and has not been modified for Ag+, supporting the hypothesis of different
cytotoxic mechanism exerted.

The results obtained with the onion agree with the hormetic effect produced by the same AgNPs
formulation on sugar cane [62], vanilla [50], and stevia [63] through ROS overproduction. Besides, this is
important to detect the concentration where growth promotion without adverse effects is observed in
onions, and the differences in the antioxidant response compared with other plants already exposed to
this type of AgNPs. For onions, cytotoxic damage apparently begins with 100 μg/mL of AgNPs because
only a small increase of malondialdehyde is observed (Figure 5c). While on the other plants, with this
concentration, the damage is quite evident not only at the molecular level but also physiologically, due to
different antioxidant response of these plants [50,62,63].

The ROS overproduction and the antioxidant response on the onion bulb are quite similar to
those observed on the roots. The main difference consists of TPC production. In the case of the bulb,
silver ions enlarge a little bit TPC with the concentration range 5–50 μg/mL. Meanwhile, PVP does it
with the range 156–1175 μg/mL, being the latter one of the most significant TPC values registered here.
Therefore, no damage was registered on the bulb with any of the AgNPs concentrations evaluated,
considering that MDA registered with exposure to 100 μg/mL of AgNPs is just the beginning of cell
damage (Figure S1).

Thus, at low AgNPs concentrations factors increasing plant growth (oxygen radical absorption
capacity, Figure 5b, and total phenolic content, Figure 5c) are maximum with no evidence of cellular
damage. The antioxidant response could explain the increase in the number and length of roots and
the mitotic index (Figures 1–3).

It is known that one of the consequences of ROS overproduction is reversible or irreversible
nuclear material damage [64]. In order to complete the phytotoxic influence of these compounds on
Allium cepa, the AgNPs genotoxic potency was determined though the recording of micronuclei (MN)
frequency. Figure 6 shows the MN frequency observed after 72 h of exposure to the different agents.
Allium cepa is one of the most sensitive systems for genetic damage assessment. Moreover, the number
of chromosomes provides an essential advantage for tracking genetic damage due to the reduced
number of chromosomes [25].

Several authors reported that MN frequency on basal conditions for Allium cepa is between 1
and 2 [65–67]. In our experimental conditions, MN counting (1.3 ± 0.5) agrees with those values
previously reported.

As expected, the known genotoxic agent sodium arsenite, exhibited the most significant MN
frequency, ten-times higher (13 ± 3.6 MN) than the observed for negative control (1.3 ± 0.5 MN).
Contrariwise, exposure to AgNPs at any of the concentrations assayed showed lower values than
the recorded for the negative control. Interestingly, no increase in MN frequency was recorded on
the samples exposed to AgNPs neither with the low (5 and 10 μg/mL) nor the higher concentration
(25–100 μg/mL), despite the latter elicit the highest ROS overproduction (Figure 5b). All assessed
PVP concentrations show low MN frequency similar to AgNPs and the negative control. (Figure 6).
Contrastively, silver ions duplicate MN frequency (2.6 ± 1.1 MN) compared with negative control
(1.3 ± 0.5) starting from the lowest concentration (5 μg/mL). For 100 μg/mL of AgNO3, MN frequency
reached 11.6± 1.5, response quite similar to sodium arsenite (13± 3.6 MN). The MN frequency increases
with Ag+ concentration demonstrating that silver ions display a concentration-dependent behavior.

It has been reported that low concentrations of silver ions can unidirectionally affect the K+ flux
decreasing its intracellular concentration, while higher concentrations produce the same effect but
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damaging cellular membrane [68]. Additionally, silver ions can block the recognition sites of ethylene,
avoiding the completeness of the signaling route [69]. The above could explain the decrease in MI and
the diminish of cells in prophase and telophase observed in roots exposed to silver ions.

Figure 6. Micronuclei frequency (MN) on Allium cepa root exposed to different stimuli. The MNi
frequency was recorded after 72 h exposure to different concentrations of AgNPs (lined), PVP (dark
gray), and AgNO3 (grid). C− corresponds to untreated plants (light gray) and C+ to those exposed to
0.37 μg/mL of sodium arsenite (black). * Indicates significative differences with the negative control
(p < 0.05); § indicates significative differences with the positive control (p < 0.05).

The results obtained in this work with Ag+ ions agree with the concentration-dependent phytotoxic
effects described by Panda [37] and Yekeen [32] in Allium cepa. Panda found a significant decrease in the
mitotic index and a substantial increase in the frequency of cells with MN with low concentrations of
Ag+ ions (5 μg/mL) and only 2 h of exposure [37]. The literature data and the different responses from
Allium cepa root cells exposed to silver ions and AgNPs support our proposal of different mechanisms
of actions elicited by both agents.

On the other hand, the cytotoxic and genotoxic response of Allium cepa roots after exposure
to sodium arsenite show concentration- and time-dependence behavior. It was demonstrated that
micronuclei frequency and mitotic index are directly dependent on sodium arsenite exposure time.
Both parameters show an opposite trend with prolonged exposure, that is, as longer the exposure
time, lower the mitotic index, and higher the micronuclei frequency recorded [55,56]. Sodium arsenite
concentrations of 0.3 to 1 μg/mL after 1h of exposure produce a significant statistical difference
in the micronuclei frequency with lower affectation in the mitotic index compared with negative
control [55,56]. These results show the tremendous cytotoxic and genotoxic damage produced by low
concentrations and short exposure times of sodium arsenite in Allium cepa root cells.

In our experimental conditions (0.37 μg/mL and 1 h of exposure), a similar trend than that
previously described for sodium arsenite was observed. The length of the roots and appearance of new
ones after 24 h (Figures 1 and 2) is lower compared with the negative control, which is consistent with
the rapid cytotoxic damage previously described. Moreover, after 72 h, the cytotoxic and genotoxic
damage on the root cells exposed to this low concentration of arsenite for a very short time is still
measurable, showing a decrease on the mitotic index (Figure 3), a significant reduction of cells in
prophase (Figure 4) and a meaningful increase in the micronuclei frequency (Figure 6). All of this is
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without a considerable difference elicited by arsenite in the antioxidant response, ROS overproduction,
total phenol content, or evidence of lipoperoxidation compared with the negative control after 72 h
(Figure 5). It is very important to bear in mind that the damage caused by the arsenite must have
occurred during the first hours of exposure, but it was so great that even after 72 h of exposure, it is
still measurable in parameters such as mitotic index and micronucleus frequency.

On the other hand, low concentrations of AgNPs (5 and 10 μg/mL) produce a rise in the root length
promote the appearance of new ones (Figures 1 and 2), increase in the mitotic index (Figure 3) and cells
in prophase (Figure 4). These concentrations do not lead to ROS overexpression but increase the total
phenol content and the antioxidant response, suggesting that plants grow in order to cut down the
possible damage. As the AgNPs concentration increase, noticeable increase the ROS overproduction
and the total phenolic content and the antioxidant response decrease. Nevertheless, no differences were
observed in the number and length of roots, mitotic index, or the micronuclei frequency compared
with the negative control.

These results suggest that Allium cepa root cells are better able to handle the possible damage
caused by higher concentrations of AgNPs after longer exposure times than the damages caused by a
13 to 270 times lower concentration of arsenite with 72 times less of exposure time than ones applied
for AgNPs. In the employed experimental conditions, the damage produced by AgNPs is meager
considering the significant damage generated by a low concentration of sodium arsenite after the very
short exposure time. However, further experiments must be performed to confirm the lack of cytotoxic
and genotoxic damage of the AgNPs formulation evaluated in this work.

All PVP-AgNPs formulations listed in Table 1 produce chromatic aberrations. PVP-AgNPs
formulation studied by Cvjetko at a concentration of 10 μg/mL of metallic silver (100 μM) produces
DNA damage evidenced by the increase of the comet tail [14]. This concentration, 10 μg/mL, represents
only one-tenth of the maximum concentration evaluated for Argovit™ in this work, but the latter
did not produce cytotoxic or genotoxic damage even when 100 μg/mL of metallic silver was used.
Other PVP-AgNPs with sizes 5, 25, 50, and 75 nm were studied by Scherer at concentrations of 100μg/mL
of the complete nanoparticle formulation observing that the smaller the AgNPs diameter, the more
the MI decrease and the MN frequency increases compared to the control group. The concentration
of 100 μg/mL of the complete nanoparticle formulation represents the sixteenth part of the Argovit™
concentration used in this work. For Argovit™, 83–666 μg/mL of the complete AgNPs formulation
corresponds to 5–100 μg/mL considering the content of metallic silver.

Until this work, all the AgNPs formulations evaluated had shown phytotoxicity on Allium cepa.
Results obtained in this work show that cytotoxic and genotoxic responses of Argovit™ PVP-AgNPs
are less than the effect produced by AgNPs formulations listed on Table 1. The shape, size, and coating
agent of the nanoparticles from Table 1 and the evaluated in this work are quite similar, but the latter
did not generate phytotoxic damage. The Ag/coating agent ratio is the only factor that could explain
the main differences in the toxicological response observed in this work with those previously reported
since there are no such dramatic toxicological differences associated with the difference in size, shape or
silver content [21,22,38–41,70,71]. Considering dried nanoparticles, the [Ag]/[PVP] ratio expressed
in % of weight in the formulation studied here is 6:94. Meanwhile, NanoComposix is 34:66, and the
synthesized by Cvjetko is 40:60 [20]. Unfortunately, we have not found information about Nanotech
Ltd.’s formulation.

Hence, even though the concentration of AgNPs studied in this work was at least 10–17 times
higher than those for previously reported PVP-AgNPs formulations, no cytotoxic nor genotoxic damage
for Allium cepa was observed. Lack of damage under the experimental conditions assessed could
be a good sign regarding their environmental impact, but further experiments with more extended
exposure periods must be performed to determine chronic toxicity effects.
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4. Conclusions

In this work, the cytotoxic and genotoxic effect of AgNPs formulation Argovit™ for Allium cepa
(onion), a recognized reference system for higher plants, were studied. Our results allow us to conclude
that this AgNPs formulation produces no cytotoxic nor genotoxic damage at the concentrations assessed
on Allium cepa compared with other PVP-AgNPs formulations reported on literature. Comparative
analysis of the behavior of Argovit™ AgNPs and AgNO3 showed that the primary biological effect
of Argovit™ is not associated with the released silver ions but to AgNPs themselves. Furthermore,
our results show the relevance of evaluating the cyto-genotoxic response of the coating agent since
the PVP considered as non-toxic and, therefore, frequently used, caused a significant decrease in the
mitotic index of onions exposed to this agent.

The concentrations used in this work for Argovit™ (5–100 μg/mL of metallic silver content or
83–1666 μg/mL of the complete formulation) are 10–17 times higher than the previously reported.
It was suggested that the lack of damage elicited by Argovit™ is due to the high proportion of PVP
used during their synthesis. A large amount of coating agent could provide to this formulation
higher stability and a completely different biological response compared either with other PVP-AgNPs
formulations previously reported or to the silver ions.

In the employed experimental conditions and considering the significant damage generated by
a low concentration of sodium arsenite after a very short exposure time, the damage produced by
AgNPs is meager. This response could be useful for many applications, particularly low concentrations
of Argovit™ that stimulate the growth of onions with minimal cytotoxic or genotoxic damage to the
roots or the bulb, also increasing the total phenolic content.

Results obtained in this work provide valuable information regarding safer nanomaterials design
for therapeutic, biomedical, agrochemical, food, and daily use products by modifying the metal/coating
agent ratio. These results will be beneficial for widely used nanomaterials design, such as silver
nanoparticles and many other nanoparticles whose production begins to increase nowadays due to
their full applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/7/1386/s1,
Figure S1. Antioxidant response of Allium cepa bulbs exposed to different stimuli.
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Ćurlin, M.; Gajović, S. Does surface coating of metallic nanoparticles modulate their interference with in vitro
assays? RSC Adv. 2015, 5, 70787–70807. [CrossRef]
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Abstract: The worldwide increase of graphene family materials raises the question of the potential
consequences resulting from their release in the environment and future consequences on ecosystem
health, especially in the aquatic environment in which they are likely to accumulate. Thus, there is a
need to evaluate the biological and ecological risk but also to find innovative solutions leading to
the production of safer materials. This work focuses on the evaluation of functional group-safety
relationships regarding to graphene oxide (GO) in vivo genotoxic potential toward X. laevis tadpoles.
For this purpose, thermal treatments in H2 atmosphere were applied to produce reduced graphene
oxide (rGOs) with different surface group compositions. Analysis performed indicated that GO
induced disturbances in erythrocyte cell cycle leading to accumulation of cells in G0/G1 phase.
Significant genotoxicity due to oxidative stress was observed in larvae exposed to low GO concentration
(0.1 mg·L−1). Reduction of GO at 200 ◦C and 1000 ◦C produced a material that was no longer genotoxic
at low concentrations. X-ray photoelectron spectroscopy (XPS) analysis indicated that epoxide groups
may constitute a good candidate to explain the genotoxic potential of the most oxidized form of the
material. Thermal reduction of GO may constitute an appropriate “safer-by-design” strategy for the
development of a safer material for environment.

Keywords: graphene oxide; reduced graphene oxide; micronucleus; oxidative stress; safer-by-design

1. Introduction

Carbon-based nanomaterials (CBMs) and especially 2D materials related to graphene [1] possess
unique properties [2,3], triggering high expectations for the development of new technological
applications and are forecasted to be produced at industrial-scale [4]. Among these graphene-based
materials (GBMs), graphene derivatives such as graphene oxide (GO) and reduced graphene oxide

Nanomaterials 2019, 9, 584; doi:10.3390/nano9040584 www.mdpi.com/journal/nanomaterials141
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(rGO) appear as very attractive due to their high stability after dispersion in various solvents,
facilitating handling and processing of graphene-containing nanocomposites [5,6]. To ensure the safe
and sustainable development of this innovative technology, evaluation of its biological and ecological
risk, as well as finding innovative solutions to mitigate the hazard potential, are essential [7–9].
The increasing GBMs production raises concerns over their release into the environment, where it is
likely to occur at any stage of the material life cycle [10–12]. However, compared to the increasing
number of studies dealing with GBMs synthesis processes or application development advances,
relatively few are devoted to studying their toxicity, and even less to their ecotoxicity. Due to its
hydrophilic properties associated with the presence of oxygen-containing functional groups at their
surface, GO and rGO could potentially be highly reactive towards multiple components of the
environment [13]. Moreover, different physico-chemical behaviours between GO and rGO can be
expected in the environment [14], associated with changes occurring in surface functional groups
during the reduction process [15].

Most of the GBMs toxicological data available were obtained through in vitro experiments focusing
on cytotoxicity towards mammalian cells [16–18]. For instance, some studies demonstrated that oxidized
graphene-based nanoparticles exerted higher toxicity compared to their reduced counterparts [19–21],
while others obtained contradictory results, indicating higher toxicity exerted by the reduced form of
GO [22,23]. Among possible toxic effects, genotoxicity may have non-negligible consequences because
unrepaired and/or improperly repaired DNA damage may in turn cause cellular dysfunctions and tumor
formation, leading to the death of organisms [24] and further decline of a population [25]. However, it
was pointed out that in vivo genotoxic potential of GBMs is still relatively poorly investigated [16,26,27].
In vivo experiments focusing on genotoxicity were mainly performed in rodents microinjected with
nanomaterials [28–30] and data are remaining scarce particularly for aquatic species. A study performed
using the comet assay in zebrafish failed to highlight genotoxic effects into fish gills after short-term
exposure to GO [31]. Since the data available are contradictory, there is a need to clarify in vivo
genotoxic potential and toxicological mechanisms associated to GO and rGO exposure, in order to fill
persisting knowledge gaps concerning their eco-genotoxicity [32]. Amphibians are widely used for
ecotoxicological studies and are recognized as sensitive organisms to genotoxic compounds, especially
at the larval stage [33,34]. Tadpoles of the African clawed frog, Xenopus laevis, have previously been
used for assessment of raw carbon-based nanoparticles ecotoxicity [35–38] and adverse effects on larval
growth were previously reported after GO exposure [39].

The aim of the present work is to assess the in vivo genotoxic potential of GO in X. laevis as
well as understanding toxicological pathways involved in the genotoxic response after exposure to a
commercial form of the material. To determine the implication of the oxidation degree and surface
functions in the toxicological response, thermal treatments in H2 atmosphere were applied at two
temperatures (200 ◦C and 1000 ◦C) to produce rGO exhibiting different surface functions. The complete
characterization of the tested materials was performed to identify the role of functional groups in the
genotoxic response.

2. Materials and Methods

2.1. Synthesis and Characterization of Graphene Oxide and Reduced Graphene Oxide

Graphene oxide was provided by Antolin Group and prepared by oxidation of Grupo Antolin
Carbon Nanofibers (GANF®)(Grupo Antolín, Burgos, Spain) using the Hummer’s method [40,41].
Tested rGO resulted from reduction of this GO in H2 atmosphere with a hydrogen flow rate of 5 L·h−1 at
200 ◦C (rGO200) or 1000 ◦C (rGO1000). Reduction was performed under controlled conditions to modify
the oxidation level with minimal impact on material morphology, lateral size, and number of layers
(Figure 1). Reduction produced rGO samples with closely related physico-chemical characteristics
compared to the starting GO material, except for their surface chemistry and their wetting properties.
Physico-chemical characteristics of the tested materials are detailed in Table 1. Reduction at 200 ◦C was
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only partial and allowed keeping most of the oxygen in the material, while the reduction at 1000 ◦C
almost completely removed the oxygen.

 

Figure 1. Transmission electron microscopy micrographs of (A) Graphene oxide, (B) reduced graphene
oxide at 200 ◦C, (C) reduced graphene oxide at 1000 ◦C.

Table 1. Physico-chemical characteristics of graphene oxide (GO); reduced graphene oxide
(rGO)200 and rGO1000. TEM: transmission electron microscope; HRTEM: high resolution TEM; BET:
Brunauer-Emett-Teller; at. %: atomic %; GANF®: Grupo Antolin carbon nanofibers.

GO rGO200 rGO1000

Synthesis/production GANF® processed by
Hummers’ method

Thermal treatment in
hydrogen (5 L·h−1) at

200 ◦C (2 h)

Thermal treatment in
hydrogen (5 L·h−1) at

1000 ◦C (2 h)
Catalyst Ni, Fe, Co, Mn None None

Carbon content 69 ± 0.4 at. % 83.8 ± 0.5 at. % 98.5 ± 0.5 at. %
Oxygen content 31 ± 0.4 at. % 16.2 ± 0.3 at. % 1.5 ± 0.3 at. %

Number of layers
(HRTEM) 1–5 [42,43] 1–5 [42,43] 1–5 [42,43]

Lateral size (TEM) 0.2 to 8 μm 0.2 to 8 μm 0.2 to 8 μm
Specific surface area (BET) 228 ± 6.8 m2·g−1 16 ± 0.5 m2·g−1 175 ± 5.2 m2·g−1

Elemental analysis (percentage of O and C atoms) was obtained by X-ray photoelectron
spectroscopy (XPS). X-ray photoelectron spectroscopy (XPS) spectra were recorded with a VG
SCIENTA SES-2002 spectrometer (Scienta Omicron, Taunusstein, Germany) equipped with a concentric
hemispherical analyzer. Specific surface area was determined by N2 adsorption according to the
Brunauer, Emett and Teller’s theory (BET) on dry powdered samples using a Micrometrics Flow Sorb
II 2300 (Micromeritics, Norcross, GA, USA). The dispersion behavior of the two nanomaterials was
analyzed in the exposure medium using a Turbiscan™ LAB Stability Analyzer (Formulaction SA,
Toulouse, France). Transmission and backscattering of the near infrared light source (880 nm) was
measured every 40 μm of the sample height. In order to ensure the detection of the nanoparticles,
the concentration of 10 mg·L−1 of GO and rGO was selected for dispersion monitoring.

2.2. Metals and Polycyclic Aromatic Hydrocarbons (PAHs) Concentration Analysis in Graphene Oxide

GO from Grupo Antolin was prepared by oxidation of GANF® (grupo Antolin carbon nanofibers)
which synthesis involve Ni, Co, Fe and Mn as metal catalysts. In addition, PAHs could be associated
with GO because of their possible generation during GANF and GO synthesis and may be released
by desorption from carbon nanomaterials in water [44]. The possible presence of these compounds
was checked to avoid misanalysis of toxicity-related results [44]. Quantification of metal residues
in mineralized GO powder was performed as described by Ayouni-Derouiche et al. [45] using ICP
AES, iCAPTM 6300 analyzer (Thermo Fisher Scientific, Germany) (Crealins, Lyon, France). 32 PAHs
compounds were analysed from GO dispersion in deionized water using gas chromatography-mass
spectrometry (GC-MS) according to the normalized procedure NF ISO 28,540 (MicroPolluants
Technologie S.A., Saint-Julien-lès-Metz, France).

143



Nanomaterials 2019, 9, 584

2.3. Xenopus Rearing, Breeding and Exposure Conditions

Xenopus rearing and breeding were described in previous works [35,36]. Briefly, spawning of
sexually mature Xenopus was induced by injection of pregnant mare’s gonadotropin. Fecundated eggs
obtained were bred in active charcoal filtered tap water at 22 ± 2 ◦C and fed with ground aquarium
fish food (TetraPhyll®, Tetra, Melle, Germany) until they reach stage 50 according to Nieuwkoop
& Faber development table [46]. Groups of 20 larvae were exposed for 12 days under semi-static
conditions with daily feeding and exposure media renewal following the international standard
ISO 21427-1 procedure. Negative control (NC) condition was composed of reconstituted water (RW;
294 mg·L−1 CaCl2·2H2O; 123.25 mg·L−1 MgSO4·7H2O; 64.75 mg·L−1 NaHCO3; 5.75 mg·L−1 KCl) and
cyclophosphamide monohydrate ([6055-19-2], Sigma-Aldrich Chimie, Saint-Quentin Fallavier, France)
at 20 mg·L−1 in RW was used as genotoxic positive control (PC). GO tested concentration ranged from
0.1 to 50 mg·L−1. Due to significant genotoxic effects induced by GO at the concentration of 0.1 mg·L−1,
this concentration was chosen to further determine toxicological pathways involved as well as to
determine the consequences of thermal reduction on toxicity. Thus, rGO200 and rGO1000 were only
tested at 0.1 mg·L−1.

2.4. Micronucleus Test and Cell Cycle Analysis

After 12 days of exposure, blood samples were obtained by cardiac puncture in Xenopus larvae
anaesthetized by immersion in MS222 solution at 0.1 g·L−1. For micronuclei assay, smears were
prepared from blood samples, fixed in methanol for 10 min before performing hematoxylin and eosin
staining. The number of micronucleated erythrocytes (MNE) over a total of 1000 erythrocytes (MNE ‰)
was counted under the optical microscope Olympus CX41 (oil immersion lens, ×1500) (Olympus,
Tokyo, Japan). Blood sub-samples were fixed using cold ethanol (70% v/v) and stored at −20 ◦C until
use. Prior to the flow cytometric analysis, cells were rinsed using PBS and labelled with FxCycle™
PI/RNase Staining Solution (Thermo Fisher Scientific, Bremen, Germany) according to manufacturer’s
recommendations. Propidium iodide fluorescence was measured using MACSQuant analyzer 10
(Miltenyi Biotec, San Diego, CA, USA) equipped with a 488-nm excitation laser. For each sample,
10,000 events were acquired in a region corresponding to erythrocytes after removal of cell doublets.
For gating strategy, see Figure S1.

2.5. Gene Expression Analysis in the Livers

As the liver constitute the main organ of erythropoiesis and is implied in multiple metabolic
functions in X. laevis [47], this organ was chosen to determine toxicological mechanisms involved in
the genotoxic response at low GBMs concentration (0.1 mg·L−1). For this purpose, analysis of the
expression of 15 genes encoding for proteins involved in oxidative stress response (gpx1, cat, sod
(Cu/Zn), sod(Mn)), inflammation processes (pparγ, cox1, cox2, lta4, 5-lox), detoxification (cyp1a1,
tap, gst) and DNA repair (rad51, mutl, odc) was performed. Total RNA were extracted from 15
to 25 mg of liver samples using the SV Total Isolation System kit (Promega, Madison, WI, USA)
according to manufacturer’s instructions. Reverse transcription was carried out from 1 μg of total
RNA using the GoScriptTM Reverse Transcription System kit (Promega) according to manufacturer’s
recommendations. Nnucleotide sequences of the primers were obtained from the online NCBI
Nucleotide database and primer pairs were determined using the Primer3Plus software. All the primer
pairs used are reported in Table S1.

Real-time qPCR was carried out using GoTaq® qPCR Master Mix kit (Promega, Madison, WI,
USA) on five samples per condition. PCR reactions contained 17 μL of a mixture of Nuclease-Free Water
and GoTaq® qPCR Master Mix containing the SyberGreen fluorescent dye, 2 μL of specific primer
pairs mix (200 μM each) and 1μL of cDNA. Real-time quantitative PCR reactions were performed in
a Mx3000P® qPCR System (Stratagene, La Jolla, CA, USA). The amplification program consisted in
one cycle at 95 ◦C for 10 min, then 45 amplification cycles at 95 ◦C for 30 s, 60 ◦C for 30 s and 72 ◦C
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for 30 s. Specificity was determined for each reaction from the dissociation curve of the PCR product.
This dissociation curve was obtained by following the SYBR Green fluorescence level during a gradual
heating of the PCR products from 60 to 95 ◦C.

Cycle thresholds (Ct) were obtained from MxProTM qPCR software for each gene. Relative
quantification of each gene expression level was normalized according to the mean Ct value of
two stable reference genes (β actin, gapdh) according to the 2ΔCt methods described by Livak and
Schmittgen [48]. Induction factors, compared to control group, were then determined as previously
described [49].

2.6. Statistical Analysis

Data of micronucleus frequencies from three repeated experiments were analyzed using McGill
non-parametric test [50] on median values of each group of larvae. This test consists in comparing
medians of samples of size n (where n ≥ 7) and in determining their 95% confidence intervals (95%
CI). 95% CI are expressed by M ± 1.57 × IQR/

√
n, where M is the median and IQR is the inter-quartile

range [50]. The difference between the medians of the test groups and the median of the NC group
is significant with 95% certainty if there is no overlap. For cell-cycle data, normality was assessed
with Kolmogorov-Smirnov test and homogeneity of variances with Levene’s test. One-way analysis of
variance (ANOVA) followed by Tukey test were used to compare cell-cycle phase distribution among
conditions. One-way ANOVA on ranks and Tukey post-hoc test (p < 0.05) were used to statistically
compare differential gene expression levels.

3. Results and Discussion

3.1. Surface Chemistry and Dispersion Behavior

Surface chemistry of GO and rGOs evaluated by high resolution X-ray photoelectron spectroscopy
(XPS) allowed identification of oxygen-containing groups present in the materials (Figure 2, Table 2).

Figure 2. X-ray photoelectron spectroscopy (XPS) survey spectra of GO, rGO200 and rGO1000 materials
(A); C1s and O1s deconvoluted XPS spectra for GO, rGO200 and rGO1000 (B).

For GO, the C1s spectrum obtained by XPS exhibits two main peaks at 284.6 eV and 286.8 eV
(Figure 2B), which are correlated with the sp2 carbon (Csp2) of the graphene and oxygen functional
groups, respectively. The 286.8 eV signal is deconvoluted into several peaks located at 286.8 eV, 288.6 eV
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and 287.61 eV. The most intense one is the 286.8 eV peak (24.7 at. %, Table 2), which corresponds to the
carbon involved in hydroxyl groups (C-OH), ether and particularly epoxide groups (C–O–C) [51,52].

Table 2. Assignments of C1s XPS peaks for GO, rGO200 and rGO1000. Csp2: sp2 carbon; Sat.: shake-up
satellites (π to π* transitions).

GO rGO200 rGO1000

Peak Assignment at. % Peak Assignment at. % Peak Assignment at. %

Csp2 graphene 35.5 Csp2 graphene 64.5 Csp2 graphene 89.7
C–OH/C–O–C 24.7 C–OH/C–O–C 7.8 C–OH/C–O–C 0.6

C=O 2.5 C=O 5.8 C=O 0.5
O=C–O 5.3 O=C–O 1.3 O=C–O 0.1

Sat. 1.4 Sat. 4.5 Sat. 7.7

The two other peaks are related to carbonyl (C=O) and carboxylic (O=C–O) groups and account for
2.5 and 5.3 at. %, respectively. Thermal reduction induced modifications of the chemical composition of
GO. After annealing GO at 200 ◦C, the C1s spectra exhibited mainly one peak at 284.6 eV, corresponding
to the sp2 carbon in graphene. This peak was narrower compared to that of GO, suggesting an increase
in the graphitization level. The intense peak of the epoxide groups (286.8 nm) present on GO was
removed by this treatment, leaving two shoulders associated with the hydroxyl groups and, to a
lesser extent, with the ethers/epoxide (C–OH/C–O–C), C=O and O=C–O oxygen-containing functional
groups. In agreement with previous work from Jung et al. [51], the use of temperature programmed
desorption coupled with mass spectrometry (TPD-MS) indicated that removal of epoxide groups at
200 ◦C was accompanied by the release of CO, CO2 and H2O gases (data not shown). A dual path
mechanism which proceeded by the release of solely molecular oxygen via a cycloaddition reaction
from epoxide–epoxide pairs was proposed for the reduction of oxidized graphene [52]. Formation
of ether–epoxide pairs at high O coverage further promoted the elimination of oxygen functional
groups by releasing CO/CO2 mixtures, along with H2O formation. Stronger reduction conditions
(1000 ◦C) resulted in a material containing poorly oxygenated surface groups (Table 2), and a total
oxygen content of 1.5 at. %. Details about the nature of the oxygen groups can also be seen in the O1s
spectrum (Figure 2B).

The dispersion over time of GO and rGO200 in the medium of exposure (reconstituted water
composed of deionized water added with salts) and in absence of Xenopus larvae is shown in Figure 3.

Figure 3. Monitoring of the stability of GO and rGO200 dispersion in the water column of exposure
medium over 24 h (in absence of Xenopus larvae), expressed by the percentage of transmission detected
after the light goes through the sample. Blank: medium without nanoparticles.

The results indicate a slight decrease in transmission over 24 h for the GO while this was not
observed for rGO. Dispersion of these two materials was previously studied and a good dispersion
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capacity of both materials was observed in distilled water, with a better stability in the case of
GO [53,54]. However, it was indicated that the presence of CaCl2 reduced the GO stability due to
adsorption of Ca2+ ions on the negatively charged functional groups, leading to reduced surface charge.
In addition, rGO stability was less influenced by these ions due to the lower amount of functional
groups, limiting Ca2+ adsorption [55]. As our exposure medium contains NaCl and CaCl2, results from
Chowdhury and collaborators [55] are consistent with our observations. Nonetheless, the dispersion
state of the nanoparticles is strongly affected in presence of Xenopus larvae. As active filter feeders, it
was previously observed that the water column is completely filtered in less than 24 h, resulting in
nanoparticle accumulation in feces [39].

3.2. Metals and PAHs Contamination

Results of metallic residue quantifications are expressed in milligrams of metal per liter of exposure
medium (Table 3).

Table 3. Concentration of metals (Ni: nickel; Co: cobalt; Fe: iron; Mn: manganese) and polycyclic
aromatic hydrocarbons (PAHs) released in the exposure medium at 10 mg·L−1 of GO. Among the
32 analyzed PAHs, only those with a concentration over the detection limit are listed.

Metals Concentrations
in the Medium (mg·L−1)

PAHs Concentrations in
the Medium (μg·L−1)

Ni 35.5 Naphtalene 3.5 × 10−4

Co 24.7 Acenaphtene 2.5 × 10−4

Fe 2.5 Phenanthrene 3.2 × 10−4

Mn 5.3 Fluoranthene 2.4 × 10−4

Benzo(a)anthracene 2.4 × 10−4

Chrysene 2.5 × 10−4

Benzo(b+j)fluoranthene 2.5 × 10−4

2-Methyl Naphtalene 5.8 × 10−4

According to these results, at 10 mg·L−1 of GO dispersed in medium, the concentration of
metals was 6.9 × 10−4, <2.3 × 10−4, <6.0 × 10−4 and 149.8 × 10−4 mg·L−1 for Ni, Co, Fe and Mn,
respectively. However, a recovery efficiency of 91 ± 5% was measured from the certified reference
material leading to a slight under-estimation of metal quantities in GO due to the complexity to
perform metal analysis in a nanocarbon matrix. Among 32 PAHs compounds investigated in the
exposure medium contaminated with GO at 10 mg·L−1, 24 were below detection limit (<20 ng·L−1).
PAHs concentrations ranged from 2.4 × 10−4 μg·L−1 for Fluoranthene and Benzo(a)anthracene to
5.8 × 10−4 μg·L−1 for 2-Methyl Naphtalene (Table 3). After 12 days of exposure to such GO concentration,
the total amount of contaminants potentially bioavailable for Xenopus larvae would be 16.6 × 10−3,
<5.52 × 10−3, <14.4 × 10−3 and 359.52 × 10−3 μg of Ni, Co, Fe and Mn, respectively and a total amount
of 5.95 × 10−2 μg of PAHs. Metal ions such as Mn2+ and Fe2+were shown to induce DNA scission when
associated to GO [56] and PAHs constitute hazardous contaminants for humans and wildlife [57,58] that
are known to exert genotoxicity towards amphibians [59,60]. However, total concentrations detected
were too low to induce significant toxicity in larvae [61]. Thus, we can state that results obtained from
bioassays performed in our study could be fully attributed to GO exposure.

3.3. Cell-cycle Analysis

Flow cytometry measurement of erythrocyte cell cycle highlighted an overall significant decrease
in G2/M and S-phase cells (ANOVA, S-phase: p < 0.001; G2/M: p < 0.001) as well as an increase in
G0/G1 cells (ANOVA, p < 0.001) with increasing concentration of GO (Figure 4).
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Figure 4. Cell-cycle distribution in G0/G1, S and G2/M phase analyzed from circulating erythrocytes of
Xenopus laevis exposed to increasing concentrations of GO for 12 days. NC: negative control, N = 13,
analysis of variance (ANOVA) p < 0.001 followed by Tukey test. Letters indicate significant differences
between concentrations tested for each phase of the cell cycle.

The lowest concentration inducing significant changes in erythrocyte cell cycle was observed at 1
mg·L−1 of GO, resulting in significantly decreased G2/M and S-phase compared to the control group,
while results obtained from organisms exposed at 0.1 mg·L−1 of GO were similar to the control group.
After 12 days of exposure at the concentration of 50 mg·L−1, erythrocyte accumulated in the G0/G1
phase of cell-cycle with a concomitant strong decrease in G2/M and S-phase percentage. According to
data from the literature, almost all studies focusing on effects of GO on cell-cycle-related endpoints
were performed in vitro. However, exposures to pristine or functionalized graphene oxide were
shown to disturb cell-cycle progression, leading to accumulations of cells in early phases [62–65] that is
consistent with our results. Petibone and collaborators [64] highlighted the key role of the p53 protein
in cell cycle arrest after GO exposure, leading to cell accumulation in G0/G1 phase while p53-deficient
cell line accumulated in S-phase. p53 is known to be involved in DNA damage response signaling
pathway, driving to cell cycle arrest following genotoxic stress [66,67]. Upregulation of p53 expression
was previously highlighted in mouse embryonic stem cells after exposure to other carbon-based
nanoparticles such as carbon nanotubes and nanodiamonds [68,69]. In addition, a downregulation of
protein S-phase kinase-associated protein involved in the control of the progression from G1 phase to
S-phase during mitosis process was observed in human liver cancer HepG2 cells exposed to graphene
oxide [70]. As the liver constitutes the main organ of erythropoiesis in X. laevis [47], a closely related
mechanism could explain results obtained in our study. Thereby we can suggest that disturbances of
erythrocyte cell-cycle observed in vivo in X. laevis tadpoles under our experimental conditions could be
associated to modulations of gene expression and activities of proteins involved in cell-cycle regulation.
However, further studies are needed to confirm these hypotheses.

Cell division constitutes a sine qua non-condition to produce a micronucleus after
chromosome breakage (clastogenesis) or/and disturbance of chromosome segregation machinery
(aneugenesis) [71,72]. As the majority of cells were blocked at the G0/G1 stage in larvae exposed to
GO at concentrations ranging from 1 to 50 mg·L−1, the decrease in erythrocyte mitotic rates measured
would lead to inconsistent results in the evaluation of micronuclei induction at these concentrations.
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3.4. Genotoxicity

In accordance with ISO/FDIS 21427-1 standards, as mitotic rates were significantly lower in the
1, 10 and 50 mg·L−1 of GO compared to the control group, micronuclei were not accounted in these
conditions. In addition, in all experimental groups, larvae exposed to PC (cyclophosphamide at
20 mg·L−1) exhibited significantly higher median values of micronucleated erythrocytes (MNE ‰)
compared to their respective NC group, validating the results of the micronucleus tests. A significant
increase in micronucleus occurrence was observed in erythrocytes of larvae exposed to the 0.1 mg·L−1

concentration of GO compared to the NC group (Figure 5). Contrary to the results obtained with
the most oxidized form of the material, exposure to 0.1 mg·L−1 of rGO did not induce an increase in
micronucleated erythrocyte occurrence compared to the control group, regardless of the reduction
temperature performed (200 ◦C or 1000 ◦C, Figure 5).

Figure 5. Micronucleus induction measured in erythrocytes of Xenopus laevis larvae exposed for 12
days to GO or rGO (rGO200 or rGO1000). MNE: micronucleated erythrocytes; NC: negative control;
PC: positive control; *: significant difference compared to the NC (McGill test).

The results obtained demonstrated that GO is able to induce the formation of nuclear abnormalities
in vivo at low concentrations in amphibian larvae. Induction of genotoxic effects through increase of
micronuclei occurrence as well as DNA fragmentation or chromosome aberration were previously
observed in vivo in rodents [28,29,73–75]. Thus, these data from the literature are consistent with
our results. On the contrary, no genotoxicity using comet assay was found in the gills of zebrafish
exposed to GO concentrations from 2 to 20 mg·L−1 during 72 h [31]. However, despite the differences
in exposure duration and conditions, micronucleus and comet assays are not devoted to highlighting
similar genotoxic pathways and mechanisms [76]. This also suggests that GO exposure induces breaks
at chromosomal level rather than chromatic level [71]. It was highlighted that GO strongly interacted
with DNA in vitro, causing interferences with DNA segregation during cell-cycle and generated
mutagenic effects [29,77]. In addition, according to molecular dynamics simulations, the driving force
of interactions between nucleotides and carbon-based nanosurfaces is the π stacking noncovalent
interaction between aromatic rings, which may lead to self-assembly between DNA and graphene
potentially causing DNA deformation and breakage [78]. However, this assumption is unlikely due to
more limited direct interactions between GO and erythroid progenitors or circulating erythrocytes
using in vivo exposure. Thus, it is more likely that mutagenic effects observed were associated to DNA
damages generated by reactive oxygen species (ROS) that are described as being mainly implied in
DNA fragmentation, as they are involved as secondary messengers in many intracellular signaling
cascades and can damage cellular macromolecules [79].
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3.5. Genes Expressions in the Livers of Larvae Exposed to GO and rGO

Analysis of the relative gene expression levels after 12 days of exposure reveals a significant
induction of most of the studied genes in the liver of larvae exposed to GO at 0.1 mg·L−1 (Table 4).
Some genes involved in oxidative stress response and inflammation (gpx1, sod(Cu/Zn), sod(Mn),
pparγ, 5-lox and cox1) were significantly induced from 2.6 to 5.84 times more than the negative control.
Finally, some detoxification processes occurred as shown by the induction of cyp1a1 and tap. On the
contrary, no significant modulation of gene expressions was noticed in rGO conditions (Table 4).

Table 4. Differential gene expression in Xenopus larvae liver (n = 5) after 12 days of exposure to
GO, rGO200 and rGO1000 at 0.1 mg·L−1. For each condition, results are given as induction (>1) or
repression (<1) factors compared to the negative control. Only statistically significant values are given;
“-” indicates factors similar to control levels.

Functions Genes Genes Relative Expression

Oxidative Stress Response GO 0.1 mg·L−1 rGO200
0.1 mg·L−1

rGO1000
0.1 mg·L−1

gpx1 5.84 ± 0.54 - -
cat - - -

sod(Cu/Zn) 2.76 ± 0.21 - -
sod(Mn) 2.48 ± 0.15 - -

Inflammation processes pparγ 5.71 ± 0.37 - -
cox1 3.65 ± 0.2 - -
cox2 - - -
lta4 - - -
5-lox 2.60 ± 0.17 - -

DNA repair rad51 - - -
mut - - -
odc - - -

Detoxification cyp1a1 4.99 ± 0.53 - -
tap 19.09 ± 0.95 - -
gst - - -

Upregulation of gene expression related to cytoplasmic and mitochondrial super-oxide dismutase
(sod(Cu/Zn) and sod(Mn)) indicates that exposure to 0.1 mg·L−1 of GO induce oxidative stress.
Furthermore, contrary to RNA expression level of the catalase gene, significant upregulation of gpx1
suggest that hydrogen peroxide produced is mainly eliminated through glutathione pathway [80,81].
Capacity of GO to induce oxidative stress in vivo was observed in a wide range of biological models
such as rodents [28], fish [82], nematodes [83] or paramecium [84]. In the case of carbon nanotube
exposure, an interdependent relationship between ROS production and inflammatory response was
evidenced [85]. Similarly, inflammatory responses were frequently observed in vivo in rodents after
GO exposure [86–89] and to a lesser extent after rGO exposure [21,90]. This corroborate with our results
and confirm previous hypothesis suggesting that observed genotoxicity result from oxidative stress
and inflammation process in the liver [91], constituting the erythropoietic organ in X. laevis tadpoles.
Thus, oxidative stress affecting erythrocyte progenitors associated to an absence of upregulation of
DNA repair-related genes result in the release of micronucleated erythrocytes in the circulation.

Thermal reduction under a hydrogen atmosphere produced material that no longer exerted
oxidative stress, inflammatory response, disturbance of erythrocyte cell cycle (data not shown) as
well as genotoxicity at low concentration. Genotoxic potential of GO in vitro was previously shown
to be related to material lateral size [92]. However, in our study conditions, GO and rGOs tested
were of similar range of lateral size suggesting that differences observed between the two types of
GBMs were not correlated to this material characteristic. The main difference between tested GO and
rGOs was the oxygen content (C/O ratio) and by extension surface chemistry including the nature
of oxygen-containing functionalities. This parameter appears to be a good candidate to explain
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differences observed in genotoxic potential of these nanomaterials. Indeed, some studies demonstrated
that oxidized carbon-based nanoparticles exerted higher genotoxicity compared to their non-oxidized
counterparts [20,93]. However, other studies obtained contradictory results, indicated that the reduced
form of GO exerted higher toxicity compared to the oxidized material. It was observed for cytotoxicity
in cell lines [22,23], bacterial growth inhibition [94] or in impairment of embryo-larval development
of zebrafish [95]. However, a recent study indicated that rGO toxicity depended on the reduction
pathway used to produce the material [96]. Studies previously cited highlighting a higher toxicity
of rGO were performed using materials produced from acidification or using reducing agents such
as hydrazine or ascorbic acid. In our case, it appears that thermal reduction in a H2 atmosphere of
GO produced safer material with lower genotoxic potential. Initially, GO is composed of several
oxygen-containing functional groups such as epoxy, hydroxyl and carboxyl groups, regardless of the
production process [97]. XPS analysis performed on different materials produced allowed changes in
the chemical surface composition of GO during reduction process. Therefore, functional groups such
as epoxides were removed after annealing GO at 200 ◦C. These functions could clearly be responsible
for the GO-induced genotoxic effects. Indeed, these epoxide functions are also produced in the liver
by Benzo[a]pyrene metabolization and are well-known for being responsible for DNA adducts and
damage induction [98]. Thus, contradictory results from the literature concerning the hazard potential
of GBMs may possibly be explained by differences in the surface functions of the tested materials from
one study to another. In our study, the fully-reduced GO produced after thermal reduction at 1000 ◦C
led to a material with very few residuals of oxygenated surface groups and with a C/O ratio value
comparable to the few layer graphene that was shown to be non-genotoxic towards X. laevis under
similar experimental conditions [38], which is consistent with our observations and hypotheses.

4. Conclusions

According to results obtained in this work, we showed the importance of the nature of
oxygen-containing functions of GBMs, especially the epoxide groups, in their hazard potential
toward aquatic species. Indeed, GO is able to induce oxidative stress and inflammatory response at low
concentrations, leading to mutagenic effects in vivo in Xenopus laevis tadpoles. At higher concentrations,
the toxicity is reflected by disturbances in erythrocytic mitosis, resulting in accumulation of cells in
G0/G1 phase. Thermal reduction of GO into rGO under our study conditions produced material
that no longer induced oxidative stress, inflammation and genotoxic effects at low concentration.
According to data from the literature, it appears that the reduction process used to produce rGO may
determine the hazard potential of the reduced material. Thereby, although the thermal treatment of GO
performed at 200 ◦C decreased the toxic potential of GO, reduction of material oxygen content through
the methodology used in our study conditions appears to constitute a good strategy to produce a safer
material for aquatic species [99].
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primer pairs (aUpstream primer; bForward primer) for the 25 X. laevis genes studied.
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Abstract: The increased use of nanoparticles (NPs) requires efficient testing of their potential toxic
effects. A promising approach is to use reporter cell lines to quickly assess the activation of cellular
stress response pathways. This study aimed to use the ToxTracker reporter cell lines to investigate
(geno)toxicity of various metal- or metal oxide NPs and draw general conclusions on NP-induced
effects, in combination with our previous findings. The NPs tested in this study (n = 18) also included
quantum dots (QDs) in different sizes. The results showed a large variation in cytotoxicity of the NPs
tested. Furthermore, whereas many induced oxidative stress only few activated reporters related
to DNA damage. NPs of manganese (Mn and Mn3O4) induced the most remarkable ToxTracker
response with activation of reporters for oxidative stress, DNA damage, protein unfolding and
p53-related stress. The QDs (CdTe) were highly toxic showing clearly size-dependent effects and
calculations suggest surface area as the most relevant dose metric. Of all NPs investigated in this
and previous studies the following induce the DNA damage reporter; CuO, Co, CoO, CdTe QDs,
Mn, Mn3O4, V2O5, and welding NPs. We suggest that these NPs are of particular concern when
considering genotoxicity induced by metal- and metal oxide NPs.

Keywords: nanotoxicology; genotoxicity; DNA damage; metal oxides; high throughput screening

1. Introduction

The use of nanoparticles (NPs) is increasing worldwide in various applications, resulting in a need
to more rapidly evaluate their potential toxicity. The genotoxic potential is a crucial part in the risk and
safety evaluation of NPs and currently this is most often evaluated by a battery of established methods
including the comet assay and the micronucleus assay [1–3]. However, these methods are relatively
time-consuming and there is consequently a great demand for efficient and more high throughput
assays for screening of the genotoxicity of NPs [4]. As reviewed by Nelson et al. [5], some of the
established genotoxicity assays have been modified and optimized to give increased sample capacity
and throughput such as flow cytometry based micronucleus assay as well as comet on a chip.

An alternative approach with great potential is the use of reporter cell lines, which are designed to
fluorescence upon activation of specific signaling pathways. In the field of genotoxicity there are some
validated reporter assays available such as the GreenScreen HC assay [6] and the luminescence-based
reporter assay Bluescreen HC [7]. Both assays target GADD45α, which is induced upon various cellular
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stresses including genotoxic stress. A combination of several reporter cell lines is required to provide a
more mechanistic evaluation of the genotoxic potential. The ToxTracker reporter assay consists of a
panel of six mouse embryonic stem (mES) cell lines that are modified with different green fluorescent
protein (GFP) tagged reporters for various cellular signaling pathways involved in carcinogenesis [8,9].
By using this set of reporter cell lines, it is possible to monitor the activation of signaling pathways
associated with DNA damage, oxidative stress, general p53-dependent cellular stress as well as protein
unfolding response (see Table 1). We have previously shown the ToxTracker assay to be a valid reporter
assay for detecting (geno)toxic properties of NPs with results correlating to those of more conventional
assays [10]. Furthermore, we have shown the applicability of these reporters for various NPs including
nickel-based [11], cobalt-based [12], and welding fume NPs [13].

Table 1. ToxTracker GFP-reporters.

Biological Damage Cellular Pathway Biomarker Gene

Oxidative stress
NRF2 antioxidant response Srxn1
NRF2 independent Blvrb

DNA damage NF-kB signaling Rtkn
ATR/Chk1 DNA damage signaling Bscl2

Protein damage Unfolded protein response Ddit3

Cellular stress P53 signaling Btg2

In the present study we focus on a variety of metal-containing NPs including quantum dots (QDs).
Metal based NPs are industrially relevant nanomaterials being widely used in consumer products such
as cosmetics, food products, batteries as well as in medicinal applications [14,15]. Metal oxide NPs often
have semi-conductive and catalytical properties and are therefore appealing from a technical point of
view and often produced in large scale at industrial settings. Therefore, the potential occupational and
non-occupational exposure to metal NPs is increasing.

Quantum dots (QDs) are fluorescent semiconducting nanocrystals that, due to their small size,
have distinctive optical and electronic properties resulting in bright and highly stable fluorescence.
Their small sizes in combination with large specific surface areas make QDs able to target ligands
for site-directed activity [16,17]. Absorption and emission of QDs are dependent on properties such
as composition, crystal structure and size, which result in unique physicochemical properties for
each individual type of QDs [18]. QDs have for this reason been proposed to not be considered as
a uniform group of nanomaterials [16]. Cadmium-containing QDs, including cadmium telluride
(CdTe) and cadmium selenide, are among the most commercially available types and considered
particularly attractive for optical, bioanalytical and bio imaging applications where CdTe utilizes the
infrared regions [17–19]. CdTe QDs have been shown to induce various toxic effects in vitro including
cytotoxicity and generation of reactive oxygen species (ROS) [20,21].

Although a large number of studies have investigated the in vitro genotoxicity of e.g., various metal
oxides, as reviewed in Golbamaki et al. [22] and Magdolenova et al. [3], the underlying mechanisms
are still not clear. Furthermore, few studies have focused on comparing metal NPs and corresponding
oxides as well as the importance of size for their genotoxic potency. The aim of this study was to
use the ToxTracker reporter cell lines to investigate (geno)toxicity of various metal- or metal oxide
NPs as well as QDs of different size. A further aim was to summarize and draw general conclusions
on toxicity of NPs as well as underlying pathways using our present and previous work with the
ToxTracker reporter cell lines.
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2. Materials and Methods

2.1. Nanoparticles

The CdTe QDs (1.5–8.6 nm) were purchased from PlasmaChem GmbH (Berlin, Germany).
Mn (20–40 nm), Mn3O4 (<100 nm), Cr (35–45 nm), Cr2O3 (10–30 nm), Sn (10–20 nm) and SnO2

(20–40 nm) NPs were all obtained from American Elements (Los Angeles, CA, USA). V (80–100 nm)
and V2O5 (80 nm) NPs were purchased from Nanoshel (Wilmington, DE, USA), Sb NPs (N/A) from
Campine NV (Beerse, Belgium) and Sb2O3 NPs (150 nm) from Sigma Aldrich (Ramstadt, Germany).
Au, Ag and Pt NPs (5 nm) were obtained from nanoComposix (San Diego, CA, USA) in the form of
stock dispersions (1 mg/mL) in aqueous 2 mM citrate (Ag and Pt) and in ultrapure water (milli-Q) (Au).

For the NPs in dry powder form, NP suspensions of 1 mg/mL in cell medium were sonicated for
2 × 10 min in an ultrasonic water bath alternated by 10 s vortexing. The particle suspensions were
freshly prepared for every experiment and further diluted to desired concentrations in cell media
immediately before the cell exposure.

2.2. Particle Morphology

Transmission electron microscopy (TEM) was employed to study the primary size and shape of
the NPs received as powders. Three drops of a particle suspension of 1 mg/mL ethanol were applied to
200 mesh TEM copper grids with formvar/carbon support films (Ted Pella, Inc., Redding, CA, USA).
The suspension was sonicated for 15 min and vortexed before applied onto the grid. Drying was made
at ambient laboratory conditions. Imaging was conducted using a HT7700 TEM (Hitachi, Tokyo, Japan)
instrument operating at 100 kV.

TEM images of the Au, Ag and Pt NPs are reported elsewhere [23]. No TEM imaging was made
on the CdTe QDs.

2.3. Characterization of Particle Agglomeration

PCCS (Photon cross correlation spectroscopy) was used to study changes in size distribution of
the particles, agglomeration and concentration (possible reduction due to sedimentation) over time
in the cell medium. Particle suspensions of 1 mg/mL medium were prepared by ultrasonication for
2 × 10 min alternated by 10 s vortexing at 37 ◦C. The samples were prepared in disposable single
sealed cuvettes, LOTG17501P (Eppendorf AG, Hamburg, Germany) at a concentration of 0.1 mg/mL.
The samples were stored at 37 ◦C and measured in triplicates after 0, 2 and 24 h using the NANOPHOX
90–250 V (Sympatec GmbH, Claustahl-Zellerfeld, Germany) instrument. Windox 5, the PCCS software
(version 10, SympatecGmbH, Claustahl-Zellerfeld, Germany), was used to fit the size distribution
data for each measurement. Measurements of standard latex particles (100 nm) and non-particle
containing media were performed to ensure high quality data. The samples were measured after 24 h.
Measurements were performed on the metal and metal oxide NPs as well as the QDs.

Particle size measurements of the Au, Ag and Pt NPs were determined using NTA (Nanoparticle
Tracking Analysis) as described in Lebedova et al. [23].

2.4. Cell Culture and Reagents

mES cells were cultured as previously described [9]. In short, the cells were maintained in the
presence of irradiated mouse embryonic fibroblasts as feeder cells in knockout DMEM supplemented
with 10% FBS, 2 mM GlutaMAX, 1 mM sodium pyruvate, 100 mM b-mercaptoethanol and leukemia
inhibitory factor (LIF). Prior to exposure, cells were seeded at a density of 4 × 104 cells per well on
gelatin-coated 96-well plates in complete mES cell medium in the absence of feeder cells for 24 h.
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2.5. ToxTracker Assay (mES Cells)

An initial screening of the cytotoxicity of the NPs was performed in non-modified mES cells
at increasing concentrations of the NPs (0–100 μg/mL) at 24 h. Based on this, the doses for GFP
reporter analysis were determined so that the highest dose caused 50–75% cytotoxicity. Four additional
doses in two-fold dilution steps from the highest dose were then selected. In cases of no observed
cytotoxicity, the NPs were tested up to 100 μg/mL. Thus, some of the NPs were not tested up to
cytotoxic concentrations. Following exposure, cells were washed and trypsinized. Induction of GFP
was determined using a Guava easyCyte 8HT flow cytometer (Millipore, Burlington, MA, USA) in
intact single cells as described previously [9]. Mean GFP fluorescence was used to calculate GFP
reporter induction compared to vehicle control exposure. Cytotoxicity was assessed by cell count
after 24 h exposure using flow cytometry and expressed as percent of intact cells compared to vehicle
control exposure. Possible autofluorescence was recorded for the NPs tested, and in the case of
CdTe QDs subtracted for in the GFP-reporter values. Presented results are based on at least three
independent experiments and error bars represent standard error of the mean. The GFP response
is considered positive if exceeding a 2-fold increase, which is based on previous validations [8,9].
All the GFP-reporters were tested with the positive controls cisplatin (2.5–10 μM), diethyl maleate
(62.5–250 μM) and tunicamycin (1–4 μM). Similar as to what was reported by Hendriks et al. [8],
cisplatin resulted in an induction of the reporters Bscl2, Rtkn, Btg2, Srxn1 and Blvrb, diethyl maleate
induced both of the oxidative stress reporters Srxn1 and Blvrb while tunicamycin induced solely the
Ddit3 GFP-reporter.

2.6. Dose Metric Modelling Analysis

Firstly, the number of particles per unit of volume was calculated for each concentration used,
based on information from the supplier. The dose-response data for all reporter cells was analyzed
with the PROAST software (version 38.9, National Institute for Public Health and the Environment
(RIVM), Bilthoven, the Netherlands) to find the number of QDs needed to induce a 20% decrease in
viability. The relationship among these equi-response doses was used to identify the appropriate dose
metric as described in Delmaar et al. [24]. Briefly, the equi-response doses were plotted as a point
in the plane spanned by the 10log of the diameter and the 10log of the number of particles. If the
administered surface area or volume or number of particles is the appropriate metric, then the resulting
curve should be a straight line, mathematically described as:

log(N) =m × log(d) + q (1)

where N is the number of particles and d is the diameter of the NPs. The slope of this curve describes
the correct metric: surface area has a slope equal to −2, volume equal to −3 and number of particles
equal to 0. If the slope is equal to none of these numbers, then the dose metric is:

10q = N × d−m (2)

2.7. Statistical Analysis

Results are expressed as mean values of at least three independent experiments (n = 3) ± standard
error of the mean (SEM), except for PCCS data expressed as mean values ± standard deviation.
LD50 (lethal dose in 50%) values were estimated by dose-response modeling assuming Hills slope
(slope = 1). LD50 values as well as linear regression for dosimetry were calculated using GraphPad
Prism 5.02 statistical software (GraphPad Inc., La Jolla, CA, USA).
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3. Results

3.1. Particle Characterization

TEM observations revealed a majority of the metal and metal oxide particles to be approximately
spherical with primary sizes ranging from 10 to 250 nm, Figure 1 and Table 2. Main outliers in primary
size were observed for NPs of Mn3O4, V, V2O5, Sb and SnO2. The Mn3O4 NPs comprised smaller
cubic particles (similar to observations for the other NPs) and long rods with a length scale up to 8 μm.
Rods (nm-sized) were the predominating shape for the V NPs. The V2O5 and the Sb NPs had irregular
shapes and primary particle sizes up to 1.2 μm. The SnO2 NPs formed aggregates of individual
particles sized 2–3 nm. Compositional information of the outermost surface (oxide particles) and
surface oxide (metal particles) of the NPs is given in Table 2 based on XRD, Raman, and XPS findings
based on [25–34] (see supporting information, Figures S1–S3). The main surface oxides observed for
the metallic NPs were in general similar to observations for the corresponding bulk metal oxide with
the exception for the Mn NPs (Table 2).

Figure 1. TEM images of the metal and metal oxide NPs.

Table 2. Summary of primary particle size, approximated particle morphology and main surface oxide
composition of the metal and metal oxide NPs based on XRD, Raman and XPS measurements. See Figures
S1–S3 and supporting information for surface analytical findings supporting the compositional analysis
of the outermost surface oxide.

Particle Primary Size (TEM)/nm Oxide Composition

Ag Spherical, 5.2 ± 1.1 a N/A
Au Spherical, 5.2 ± 0.9 a N/A
CdTe QDs Spherical, 1.6, 2.6, 4.5, 6.5, 8.6 b N/A
Cr Cubic and spherical, 10–115 Cr */Cr2O3
Cr2O3 Oval, 90–460 Cr2O3
Mn Spherical, 15–50 Mn */MnO/MnO2/Mn2O3/Mn3O4
Mn3O4 Cubic 20–180, rods 8000 × 400 Mn3O4/MnO
Pt Spherical, 4.8 ± 0.8 a N/A
Sb Irregular, 90–1200 Sb */Sb2O3
Sb2O3 Spherical, 70–250 Sb2O3
Sn Spherical, 20–250 Sn */SnO/SnO2
SnO2 Spherical, 2–3 (as aggregates) SnO2
V Rods 20 × 20 to 400 × 40 V2O5/VO2
V2O5 Irregular 40–450 V2O5/VO2

* metallic signal implies a thin surface oxide, <5–10 nm. N/A not analyzed. a from Lebedova et al. [23], b based on
supplier information.
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The primary size of Au, Ag and Pt NPs were previously confirmed to be 5 nm [23]. Primary particle
sizes of the CdTe QDs are reported in Table 2 based on supplier information. No compositional
analyses were performed.

Changes in scattered light intensities of the NPs over time in the ToxTracker cell medium is
presented in Figure 2 together with parallel measurements for the blank solution (cell medium without
NPs). Agglomeration of cell medium constituents (no NPs) with time was evident (increased light
intensities with time). Observations with similar count rates between blank solutions (no NPs) and the
NP-containing solutions indicate NP sedimentation. If no changes in intensities are observed with time
and sedimentation of the NPs has taken place, measured count rates relate to agglomerated medium
constituents. Low count rates observed already at time 0 h imply rapid sedimentation taking place
before any measurements have been made (<5 min) (i.e., during dispersion preparation as indicated
by low particle concentration in solution).

Figure 2. Changes in scattered light intensities for the different metal and metal oxide NPs after 0,
2, and 24 h of exposure in cell medium recorded by means of PCCS. Particle loading: 100 μg/mL;
Blank cell medium only without any NPs. The error bars represent the standard deviation based on
three independent samples.

Most NPs showed evident signs of sedimentation over time (most notable after 24 h), except for
the Mn NPs and to some extent the SnO2 NPs (reduced intensities or similar intensities with time
compared to findings for the blank solution). The Mn NPs seemed to have a higher ability to remain
dispersed in solution over time (increased intensities with prolonged exposure). The SnO2 NPs
showed signs of sedimentation already at time 0 h and after 2 h (reduced light intensity), but increased
intensities after 24 h. This effect could possibly be related to agglomeration of cell medium constituents.
Almost complete sedimentation was observed for Sb and V NPs immediately upon sample preparation
(similar intensities as the blank at time 0 h).

As a result of extensive particle sedimentation due to formation of large agglomerates, any estimate
of particle size distributions in solution become very approximate and hence not reported.

Sizes of the QDs were not possible to discern by means of PCCS in the cell media due to their
small size and similar size range as the cell media components only. Time dependent measurements
implied no evident agglomeration of the QDs up to 24 h.
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3.2. Nontoxic NPs—Several NPs Cause No Toxicity or ToxTracker Activation

Several of the metal-containing NPs investigated did not cause any major changes in cell viability
at doses up to 80–100 μg/mL at 24 h exposure, including Ag, Au, Cr, Cr2O3, Pt, (data not shown) SnO2

and V (Figure 3). Furthermore, these NPs did not cause activation of any of the six GFP-markers,
except for Ag NPs which resulted in a minor increase in one of the oxidative stress markers at the
highest dose level (Supplement Table S1 and Figure 4). Furthermore, Cr2O3 caused a weak activation of
one of the oxidative stress reporters (Srxn-1) and one of the DNA damage reporters (Rtkn). The absence
of activation of any of the GFP-reporters has previously been observed in response to other NPs
including TiO2, Fe3O4 and Co3O4 [10,12].

Figure 3. Cytotoxicity in mES cells following 24 h exposure to metal and metal oxide NPs. Cytotoxicity
was determined by measuring the fraction of intact cells following exposure using flow cytometry.
The results are presented as mean± standard error of the mean of three or four independent experiments
(n = 3–4).
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Figure 4. Oxidative stress GFP-reporter activation in response to metal and metal oxide NPs. ToxTracker
reporter activation in live cells was measured as GFP-fluorescence using flow cytometry. The Srxn1-GFP
reporter is Nrf2-associated, while the Blvrb is Nrf2-independent. The results are presented as mean ±
standard error of the mean of three or four independent experiments (n = 3–4).

3.3. Cytotoxicity—Several NPs and QDs Affect Cell Viability

In contrast to the non-cytotoxic NPs, several other NPs caused effects on viability at various doses
(Figure 3 and Figure S4). The most toxic NPs were the Sb NPs with a LD50 already at 1.53 μg/mL
(Figure 3). This was comparable to the cytotoxic effect induced by the smallest (1.4 nm) QDs (LD50
1.1 μg Cd/mL) (Supplementary Figure S4). The Sb NPs were more cytotoxic compared to the Sb2O3

NPs (LD50 90 μg/mL). Similarly, the Mn (LD50 86 μg/mL) and the Sn NPs (LD50 29 μg/mL) were
more toxic compared to their corresponding oxides (Mn3O4 and SnO2; LD50 > 100 μg/mL). In contrast,
the V2O5 NPs (LD50 31 μg/mL) were more cytotoxic than the metal V NPs (LD50 > 100 μg/mL).
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The results on cytotoxicity showed large variances between the differently sized CdTe QDs,
demonstrating smaller size of QDs to be toxic at considerably lower doses compared to the larger sized
particles (Supplementary Figure S4). The LD50 values for QDs of primary sizes of 1.5, 2.6, 4.5, 6.5 and
8.6 nm were approximately 1, 2, 4, 8.7 and 15.8 μg Cd/mL, respectively. A soluble salt of Cd (CdCl2)
was found to be most toxic, with an LD50 of 0.69 μg Cd/mL.

3.4. Oxidative Stress—Many NPs and All QDs Induce Reporters Related to Oxidative Stress

The most frequently activated reporter was the Srxn1-GFP reporter. The Srxn1 protein is involved
in the reduction of hyperoxidized peroxiredoxin and regulated by the nuclear factor (erythroid
derived 2)- like 2 (NRF2) transcription factor, which plays a key role in the oxidative stress response
and regulation of various antioxidant gene networks [8,9]. Of the NPs tested, Mn and Mn3O4 NPs
caused by far the largest activation of the Srxn1-GFP reporter resulting in around 20-fold maximum
increase compared with control (Figure 4). The Sn, Sb2O3 and Sb NPs were also active, inducing
approximately a 7–10 fold increase (Figure 4), which is comparable to previous observations for Ni and
NiO NPs [11], and for Co and CoO NPs [12]. Some induction (2.5 and 2.7-fold) was also observed for
the V2O5 and Ag NPs, respectively (Figure 4 and Supplementary Table S1).

A strong induction of the oxidative stress related Srxn1-GFP reporter was observed for all QDs
(Figure 5). The induction started at similarly low doses for the 3 smallest sizes and at somewhat higher
doses for slightly larger particles sized 6.5 and 8.6 nm. CdTe QDs of 1.5 and 2.6 nm seemed to be most
potent reaching up to a 5-fold increase compared to control. An increase was also observed for Srxn1
in response to the soluble CdCl2 salt starting at a lower dose of Cd compared to the QDs and reaching
a maximum of 9-fold increase.

Fewer NPs activated the second oxidative stress marker Blvrb. This marker has been shown to
play an important role in heme metabolism and has been associated with cellular antioxidant response.
However it does not contain any NRF2 binding motif and thus does not overlap with the signaling
pathways associated with Srxn1-GFP reporter [8]. Exposure to the Sn, Sb2O3, Sb and Mn NPs resulted
in a maximum increase of approximately 4.5, 4.5, 3.5 and 2-fold, respectively (Figure 4). In addition,
a weaker yet positive (or borderline) induction was observed for the QDs of sizes 2.6, 6.5 and 8.6 nm
while the soluble CdCl2 salt resulted in a 3.5-fold increase (Figure 5). None of the previously studied
NPs has been found to activate this marker [11–13].

3.5. DNA Damage—Few NPs Induce Reporters Related to DNA Damage

In general, few NPs induced reporters related to DNA damage (Figure 6). The Rtkn-GFP
marker is associated with the NF-Kb cytokine signaling pathway, which further has been associated
with activation of the ATM DNA damage kinase [8]. ATM is rapidly activated upon induction of
DNA-double strand breaks and directly phosphorylates both CHK2 checkpoint kinase and p53 tumor
suppressor resulting in inhibition of cell cycle progression, activation of DNA repair or inducing
apoptosis. The Mn and Mn3O4 NPs were found to induce Rtkn at all doses tested (6.25–100 μg/mL) with
a maximum increase corresponding to 3.5 and 3.3-fold, respectively (Figure 6). A marginal increase
was also observed in response to V2O5 NPs, although at rather cytotoxic doses (40–50%), whereas no
induction was observed for the V NPs (Figure 6). In our previous studies, CuO (unpublished),
Co, and CoO NPs [12] as well as welding fume NPs [13] have activated the Rtkn reporter at magnitudes
ranging from 2 to 3-fold increase. A slight increase (above 1.5-fold) was also observed for Cr2O3 NPs,
as also previously observed for Ni and NiO NPs [11].
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Figure 5. Oxidative stress GFP-reporter activation in response to CdTe QDs of various sizes and CdCl2.
ToxTracker reporter activation in live cells was measured as GFP-fluorescence using flow cytometry.
The Srxn1-GFP reporter is Nrf2-associated, while the Blvrb is Nrf2-independent. The results are
presented as mean ± standard error of the mean of three or four independent experiments (n = 3–4).

The second DNA damage reporter Bscl2 is associated with DNA replication and activation of the
ATR (ataxia telangiectasia and Rad3-related) DNA damage signalling pathway [9]. Exposure to the
Mn NPs resulted in an activation of the Bscl2 just above the 2-fold threshold (Figure 6). As of now,
none of the other NPs investigated in this or previous studies, in total 32 different NPs [10–13] has
clearly induced the Bscl2 reporter. This indicates that most likely none of the tested NPs, or released
metal species, could bind directly to DNA and cause stalled replication forks.

None of the QDs or CdCl2 had an effect on the DNA damage markers Rtkn or Bscl2 (Supplementary
Table S1), except for a borderline increase of Rtkn in response to the 2.6 nm sized QDs.
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Figure 6. DNA damage GFP-reporter activation in response to metal and metal oxide NPs. ToxTracker
reporter activation in live cells was measured as GFP-fluorescence using flow cytometry. The Bscl2-GFP
and Rtkn-GFP report on DNA damage associated with ATR/Chk1 or NF- kB signaling, respectively.
The results are presented as mean± standard error of the mean of three or four independent experiments
(n = 3–4).

3.6. Protein Unfolding and p53 Related Stress—Few NPs and QDs Induce These Reporters

The unfolded protein response (UPR) is an additional pathway associated with carcinogenicity.
Ddit3 (DNA damage-inducible transcript 3) is a transcriptional factor associated with multiple functions
such as cell cycle arrest, apoptosis and endoplasmic reticulum (ER) stress. It further encodes the
transcription factor CHOP, which has a vital role in the response to a wide variety of cell stressors
following ER stress [8]. The Mn NPs revealed the strongest induction of the Ddit3-GFP reporter, with a
maximum of almost 8-fold increase (Figure 7). This is equivalent to the maximum fold induction of
Ddit3-GFP historically observed for ToxTracker [8]. This high increase was followed by the Mn3O4

and Sb2O3 NPs, both inducing a 4-fold increase, as well as the Sn NPs with an increase marginally
exceeding the 2-fold threshold (Figure 7). No increase was observed in response to the SnO2 NPs
(Figure 7). Exposure to Sb NPs further resulted in an increase of the Ddit3-GFP reporter, reaching a 2
to 5-fold increase, although results exceeding the 2-fold level were observed at viability levels less than
25% (Figure 7).
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Figure 7. Protein and general cellular stress GFP-reporter activation in response to metal and metal
oxide NPs. ToxTracker reporter activation in live cells was measured as GFP-fluorescence using flow
cytometry. The Ddit3-GFP and Btg2-GFP indicate unfolded protein response or p53-associated cellular
stress, respectively. The results are presented as mean ± standard error of the mean of three or four
independent experiments (n = 3–4).

A clear induction of the protein stress UPR-marker Ddit3 was observed for all QDs, where the
induction started at lower doses for the 3 smallest sized QDs compared to the larger sized ones
(Figure 8). CdTe QDs sized 2.6 nm was the most potent, inducing up to 6.5-fold increase, although this
was observed at a viability level less than 25%. Noteworthy is that the QDs sized 1.5 and 6.5 nm only
resulted in an induction of Ddit3 at a viability level less than 25%. The soluble CdCl2 salt caused an
approximately 2-fold increase.

In general, very few of the investigated NPs resulted in an activation of the p53-dependent
Btg2-GFP reporter. Only the Mn and Mn3O4 NPs induced the reporter with approximately a 4-fold
increase (Figure 7). No effect was observed on the p53-responsive Btg2-GFP reporter for either QDs or
soluble CdCl2 (Figure 8). These findings can be compared to previous studies, where welding fume
NPs were the only NPs that resulted in an activation at comparable levels, approximately 4-fold [13].
In addition, NiO NPs were seen to induce the Btg2-GFP reporter in the first study by Karlsson et al. [10].
However, the same effect was not observed in a later study by Akerlund et al. [11].
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Figure 8. Protein and general cellular stress GFP-reporter activation in response to CdTe QDs of various
sizes and CdCl2. ToxTracker reporter activation in live cells was measured as GFP-fluorescence using
flow cytometry. The Ddit3-GFP and Btg2-GFP indicate unfolded protein response or p53-associated
cellular stress, respectively. The results are presented as mean ± standard error of the mean of three or
four independent experiments (n = 3–4).

3.7. Dose Metric: Surface Area Appears to be the Most Suitable Dose Metric for CdTe QD Toxicity

Since the metal- and metal oxide NPs of this study were not investigated in different sizes,
these results cannot be used to further investigate the appropriate dose metric. For the QDs,
however, five different particle sizes ranging from 1.5 to 8.6 nm were investigated. To assess the most
appropriate dose metric for cytotoxicity induced by the CdTe QDs, we used the approach suggested by
Delmaar et al. [24]. Consequently, the equi-response doses representing 20% decrease in cytotoxicity
were plotted as a point in the plane spanned by the 10log of the diameter and the 10log of the number of
particles (Figure 9 and Supplementary Figure S5). The results showed that the slopes of the calculated
curves (ranging between −1.4 to −1.7) were closest to the value of −2 for all reporter cell lines, which
suggests that the surface area [24] is the most appropriate dose metric (i.e., the total surface area of NPs
causes similar toxicity no matter the size of the NPs).
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Figure 9. Equi-response curves for CdTe QDs (1.5, 2.6, 4.5, 6.5, 8.6 nm) representing a 20% reduction
in cell viability compared to control for Srxn1 and Rtkn reporter. Slopes are plotted according to the
model proposed by Delmaar et al. [24] where N denotes the number of particles and d the diameter of
the particle.

Further, the exposure dose (μg/mL) of the QDs was converted to surface area (cm2/mL), based on
supplier’s information, which was plotted against viability for all 5 sizes of QDs (Figure 10). The results
showed similar and somewhat overlapping curves for the two largest sized particles (8.6 and 6.5 nm),
and similarly the curves of the QDs with size of 4.5 and 2.6 nm, respectively, were comparable.
The smallest QDs tested resulted in a somewhat steeper curve compared to the larger sizes. These results
support the conclusion of surface area being a good dose metric for QDs, but also indicates that
the smallest QDs (1.5 nm) could have additional toxic effects not entirely explained by the larger
surface area.

Figure 10. Viability in mES cells following 24 h exposure to CdTe QDs of varying sizes at doses
expressed as surface area (cm2/mL). Cytotoxicity was determined by measuring the fraction of intact
cells following exposure using flow cytometry. The results are presented as mean ± standard error of
the mean of three or four independent experiments (n = 3–4).

4. Discussion

The increasing manufacturing and usage of NPs require faster and more efficient testing of their
potential toxic effects. Traditional in vitro genotoxicity assays are often time-consuming and have
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the limitations that they frequently lack the ability to provide mechanistic insight. One alternative
approach, as employed in this study, is to assess the cellular stress response pathways that are activated
after exposure to NPs using ToxTracker assay. The results from this study show that whereas many NPs
induce oxidative stress, few of them induce DNA damage reporters. The NPs with most remarkable
response in the ToxTracker assay were the Mn and Mn3O4 NPs causing massive oxidative stress,
induction of reporters for DNA damage, protein unfolding and p53-related stress. This study also
highlights the clear particle size dependent toxicity of CdTe QDs.

Our present study supports the general notion that ROS generation and oxidative stress is one
of the main mechanisms behind the toxicity of NPs, of which the Mn-containing NPs clearly were
the most active. Similar findings have been observed in other studies. Mn3O4 NPs have been shown
to induce the highest ROS level among four different metal oxides tested (Mn3O4, TiO2, Fe2O3 and
Co3O4) in A549 cells [35] as well as in rat macrophage cell lines [36]. In addition, Mn3O4 NPs induced
the highest amount of acellular ROS out of 11 metal oxides tested [37]. The Mn-based NPs also caused
induction of the DNA damage reporter Rtkn. The Rtkn reporter is activated upon induction of DNA
double strand breaks and likely, high levels of ROS production caused by the Mn NPs can result in
high levels of DNA single strand breaks that in turn will lead to DNA double strand breaks during
DNA replication. The Mn NPs were further the only NPs investigated so far (in total 33 different
NPs) that caused a clear induction of the DNA damage reporter Bscl2, indicating DNA damage that
result in interference of replication. The literature seems scarce on the genotoxic effects of Mn NPs.
However, Alarifi et al. [38] reported MnO2 NPs to induce DNA damage in human neuronal SH-SY5Y
cells. In another study, MnO2 NPs were found to cause genotoxicity in vivo with a significant increase
in DNA damage in leukocytes as well as micronuclei and chromosomal aberrations in bone marrow
cells after oral exposure [39]. Based on the ToxTracker reporter response in this study, it appears
somewhat surprising that the Mn-based NPs only showed minor cytotoxicity.

Another response clearly observed for the Mn-based NPs was the protein unfolding response
(Ddit3-reporter) related to ER stress. As stated in the review by Cao et al. [40], ER stress has been
proposed as a possible mechanism for NP induced toxicity and several metal NPs have been found to
induce ER stress in various test systems in vitro such as Ag [41], Au [42], SiO2 [43] and ZnO NPs [44].
In our study, we observed this effect only for the Mn and Mn3O4 NPs as well as for the QDs. Mn ionic
species (from MnCl2) have previously been shown to induce ER stress in neuronal cells that is proposed
to be closely linked to their neurodegenerative effect [45].

Five QDs of different size were investigated in the present study allowing for exploration of
size-dependent effects. The cytotoxicity observed after exposure to the six different reporter cell
lines clearly demonstrate that QDs of smaller size are more cytotoxic compared to their larger sizes.
Our calculations suggest that surface area is a more appropriate dose metric for the QDs measured,
while the results also indicate that the smallest sized QDs may have additional toxic effects other
than that explained by increased surface area. This is in line with previous studies reporting the
same size dependent trend in BEAS-2B [46], L929 mouse fibroblasts [47] and Rat pheochromocytoma
PC12 cells [20]. The generation of ROS and oxidative stress in response to CdTe QDs has previously
been shown in various cell types [21,47–49]. Furthermore, the addition of the antioxidant NAC
has been reported to reduce CdTe QD cytotoxicity and preserve mitochondrial morphology [20,21].
The activation of UPR observed in response to CdTe QDs in this study is in line with findings of
Jiang et al. [50], demonstrating low concentrations of CdTe QDs to be distributed at ER, resulting in
ER expansion and UPR activation in HEK kidney cells. These findings were further confirmed in the
kidneys of mice exposed to CdTe QDs, demonstrating that UPR mediates the toxicity of CdTe QDs
both in vitro and in vivo [50]. CdTe QDs have also been shown to target endothelial ER in human
umbilical vein endothelial cells (HUVECs) by causing ER stress, activating the UPR pathway and
all of the three downstream ER stress-mediated apoptosis pathways, and ultimately triggered ER
stress-induced apoptotic cell death [51].
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When comparing effects observed in ToxTracker between the QDs and the soluble CdCl2 salt,
based on Cd-content, CdCl2 induced cytotoxicity at a lower concentration of Cd compared to that of
CdTe QDs sized 1.5 nm. This is somewhat in conflict with previous findings demonstrating CdTe
QDs to be more cytotoxic compared to CdCl2 at similar concentrations of Cd in HepG2 [52] and HEK
cells [50]. Cho et al. [53] report no dose-dependent correlation between cell viability and intracellular
[Cd2+] following exposure to CdTe QDs, implying the cytotoxicity observed in MCF-7 cell not solely to
be related to free Cd ions or Cd-complexes in solution. In the present study, CdCl2 was further found
to induce the Srxn1 as well as the Ddit3-GFP markers at a lower dose and greater magnitude compared
to the smallest sized CdTe QDs (1.5 nm).

In this study, several metallic NPs were compared with their corresponding bulk oxides. Mn- based
NPs (Mn, Mn3O4) were shown to have a very similar potency indicating that they may be grouped
together for risk assessment. This may be related to the similar composition of the outermost surface
for the metal and the oxide, the actual interface between the particles and the cells, and highlights
its importance for the cytotoxic potency. In both cases of the Sb- and Sn-based NPs, the metallic
form (metal core with surface oxides) was found to be more toxic and reactive compared to their
corresponding bulk oxides (Sb2O3 and SnO2), despite the fact that these oxide NPs had a lower primary
size (Figure 1). Sedimentation of the Sb NPs was faster compared with its corresponding oxide (Sb2O3

NPs, Figure 2), which resulted in a higher cellular dose that may influence the toxicity. This was,
however, not the case for the Sn NPs. The V NPs showed rapid sedimentation but were still less toxic
than the corresponding oxide (V2O5 NPs). Thus, it seems difficult to draw any general conclusions
regarding the role of surface oxide composition, particle shape/morphology, and sedimentation rate
for the toxic potency of metal NPs vs. their corresponding bulk oxide NPs.

One general concern when studying toxicity of NPs is their possible interaction with the different
assays, as has been suggested for genotoxicity assays such as comet assay, micronucleus assay and
Ames test [54–56]. One possible concern could be lack of cell uptake in the mES cells. This is unlikely
since we previously showed clear uptake of the NPs [10]. Another problem may be if the NPs emit
fluorescence causing a risk of false positive results. By always testing the non-modified mES cells in a
dose finding study such an increase in fluorescence can be corrected for, as we did for the QDs in this
study. Taken together, assay interaction appears not to be a problem if possible fluorescence of the NPs
is corrected for.

Taken together with previous data published on ToxTracker findings, the results on the different
NPs (n = 33) show a great diversity in activation of GFP-markers as well as in magnitudes of induction,
as visualized in Figure 11. This indicates that ToxTracker is a sensitive method for mechanistic screening
of NPs and thus able to distinguish differences in toxic effects between various NPs tested. It is
evident that the oxidative stress related reporters are the most frequently induced with 20 out of
33 different NPs investigated inducing the Srxn1-GFP reporter. The following NPs clearly induced
(exceeding the 2-fold threshold) the Rtkn DNA damage reporter: CuO, Co, CoO, CdTe QDs, Mn,
Mn3O4, V2O5, and welding NPs. Some induction (>1.5-fold, but less than 2-fold) of the Rtkn reporter
was also observed with the Ni, NiO and Cr2O3 NPs. We suggest that the NPs activating Rtkn reporter
are of particular concern when considering genotoxicity of metal- and metal oxide NPs. Ten of the
investigated NPs (CdTe QDs, Mn, Mn3O4, Sb, Sb2O3 and Sn) also induced the Ddit3-GFP reporter,
supporting protein stress as a possible mechanism behind their toxicity.
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Figure 11. Heatmap of ToxTracker activation of all NPs tested. Size is approximate and based on
information from the supplier or TEM imaging. LD50 corresponds to 50% decrease in viability and
is based on viability in Srxn1 reporter cells. Weak positive corresponds to >1.5 but <2 fold increase,
while positive corresponds to > 2 fold increase at viability levels above 25%. a Karlsson et al. [10],
b Cappellini et al. [12], c Akerlund et al. [11], d McCarrick et al. [13]; welded using solid or flux cored
wire, respectively.

5. Conclusions

In conclusion, we have shown the applicability of using the ToxTracker assay for rapid screening
of genotoxic properties of NPs of different size and characteristics, and its suitability as a tool for
read-across and for assessing possible toxic mechanisms for further in-depth investigations.
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