Accepted Manuscript % Food and

Chemical
Toxicology §=:=

Toxicological assessment of silica-coated iron oxide nanoparticles in human
astrocytes

Natalia Fernandez-Bertélez, Carla Costa, Fatima Brandao, Gézde Kilig, José Alberto [——
Duarte, Joao Paulo Teixeira, Eduardo Pasaro, Vanessa Valdiglesias, Blanca Laffon m.‘-—

PII: S0278-6915(18)30281-3
DOI: 10.1016/j.fct.2018.04.058
Reference: FCT 9747

To appearin:  Food and Chemical Toxicology

Received Date: 2 February 2018
Revised Date: 23 April 2018
Accepted Date: 25 April 2018

Please cite this article as: Fernandez-Bertélez, N., Costa, C., Brandao, Fa., Kili¢, Go6., Duarte,
José.Alberto., Teixeira, J.P., Pasaro, E., Valdiglesias, V., Laffon, B., Toxicological assessment of
silica-coated iron oxide nanoparticles in human astrocytes, Food and Chemical Toxicology (2018), doi:
10.1016/j.fct.2018.04.058.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.fct.2018.04.058

Toxicological assessment of silica-coated iron oxide nanoparticlesin human

astrocytes

Natalia Fernandez-Bert6fe% Carla Costa”, Fatima Brand&d', Gozde Kili@ José Alberto

Duarté, Joao Paulo Teixeitd, Eduardo Pasatovanessa Valdiglesi&&™' Blanca Laffot"

%Universidade da Coruiia, DICOMOSA Group, Departmaift Psychology, Area of
Psychobiology, Edificio de Servicios Centrales meestigacion, Campus Elvifia s/n, 15071-A
Corufa, Spain

PUniversidade da Corufia, Department of Cell and Muler Biology, Facultad de Ciencias,

Campus A Zapateira s/n, 15071-A Corufia, Spain

‘Department of Environmental Health, Portuguese ol Institute of Health, Rua

Alexandre Herculano, 321, 4000-055 Porto, Portugal
4SPUP-EPIUNiIt, Universidade do Porto, Rua das Taipk35, 4050-600 Porto, Portugal

®CIAFEL, Faculdade de Desporto, Universidade do BoRua Dr. Placido Costa, 91, 4200-

450 Porto, Portugal

"These authors contributed equally to the senidraship of this manuscript.

*Correspondence: Dr. Vanessa Valdiglesias, PhDyéigity of A Corufia, Toxicology Unit,
Research Services Building, Campus Elvifia s/n, 150X Corufia, Spain. Tel.: +34

981167000 ext. 2680.Fax: +34 981167172. vvaldigigiudc.es




Abstract

Iron oxide nanoparticles (ION) have great potenf@ an increasing number of
medical and biological applications, particulathyps$e focused on nervous system. Although
ION seem to be biocompatible and present low tokidi is imperative to unveil the potential
risk for the nervous system associated to theiosupe, especially because current data on
ION effects on human nervous cells are scarce. ,Tinuhe present study potential toxicity
associated with silica-coated ION (S-ION) exposwvas evaluated on human A172
glioblastoma cells. To this aim, a complete toxagptal screening testing several exposure
times (3 and 24h), nanoparticle concentrationsQ@+b/ml), and culture media (complete
and serum-free) was performed to firstly asses®$-¢ffects at different levels, including
cytotoxicity — lactate dehydrogenase assay, aizabfscell cycle and cell death production —
and genotoxicity — H2AX phosphorylation assessmeainet assay, micronucleus test and
DNA repair competence assay. Results obtained ghotkat S-ION exhibit certain
cytotoxicity, especially in serum-free medium, tethto cell cycle disruption and cell death
induction. However, scarce genotoxic effects andaheration of the DNA repair process
were observed. Results obtained in this work cbate to increase the knowledge on the

impact of ION on the human nervous system cells.
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genotoxicity



1 Introduction

Iron oxide nanoparticles (ION) have great potenf@ an increasing number of
medical and biological applications. Due to themesdriven superparamagnetism, they are
used in diagnosis, therapeutics and tumor destruc(Revia and Zhang, 2016). ION
versatility, together with their physicochemicaloperties, allow their use as magnetic
resonance imaging agents (Abakumov et al., 2015gkdnasiou et al., 2016), heating
mediators in hyperthermia-based cancer therapyn{®lAndujar et al., 2016; Dan et al.,
2015), and molecular cargo in targeted drug (Elbggit al., 2016; Thomsen et al., 2015) and
gene delivery (Li et al., 2016). Particularly, tdesign of specific ION for diagnosis and
treatment of neurodegenerative and neurovascidaasgés has noticeably increased in the last
years (Kanwar et al., 2012). However, studies air thossible neurotoxic effects are still
scarce and inconclusive, especially in human mo@é&tdiglesias et al., 2016). The specific
use of ION in diagnostics and therapies on themexnsystem requires their introduction into
the body; given their small size they can crosshiloed brain barrier (BBB) and access the
brain tissue (Win-Shwe and Fujimaki, 2011). Thisndestrated ability of ION to cross the
BBB, combined with their high surface area and tiedg, makes the nervous system
extremely vulnerable to their potential toxicityndeed, previous studies have already
demonstrated that ION may induce cytoskeleton impamt, plasmatic membrane disruption,
oxidative stress, DNA damage, or alterations ihsighaling pathways in different cells form
nervous origin (reviewed in Valdiglesias$ al, 2016). Still, the lack of robust toxicological
screenings, and poor comprehension of predictivadigms of nanoneurotoxicity are the
major obstacles in translating the advancing namigpa designs into viable biomedical
platforms system (Kim et al., 2013).

Several uncoated and differently coated ION havenbeeported to be highly

biocompatible nanomaterials which do not pose eserthreat to the organism (Laurent et



al., 2014). However, despite being considered asrgdly safe, potential ION toxicity cannot
be completely discarded since results from studrethis regard are often contradictory, and
ION effects at certain levels, such as genotoxicitycarcinogenicity, have been poorly
addressed (reviewed in Valdiglesias et al., 201dyid& and Zhang 2016). Most studies
reported so far on the consequencemofitro exposure of nervous system cells to different
uncoated and coated ION have been performed inonsuparticularly PC12 rat and SH-
SY5Y human cells (Deng et al., 2014; Imam et @12 Kili¢ et al., 2015; Wu et al., 2013;
Wu and Sun, 2011). However, investigating the paaemarmful effects of ION on other
different nervous system cells (i.e. glial cellstracytes, oligodendrocytes and microglial
cells) is also relevant since they are involvedenron support and protection, and alterations
in these cells have been implicated in the onsetpaogression of several neurodegenerative
diseases (Barker and Cicchetti, 2014; Cai and X204,6; Phatnani and Maniatis, 2015).
Astrocytes are especially interesting since theythe most abundant brain cell type and the
first cellular obstacle ION interact with, and ateategically distributed between the blood
vessels and neurons (Geppert et al.,, 2011). Besideg seem to play a key role in the
etiology of neurodegenerative disorders and, cansetty, have been proposed as new targets
for the treatment of important neuropathologieshsas Alzheimer’'s disease, amyotrophic
lateral sclerosis, and Parkinson’s disease (Finsidret al., 2015).

For in vivo purposes, nanoparticles are required to be bioathip, water-
dispersible, stable in biological media, and umfdn size to maintain the suitable magnetic
properties (Chang et al., 2007; Lee et al., 208hixface coatings are known generally to
influence advantageously nanoparticle features.tkigrreason, ION are often coated with
different organic and inorganic materials to ineeaheir stability and improve their
biocompatibility and biodegradability (Al Faraj el., 2015), decrease their cytotoxicity

(Magdolenova et al., 2013), and provide an amptéase for functionalization (Revia and



Zhang 2016). Among all the possible coating maltgrisilica has several advantages that
makes it very suitable for biomedical applicatioftscan increase ION biocompatibility
without affecting magnetic properties, may convédrydrophobic nanoparticles into
hydrophilic water-soluble particles, helps to pmveaggregation by improving the
nanoparticle chemical stability, and the silanoivtmated surface groups may be modified
with various coupling agents to covalently bindspecific ligands reviewed in Andrae¢ al.
(2009). All these properties make silica one of thest commonly used agents for ION
coating, particularly for bioimaging and biosensimgrposes (Alwi et al., 2012). Still, the
possible neurotoxicity of silica-coated ION (S-IQNvarticularly on nervous cells different
from neurons, has not been discarded yet.

ION toxicity has been demonstrated to vary considlgrand also to depend on cell
type and physical-chemical characteristics suchizs shape, presence/type of coating, and
stability in biological media (Gupta and Gupta 20P&hdaviet al. 2013, Strehkt al. 2016).

In a previous study conducted by our research gf@asta et al., 2015), effects induced by
S-ION on viability of A172 glial cells and SH-SY5ieuronal cells were evaluated. Results
showed that S-ION significantly decreased viahilityth a moderate effect in the glial cells;
besides, a serum-protective effect was observelddtr cell lines. Moving forward, the main
objective of the present work was to investigatetlie very first time the effects of S-ION on
human astrocytes (A172 glioblastoma cells), in ptdeobtain an overview of the risk these
nanoparticles may pose when used in biomedicaicgtigns on the human nervous system.
To this aim, a complete toxicological screening wasformed to assess S-ION effects at
different levels, including cytotoxicity — cellulanembrane impairment, cell cycle disruption
and cell death production — and genotoxicity — H2gsphorylation, primary DNA damage
and micronuclei (MN) induction —, considering aldterations in DNA repair ability and iron

ion release capacity.
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2 Materials and methods
2.1 Chemicals
Bleomycin (BLM) (CAS no. 9041-93-4) and Triton XA{CAS no. 9002-93-1) was

purchased from Panreac AppliChem, and mytomycin MMC) (CAS no. 50-07-7),
camptothecin (Campt) (CAS no. 7689-03-4), hydrogeroxide (HO,) (CAS no. 7722-84-
1), and propidium iodide (PIl) (CAS no. 25535-16wigre purchased from Sigma-Aldrich
Co.). BLM, MMC, and PI were dissolved in sterilestilied water, and Campt was dissolved
in DMSO prior to use.
2.2 Nanoparticle preparation and characterization

S-ION were synthesized and prepared as stable vgatgpensions (5 mg/ml) as
described by Yiet al. (2006). Particle size and morphology were studigdransmission
electron microscopy (TEM), while average hydrodyitasize, surface chemistry and zeta
potential of nanoparticles in suspension were datexd by dynamic light scattering (DLS) in
deionized water, complete and serum-free A172 nmedidosta et al., 2015). Prior to each
treatment, a stock suspension of S-ION (1 mg/mi} peepared in serum-free or complete
Al172 culture medium (see composition below), and wi#rasonicated in a water bath
(Branson Sonifier, USA) for 5 min. Serial dilutiomgere carried out to obtain the different
nanoparticle concentrations tested, and sonicatetie water bath for an additional 5 min
period.
2.3 Ironion release from the nanoparticles

In order to quantify the iron ions released frora 8+ION, suspensions of 5, 25, 50 y
100 ug/ml were prepared in serum-free or complete adtuce medium and incubated for 3,
6 and 24 h at 37°C in a humidified 5% £énhvironment. After centrifugation at 14,000 rpm
for 30 min, the liquid medium was removed from tBdON solid phase. Flame atomic

absorption spectroscopy (FAAS) (Thermoelementah&®@o84 v.10.02) was used to quantify



the iron content in the supernatant. Cell cultueddia without nanoparticles and subjected to
the same experimental conditions were used asinegantrols.
2.4  Cell culture and S-ION treatments

Human glioblastoma A172 cells were obtained from Buropean Collection of Cell
Cultures and grown in a nutrient mixture composedMEM with 1% L-glutamine, 1%
antibiotic and antimycotic solution, supplementedhwl0% heat inactivated fetal bovine
serum (FBS) for complete medium conditions, andhef same mixture without FBS for
serum-free (incomplete) medium conditions, in a idifled atmosphere at 37°C with 5%
CO,. Astrocytes were seeded in 96 well-plates (5-80% cklls per well) and allowed to
adhere for 24 h at 37°C before carrying out theegrments. For each experiment, cells were
incubated with four different S-ION concentratigbs 25, 50 and 10Qg/ml) at 37°C for 3 or
24 h, in serum-free or complete cell culture medi@ur previous results from cell viability
assays (Costa et al., 2015) were used to estahksie four concentrations and two exposure
times. The decrease in viability was lower than 30%all cases. Regarding physiological
significance of the doses tested, the dose rang@Mf(ferucarbotran, Resovist) required for
clinical MR imaging (0.2-0.8 mg Fe/kg body weighfReimer and Balzer, 2003) is
approximately equivalent to the lower dose testetthis study (2.5-1Qg/ml).

Serum-free and complete cell culture media werel us® negative control in all
experiments. The following chemicals were emplogedositive controls: Campt 10/ for
apoptosis; Triton X-100 1% for lactate dehydrogend<DH) assay; MMC 1.uM for cell
cycle analysis and oM for MN test, BLM 1ug/ml for yH2AX analysis, and kD, 100 uM
for comet assay and 200 uM for DNA repair competeagsay.

2.5 Cellular uptake
Transmission electron microscopy (TEM) was usedassess the uptake and

intracellular localization of ION in cultured cell8172 cells were seeded in T25 flasks and



exposed to 2pg/ml and 10Qug/ml of S-ION dispersed in complete and serum-fneglia for
3 and 24 h; negative controls (cells with no expeso nanoparticles) and positive controls
(cells exposed to 150 pg/ml of Tihanoparticles, Sigma reference 637254) were also
included in this experiment. After exposure, cellye washed twice with phosphate buffered
saline solution, harvested by trypsinization andtriieiged. The pellets were then fixed in
2.5% glutaraldehyde in 0.2 M sodium cacodylate pB+7.4 for 2 h, post-fixed with 2%
osmium tetroxide, dehydrated through graded alcawdlitions and embedded in Epon.
Ultrathin sections of 100 nm were mounted on copgyiels and contrasted with uranyl acetate
and lead citrate and examined with Jeol JEM 14@&0@stnission electron microscope (Tokyo,
Japan) equipped with an energy dispersive X-rayXE§pectrometer (Oxford Instruments,
Abingdon, UK). Digital images were captured by gsanCCD digital camera Orious 1100W
(Tokyo, Japan).
2.6 Membrane integrity

A commercial kit (Roche Diagnostics Corp) was usedeasure the LDH release in
cell culture media, according to the manufacturaersructions. After exposure, cell culture
medium was collected for LDH measurement. Absompti@as measured at 490 nm with a
reference wavelength of 655 nm using a Cambrex B8x@&icroplate reader (Biotek, KC4).
Results from positive control experiments (1% Tit$-100) were set as 100% cytotoxicity,
and LDH release was calculated as indicated inigl@siaset al. (2013).
2.7  Cell cycle analysis

The relative cellular DNA content was quantified figw cytometry in order to
determine cell distribution through the differemtlacycle phases, according to the method
described by Valdiglesiagt al. (2011). Briefly, after exposure to S-ION, cellene
harvested, resuspended in cold phosphate buffati@ol(PBS), centrifuged, and fixed with

cold 70% (v/v) ethanol (-20° C) overnight at 4°FKor analysis, cells were stained with Pl



containing RNase A. DNA content was quantified tnleast 10,000 events, as Pl signal
detected, and the resulting histograms were andlymeCell Quest Pro software (Becton
Dickinson) to calculate the percentage of occupasfc/G;, S and G/M regions of cell
cycle. Complementarily, the sub@egion, indicative of late stages of apoptosiss \ats0o
evaluated.
2.8 Apoptosis and necrosis detection

In order to evaluate the possible induction of adath by S-ION, the rates of
apoptosis and necrosis were measured by meansekianV/Pl double staining, using the
Immunostep™ annexin V-FITC apoptosis detection ddtording to the manufacturer's
recommendations. At least 10,000 events were adjuith a FACSCalibur flow cytometer
(Becton Dickinson). Data from annexin V—fluoresce&nthiocyanate (FITC) (FL1) and PI
(FL2) were analyzed using Cell Quest Pro softw8ec{on Dickinson) to determine rates of
early apoptosis (annexin V positive and Pl negatelés) and late apoptosis/necrosis (annexin
V and PI positive cells).
2.9 yH2AX assay

The evaluation of H2AX histone phosphorylation effelON treatments was assessed
as previously described (Sanchez-Flores et al.5R@riefly, after nanoparticle exposure,
cells were harvested, fixed and permeabilizedlyissith cold 1% formaldehyde for 15 min at
4° C, and subsequently with 70% ethanol (-20° @ymght. Afterwards, cells were incubated
with antiyH2AX antibody and stained with Pl containing RN#seA minimum of 10,000
events were acquired with a FACSCalibur Flow CytnéBecton Dickinson). The signal of
FL1 and FL2 detectors, corresponding to Alexa FU@8 and PI respectively, was analyzed
using Cell Quest Pro software (Becton Dickinson).

2.10 Comet assay

10



Before conducting the comet assay, it was testeettver that S-ION could interfere
with the assay methodology, following the proceddescribed by Magdolenovat al.
(2012). Briefly, the experiment was performed inelggiently on cells untreated and treated
with nanoparticles. In this last case S-ION werdeaddirectly to cells just before being
embedded in the agarose (at a final concentrafid®® pg/ml, the highest tested), to ensure
that nanoparticles were in direct contact with B¢A nucleoids during the lysis step, and
then continued with the standard protocol. Since imerference was observed, after
treatments with S-ION, the alkaline comet assay wasied out according to Singh et al.
(1988), with minor changes (Costa and Teixeira,420lh all cases 100 cells per slide were
scored (50 from each replicate drop), using CoiieSoftware (Perceptive Instruments) for
image capture and analysis. The percentage of Di\thé comet tail (%tDNA) was used as
DNA damage parameter.

2.11 Micronucleus test
At the end of cell incubations with S-ION, nanopaes were removed and cells were

cultured in fresh medium for an additional peridd48 h, adjusted according to cell cycle

duration (33-48 h). Then suspensions of nuclei bt were prepared and analyzed as

previously described (Valdiglesias et al., 2013)nalyses of the final suspensions were
carried out in a FACSCalibur Flow Cytometer (Becidickinson) evaluating a minimum of
20,000 events in each case.
2.12 DNA repair competence assay

In order to evaluate the effects of S-ION on cellulepair processes, DNA repair
competence assay was carried out in A172 astrotygated with S-ION at 50 pg/ml. In this
assay DNA damage is deliberately induced by a kndvatienging agent (D, in this case).
After washing out the challenging agent, repaithed damage induced is allowed during a

certain period, and the remaining damage is thefuated by the comet assay. The difference
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between the DNA damage evaluated before and dfterperiod is indicative of the repair
ability. Effects of S-ION on cell repair ability wee tested by treating the cells in three
different phases: (i) phase A (pretreatment), imcWvicells were incubated at 37° C for 3 or 24
h in the presence or absence of S-ION (50 pg/mj)pliase B (damage induction), in which
cells were challenged with,B, (200 uM) for 5 min at 37°C in the presence or abseof S-
ION (50 pg/ml); and (iii) phase C (repair), in whicells were washed out with fresh medium
to remove treatment, and incubated with or with®@dON (50 pg/ml) for 30 min at 37°C to
allow DNA repair. Alkaline comet assay, as desdtilbdove, was then performed just after
treatment with HO, (data labeled asefore repaij and after the repair period (data labeled as
after repaif). In order to confirm that the potential effectsserved during phase C (repair)
are not due to genotoxicity induced by S-ION, aditohal experimental point consisting in
an incubation of A172 cells in the presence of 8HBO pg/ml) for 30 min was performed.
2.13 Statistical analysis

Statistical analyses were performed using SPSSWaordows statistical package
(version 20.0). Differences among groups were destgh Kruskal-Wallis test and Mann-
Whitney U-test. The associations between two variables vesralyzed by Spearman's
correlation. A minimum of three independent expemts were performed for every assay,
and each experimental condition was run in dumickixperimental data were expressed as

mean = standard error andPavalue of <0.05 was considered significant.
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3 Results

A complete physical-chemical characterization @fsth nanoparticles was previously
carried out (Cost&t al. 2015). Briefly, S-ION used are spherical partiogh an average
diameter of 20.2 nm, including core and silica owgtless than 2% of the S-ION surface
presents iron, confirming an effective silica cogti Mean hydrodynamic size and zeta
potential values in different media demonstratexlghispension stability and low tendency to
agglomeration.
3.1 Ironion release from the nanoparticles

Determination of iron ions in the culture mediaeas®d by FAAS revealed scarce
release of ions from the S-ION in serum-free medregardless exposure time and after 3 h
incubation in complete medium. Nevertheless, netabhe and concentration-dependent
release was observed in complete medium after @éaddincubations (Fig. 1).
3.2  Cellular uptake

Nanoparticle internalization was analyzed by trassion electron microscopy
coupled with EDX in order to confirm nanoparticlengposition. Results obtained show that
glial cells are able to internalize S-ION at thenditions here tested. Electron-dense deposits
were observed within endosomes after 24 h of expasuS-ION 25 and 10@g/ml and also
after 3 h of exposure to the highest concentratbmthy in complete and serum-free medium
(Fig. 2). These agglomerates were also detectélaeimtercellular space; signs of apoptosis
and necrosis were observed in cells exposed toNs-10
3.3  Cytotoxicity
3.3.1 Membrane integrity

The possible effect of S-ION on glial cell membraingegrity was analyzed by

measuring LDH enzyme release. It was observed $hlDN, regardless of the medium
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composition, did not produce significant alteraidn membrane integrity, i.e. increases in
LDH release, at any condition tested.
3.3.2 Cell cycle analysis

Results obtained in the analysis of the differeimages of the cell cycle (&, S,
G,/M) revealed that, in general, S-ION exposure attehe normal progression of A172 cell
cycle (Fig. 3). Although no significant differencesthe cell distribution in each phase were
obtained in the 3 h treatments in complete medidranmcompared with the control (Fig.3a),
there was a statistically significant dose-depehderease in the S-phase (r=0.4860.05)
with a simultaneous dose-dependent decrease iGdl@& phase (r=-0.443<0.05). After 3
h treatments in serum-free medium (Fig. 3b), sigaift alterations were observed, mainly in
Go/Gy (r =-0.594,P <0.01) and S phases (r = 0.681<0.01). Exposure of glial cells to S-
ION for 24 h induced significant cell cycle alteosits at all concentrations tested, regardless
of the medium used (Fig. 3c and 3d). Consequepdtlgitive dose-response relationships were
obtained in all phases in complete medium/@Gs r=-0.864,P<0.01; S: r=0.900P<0.01;
G,/M: r=0.481,P<0.05), and in @G; and S phases in serum-free mediurg/@a r=-0.733,
P<0.01; S: r=0.8992<0.01).

In addition, analysis of suhGegion of the cell cycle distribution was conduactes
indicative of late stages of apoptosis (Fig. 4a)O8 treatment in complete medium induced
apoptosis only at the highest concentration andidsh exposure time tested. However, a
strong dose-dependent cell death generation waanaas from 25 pg/ml on in serum-free
medium (3 h: r=0.822<0.01; 24 h: r= 0.88(R<0.01).

3.3.3 Apoptosis and necrosis detection

Early apoptosis was assessed by means of annelh dduble staining by flow

cytometry. Results obtained in complete medium swwsignificant increases in the

percentage of apoptotic cells after treatment BHION at the highest concentrations tested,
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particularly evident at 24 h exposure but with gigant dose-response relationships in both
cases (3 h: r=0.426P<0.05, 24 h: r=0.673P<0.01) (Fig. 4b). An even more notable
apoptosis induction was observed in serum-free umedwith significant differences with
regard to the negative control from 25 pg/ml on aaldo significant dose-response
relationships in both cases (r=0.868;0.01 for 3 h; r=0.9087<0.01 for 24 h). Furthermore,
although necrosis rates obtained in the same asalysre much lower than apoptosis rates,
they showed significant dose-dependent increastine dtighest concentrations tested (50 and
100 pg/ml) (r=0.558P<0.01) only for the longest exposure time in conglmedium (Fig.
4c). In contrast, in serum-free conditions, a ddspendent relationship was observed at 3 h,
with statistically significant increases in the resis production from 25 pg/ml on (r=0.832,;
P<0.01), whereas no effect at any dose was obsetvadl h of exposure.
3.4  Genotoxicity

Results obtained from the different genotoxicitgags, i.eyH2AX, comet and MN
assays are shown in Figure 5.
3.4.1 yH2AX assay

Results obtained from analysis of H2AX phosphorglatby flow cytometry are
shown in (Fig. 5a). Significant increases iyH2AX were only observed in A172 cells
treated with 50 and 100 pg/ml S-ION for 24 h in pdete medium. No effects were observed
in complete medium after 3 h exposure and in sdremmedium at any time or dose tested.
3.4.2 Comet assay

When the possible interference between the nanolesreind the comet methodology
was tested, no significant differences were obskvetween the results obtained in the
presence and in the absence of S-ION (180nl), indicating no nanopatrticle interference
with any step of the assay, both in complete anghsdree media. Subsequently, increases in

primary DNA damage with respect to the controlsena@served in S-ION treated cells, at the
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highest concentration after 3 h treatment and f2&mg/ml on after 24 h, regardless of serum
presence in the medium (Fig. 5b). Positive dosgearese relationships were also found in all
cases (r=0.493P<0.01 and r=0.564P<0.01 for 3 h, in complete and serum-free medium,
respectively, and r=0.741P<0.01 for 24 h, in complete and serum-free medium,
respectively).
3.4.3 MN test

According to MN assay results, no MN induction waserved in glial cells by S-ION
treatment at any concentration or exposure tinteeein complete or in serum-free medium
(Fig. 5¢).
3.4.4 DNA repair

As shown in Figure 6, results obtained from the Digpair competence assay showed
a significant decrease in ,8,-induced damage after the repair period in all gase
independently of the assay phase in which glidsagére exposed to S-ION. In addition, the
absence of damage induction by S-ION when cellewaubated for only 30 min discards

any additional DNA damage produced when cells we@pmosed during the repair phase.
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4 Discussion
To guarantee their safety, nanoparticles must motdxic to the cells at concentrations
suitable for magnetic targeting or other biomed@aplications. Previous studies indicated
that ION exhibit very subtle or no cytotoxic actwiwhen administered at concentrations
remaining below 100 pg/ml (Laurent et al., 20149wdver, it has also been demonstrated in
a number ofin vitro andin vivo studies that ION, both naked and differently cdatmay
induce adverse effects, even at low doses, thralighrse mechanisms such as iron ion
release, oxidative stress induction, mitochondefunction, DNA damage, and alteration of
cellular signaling pathways, among others (Revid Zhang, 2016). Current knowledge on
potential neurotoxicity of ION on human nervousié scarce and not consistent (reviewed
in Valdiglesiaset al. 2014). On this basis, the present study was dedigo elucidate the
possible effects of S-ION on human glial cells malaating a dose range (5 to 10§/ml)
and short- and long-term exposure times (3 and 24espectively). In particular, the
measurement of membrane integrity, cell cycle grsgion and apoptosis/necrosis rates were
evaluated as indicators of cytotoxicity, whereagmpry DNA damage, histone H2AX
phosphorylation, MN frequency and DNA repair abiliwere determined as genotoxicity
parameters. ION coated with silica were selectedeidorm the analyses due to the several
advantages of this coating, including negativergdat blood pH or transparent matrix, that
make it especially suitable to be employed for ro@ldourposes (Alwi et al., 2012). The A172
cell line employed in this study is an astrocytamea-tumorigenic and p53 wild-type cell line
derived from a human glioblastoma that has beennoamly used inin vitro studies to
elucidate basic neurobiological principles and gfial model in neurotoxicity testing (Qiang
et al., 2009; Sato et al., 2009; Wolff et al., 1999

The actual entry of nanoparticles into astrocytess werified prior to toxicity

evaluation. Results obtained from TEM revealedgresence of S-ION internalized in A172
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astrocytes in all the conditions tested, regardieeslium composition or exposure time,
demonstrating that these cells may efficiently kptthese nanoparticles. Moreover, S-ION
were found to be accumulated in intracellular Mesicsuggesting that endocytic processes are
involved in S-ION uptake into astrocytes. Similarlultured astrocytes were reported to
efficiently accumulate ION with different types obatings in a time-, concentration- and
temperature-dependent manner (Hohnholt et al.,)2013

S-ION did not impair plasmatic membrane integrityttae conditions tested in this
study, as demonstrated by the negative resultaleyen the assessment of LDH release.
Similarly, no significant LDH leakage was obsenmeSH-SY5Y neuronal cells treated with
the same S-ION (Kiligt al. 2015). Previous studies in other cell lines regbnnembrane
damage only at high ION (magnetite) concentratib®Oug/ml) (Watanabe et al., 2013) or
long exposure time (maghemite, 24 h) (Ra&jiwal. 2015). As none of these conditions led to
membrane impairment in the current study, resulitained suggest that silica coating
prevents membrane damage, and/or that astrocyédssarsensitive to this effect.

The cell cycle machinery is managed by a highlyeoed set of events that lead to the
division and duplication of the cell (Crosby, 200T) the presence of DNA damage or
cellular stress, cell cycle checkpoint protein p&&gers cell cycle arrest to provide time for
the damage to be repaired or for self-mediated tagap (Alarifi et al., 2013). Results
obtained from the cell cycle analysis showed imgrardose-dependent cell cycle alterations
induced by S-ION, particularly marked in the 24rdatments, in which cell cycle of A172
cells resulted altered in all conditions testedardless the dose or the medium composition.
Still, these effects, included mainly alterationsGy/G; and S phases reflecting a possible
mitotic arrest, and were more pronounced in sen@®-fedium. These results support the
previous work of Mahmoudet al. (2012) who also observed similar cell cycle efeitt

BE(2)-C neurons and Al172 astrocytes treated willDI$-(2-32 mM) for 24 h. Similarly,
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uncoated magnetite nanoparticles induced a coratemtrdependent accumulation of cells in
G,/M phase and of p53 gene expression in neuronalR€Ells treated for 24 h (100 and 200
pg/ml) (Wu and Sun, 2011). And Mahmoueli al. (2009) observed that uncoated and
polyvinyl alcohol-coated ION caused cell cycle atren G/G; phase at 200-400 mM in
mouse fibroblast cell line (L929), possibly duethe irreversible DNA damage and repair of
oxidative DNA lesions.

Evaluation of apoptosis induced by S-ION exposuras warried out by two
approaches; on one hand the analysis of the stdgton of the cell cycle as an indicator of
DNA fragmentation at the late stages of apoptaaisl on the other hand, by annexin V/PI
staining flow cytometric analysis, as a sensitiveasure of apoptosis early stages. Results
obtained by both methodologies resulted quite simiith apoptosis induction limited to the
highest S-ION doses and longest exposure time mptie medium, but important dose-
dependent increases of apoptosis rates observdubtht exposure times in serum-free
medium. In agreement with our results, Mahmaitdil. (2012) also observed increases in the
apoptotic rate (subG1 stage of cell cycle) in BE{2)eurons and A172 astrocytes exposed to
S-ION for 24 h, and Jeng and Swanson (2006) regostetime-dependent increase of
apoptotic Neuro-2A cells after 48 h treatment witdrboxyethylsilanetriol-coated ION (50
pg/ml). In general, ION-induced apoptosis was pesty described not only in nervous
system cells but also in other different cell typasluding human A549 lung cells (Watanabe
et al., 2013), human Jurkat T lymphocytes (Namvaal.e 2014), or rat lung epithelial cells
(Ramestet al.2012).

Evaluation of cell death by annexin V/PI allowedako quantify the rate of cells
undergoing necrosis together with late apoptosisomplete medium, S-ION only induced
necrosis at the highest doses and longest expdsnee whereas in serum-free medium

significant dose-dependent increases were obtangdin the 3 h treatment. Since results
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from annexin V/PI analysis and sup€gion are similar, and considering that percesniaiy
annexin V binding +/PI- cells includes not only ratc but also late apoptotic cells, S-ION
seem to induce cell death mainly via the apoptogithway. Accordingly, Kiliget al. (2015)

did not observe necrosis induction but apoptosBHRSY5Y neurons exposed to the same S-
ION (100 and 200 pg/ml) for 24 h.

The potential genotoxic effects of S-ION were eatdd by means of three different
genotoxicity approaches, nameli2AX assay, comet assay and MN test. Moreover, DNA
repair competence assay was applied to assesdlpoatterations in the astrocyte DNA
repair capacity in presence of S-ION.

Histone H2AX becomes phosphorylated at serine h3Besponse to DNA double-
strand breaks (DSB), and phosphorylated H2AM2AX) is widely used as a specific and
very sensitive marker for this kind of DNA damadéa@dolenova et al., 2014; Rogakou et
al., 1998). Still, given its novelty, applicatiohydH2AX assay to ION genotoxicity studies is
extremely scarce. According to our previous res@#ON did not induce DSB in SH-SY5Y
cells, either in complete or in serum-free medili¢ et al. 2015). In the present study S-
ION did not induce H2AX phosphorylation in A172 rastytes either, except at the highest
concentrations after 24 h treatment. Considerirgrésults obtained in the iron ion release
from the nanopatrticles, the increase detected seehesmore likely due to the indirect effect
of iron ions, than to the genotoxic S-ION propestiremselves. Presence of iron ions would
lead to an imbalance in the Fenton reaction andsemuently, to an increase in oxidative
damage, eventually causing breaks in the DNA st dhdther et al., 2013).

Comet assay was carried out in order to evaluaeptssible induction of primary
genetic damage by S-ION exposure. Alkaline comsayss a simple, rapid, and sensitive
technique which detects DNA strand breaks, botglsiand double, alkali-labile sites, abasic

sites and serum-free excision repair sites (Kunmar Rhawan, 2013; Lorenzo et al., 2013;
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Magdolenova et al., 2014). As several reports presty described the interference of
different nanoparticles with the comet assay matlogy (Karlsson, 2010; Magdolenova et
al., 2012; Stone et al., 2009), the possible iaterice by S-ION at the highest concentration
to be tested was discarded prior to performingatiaysis. Subsequently, results from comet
assay showed that S-ION induced DNA primary damagastrocytes only at the highest
concentrations after a short exposure period, barh f25 pg/ml on, in a dose-dependent
manner, after 24 h treatment. This concentratiggeddent increased DNA damage was
previously observed in A549 and Hela cells treat#tti both S-ION (Malvindi et al., 2014)
or ION with other different coatings (Bhattachamstaal. 2009; Honget al. 2011; Secet al.
2017). However, since the results obtained frdh2AX analysis in this study were mainly
negative, this primary DNA damage observed in coasstly seems not be related to DSB but
to other kind of DNA damage (e.g. single stranchksgSSB], abasic sites, alkali-labile sites)
more easily repairable.

Micronucleus test was performed to identify possitthromosome alterations induced
by exposure to S-ION. MN contain chromosome breaksvhole chromosomes lagged
behind during anaphase; consequently MN analysisate both clastogenic and aneugenic
events (Fenech, 2008). No induction of MN was foiméstrocytes exposed to S-ION at any
condition tested, indicating on the one hand th#DS did not induce aneugenic effects on
astrocytes. On the other hand, it seems that ttelisewere able to repair the primary DNA
damage initially produced by S-ION exposure, reegdly positive response of comet assay,
thus avoiding its fixation as chromosome alteratioA lack of MN production after
nanoparticle exposure was obtained in severalesuslinploying different cell lines and ION,
as human lymphoblastoid cells treated with uncoatexjhemite or with uncoated and
dextran-coated magnetite (Singh et al., 2012),a8yniamster embryo cells treated with naked

maghemite and magnetite nanoparticles (Guicham.ef012), Chinese hamster lung cells
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exposed to glutamic acid-coated (Zhang et al., p@t@ to poly ethylene imine- or poly
ethylene glycol-coated ION (Liu et al., 2014).

DNA repair systems are recognized as one of thet maggortant cellular defense
mechanisms responsible for DNA integrity. In ortieevaluate whether S-ION exposure has
some impact on the DNA repair ability of astrocytefich would lead to increased DNA
damage in response to internal or external insDIRA repair competence assay was carried
out with S-ION treatment in different phases. Rissobtained showed that S-ION did not
interfere with the repair capacity of A172 astrasytat any condition tested, since significant
decreases in #D,-induced DNA damage, indicative of efficient repauere observed in the
presence of S-ION. These decreases were consystetdiined regardless the moment the
incubation with nanoparticles was conducted (befoh@ing or after treatment with the
challenging agent ¥0,), and were also similar to the decrease detecte¢ldel absence of S-
ION. Studies addressing the potential effects oN IGn cellular repair mechanisms are
practically inexistent. Our group previously assesS-ION effects on SH-SY5Y cells repair
ability by employing the same approach (Kiital. 2015). In that case, S-ION exposure did
alter the repair of pD.-induced DNA damage in these cells, with considgrahore
pronounced effects when serum-free medium was graglorhis dissimilar response to S-
ION exposure of the two types of nervous systerts ¢etlicates, as previously reported, that
glioma cells have a more efficient repair capapitf induced DNA damage than neurons
(Laffon et al., 2017).

All genotoxicity results together indicate that@N present a low genotoxic activity,
limited to easily repairable DNA damage as demanstt by the positive results obtained in
comet assay together with the negative results fild@AX and MN assays. In any case, the
DNA damage induced by S-ION seems to be repaiiade ghe repair capacity resulted not

altered, and, consequently, it was not fixed in te#ls as proved by the lack of MN
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production. Besides, all these effects were noeddent on the presence/absence of serum in
the medium.

Nevertheless, the quantity of iron ions releasethfthe S-ION depended markedly on
the medium composition. While S-ION suspended mirsefree medium were very stable at
all conditions tested, suspensions of nanopartidlescomplete medium showed a
concentration-dependent increase in ion releasetjcyarly noticeable at the longest
exposure time. This iron excess may lead to an lemica in its homeostasis and cause
elevated reactive oxygen species (ROS) generatimugh the Fenton reaction, resulting in
oxidative stress which would lead to cytotoxic efseand DNA-damage (Malvindi et al.,
2014; Singh et al., 2010; Soenen and De Cuypel),28009). Therefore, the iron ion release
could help to explain the cytotoxic effects induded S-ION when complete medium was
employed. Since no ion release but cytotoxicity wdsserved in serum-free medium
experiments, other different action mechanismsinfstance those linked to oxidative damage
production, should be investigated. Differencesoim release found in our study depending
on the medium composition were previously descrif@dppert et al., 2012; Hanot et al.,
2015; Malvindi et al., 2014). In fact, protein pease has been associated with an increase in
dissolution rates of ION through both aqueous cexgtion and ligand-enhanced dissolution
(Nel et al.,, 2009). Hence, it is possible that #seum proteins favour the silica coating
degradation, thus causing a higher iron releasm ftioe nanoparticle core. Nevertheless,
different issues such as cell type, intracellulaedram pH or composition, nanoparticle
composition or physical-chemical characteristioshsas size, coating or aggregation capacity
have been previously suggested to be other matorfamfluencing the iron release from
ION (Geppert et al., 2011, 2009; Paolini et al.1&@0Rosenberg et al., 2012; Singh et al.,

2012).
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Since ION are often introduced into the organismtimmedical purposes, possible
interactions with biological medium components mistconsidered in their toxicological
profile. Indeed, many types of biomolecules — l§pidugars, and especially serum proteins —
are adsorbed onto nanoparticle surface to formsthealled “protein corona” (Bertrand and
Leroux, 2012; Lesniak et al., 2010; Mahmoudi et2012b; Monopoli et al., 2012; Nel et al.,
2009). This protein binding frequently changes tey cells interact with nanopatrticles,
because their size and surface characteristics bearaltered, leading to functional and
structural changes, including interference withyematic function (Vertegel et al., 2004). In
the present study all experiments were performeterpresence of both complete and serum-
free medium, in order to assess the possible infl@ef this protein corona on the obtained
results. Generally speaking, results showed tleakisence of serum in the medium had some
influence on cytotoxicity of S-ION, resulting in mopronounced cellular effects (cell cycle,
apoptosis and necrosis). These findings are inrdaoce with our previous observations of
higher decreases in viability induced by S-ION otthA172 and SH-SY5Y cells in serum-
free medium (Costat al. 2015), and support a possible protective effe¢chefprotein corona
on the cytotoxicity induced by nanoparticles pregly suggested by other authors
(Mahmoudi et al., 2012, 2011; Nel et al., 2009).v&theless, in general no notable
differences in genotoxicity induction or DNA repaiterations were found between complete

and serum-free medium.
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5 Conclusions

Despite the increasing use of ION in biomedicall@ppons, many current studies on
toxicity assessment are far from reaching a cormmuand providing guidance for their safe
use. Hence, more comprehensive methodological appes need to be addressed for the
evaluation of ION, in order to better understand gotential risk they may pose. In the
present study genotoxicity and cytotoxicity assmdavith S-ION exposure were evaluated in
glial cells by a battery of assays. Results obthisaowed that S-ION exhibit certain
cytotoxicity, especially in serum-free medium, tethto cell cycle disruption and cell death
induction. However, S-ION presented scarce genotefiects, not dependent on medium
composition and easily repairable. Moreover, thengry DNA damage was only related to
DSB at the highest concentrations and longest tieséed, probably associated with the
increase in iron release in complete medium. Negatesults in MN test indicate (i) no
aneugenic effects and (ii) that the previously nogr@d DNA strand breaks were not fixed
upon cell division. No effects on the DNA repaisms were observed.

Results obtained in this work contribute to inceeéise knowledge on the impact of
ION on the human nervous system cells. Still, fartimvestigations are required to clarify the
possible role of ROS production and oxidative sti@s S-ION toxicity, and the interaction of

serum proteins with ION surface.
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Fig. 1. Analysis of iron ion release from S-ION in compleand serum-free cell culture

medium. Bars represent mean + standard error.
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Figure 2.

Fig. 2. Transmission electron micrographs of A172 celtaibated with 10Qug/ml of S-ION
for 3 h in complete (a) and serum-free (b) mediamg for 24 h in complete (c) medium,
showing nanoparticle internalization (arrows intéc&-ION agglomerates). (d) Control A172

cells (not exposed to S-ION). All scale bars (ddefhside) are 0..nm long.
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Figure 3.
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Fig. 3. Analysis of A172 cell cycle after treatment witHH@N for 3 h in complete medium

(&) and serum-free medium (b), or for 24 h in catgmedium (c) and serum-free medium

d). Bars represent mean + standard error. PCtip@siontrol (1.5uM MMC). *P<0.05,
( P 22 n

** P<(0.01, significant differences with regard to tleeresponding negative control.
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Figure4.
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Fig. 4. Cell death induction by exposure of A172 cellsStdON for 3 and 24 h in complete

(left) and serum-free (right) medium. (a) Cellstive subG1 region of cell cycle distribution;

(b) apoptosis rate and (c) necrosis rate, accortbngnnexin V/propidium iodide double

staining. Bars represent the mean + standard eP©r. positive control (1M Campt).

*P<0.05, **P<0.01, significant difference with regard to theyatve control.

43



Figure5.
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Fig. 5. Genotoxicity assessment of glial cells after treait with S-ION dispersed in
complete (left) and serum-free (right) medium. @IAX histone phosphorylation, PC:
positive control (1 pg/ml BLM); (b) primary DNA deaage, as evaluated by the comet assay,
PC: positive control (10@M H202); and (c) micronuclei rates, PC: positivaattol (15 pM
MMC). Bars represent mean * standard error. *P<0:8<0.01, significantly different from

the negative control.
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Figure®6.
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Fig. 6. Effects of S-ION on repair of #@,-induced DNA damage in astrocytes in complete
and serum-free medium. Incubation with S-ION wasfgsmed independently prior to
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during the repair period (phase C). Bars represman + standard errorP%0.05, **P<0.01,
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Highlights

* Iron oxide nanoparticles (ION) have great potential for different biomedica uses

« Knowing ION effects on nervous system is imperative, but studies are still
scarce

e Cyto- and genotoxicity of silica-coated ION was evaluated on human A172 cells

« |ON showed certain cytotoxicity, related to cell cycle disruption and cell death

« Scarce genotoxic effects and no alteration of the DNA repair process were

observed



