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Abstract

Iron oxide nanoparticles have the capability to cross Blood Brain Barrier (BBB) and hence are
widely investigated for biomedical operations in the central nervous system. Before being used in
humans, it is necessary to investigate their biocompatibility, dosimetry and biological interaction.
In the present study, in-house synthesized superparamagnetic iron oxide nanoparticles (SPIONSs)
were functionalized using the polymer, PolyEthylene Glycol and a fluorophore (Rhodamine)
(fSPIONS). The interaction of fSPIONs with murine oligodendrocytes 158N revealed that the
nanoparticles were taken up by the cells via endocytosis, and there was a dose-dependent increase
in the intracellular iron content as revealed by flow cytometry, transmission electron microscopy
and confocal microscopy. Nanoparticles remained stable inside the cells even after 24 h. In
addition, interaction and/or accumulation of nanoparticles was supported by the possibility to
isolate treated cells even after 24 h. Cell sorting capacity using a magnet depended on the amount
of particles . Noteworthy, whereas these nanoparticles can interact per cell. fSPIONs exhibited
good biocompatibility as no toxicological response, including morphological changes, loss of
viability, oxidative stress or inflammatory response (IL-1p, IL-6 secretion) was observed. These
data show that the in-house synthesized fSPIONs have no accumulate on 158N oligodendrocytes
without the side effects on 158N cells, and constitute interesting tools for biomedical applications
on nerve cells, including cellular imaging and targeting (oxidative stress, inflammation and cell
death) that could be detrimental when a subsequent use of these nanoparticles in humans is

considered.

Introduction

Currently, superparamagnetic iron oxide nanoparticles (SPIONs) are one of the most researched
and successfully developed nanoparticles regarding biomedical operations. They possess a high
magnetic moment, a high surface to volume ratio and a magnetic hysteresis [1]. These unique
properties make them ideal for use as magnetic resonance imaging (MRI) contrast agents [2,3], for
gene and drug delivery applications, in cell imaging, in hyperthermia [4] and as nano-sensors [5].
Other applications of magnetic nanoparticles include cell targeting and cell sorting [6,7]. SPIONSs-

based products like Ferucarbotran are commercially available as MRI contrast agent [8].



From a biomedical perspective, nanoparticle functionalization aims at designing novel therapeutic
modalities with increased efficacy. These functionalization results in better stability,
biocompatibility, improved particodynamics and kinetics. The cellular interactions of nanoparticles
are deeply influenced by their physicochemical properties [9]. Parameters such as particle size,
morphology, surface charge, crystallinity, coating, etc. are important with regard to bio-nano
interactions [10]. Polyethylene glycol (PEG) is a polymer commonly used to increase the
biocompatibility of SPIONs as well as to aid in further molecular conjugation [10,11]. When it
comes to developing a drug carrier, fluorophores conjugation comes handy. Functionalization of
nanoparticle with a fluorophore proves as a feasible strategy in testing the efficacy of the nano-
drug carriers instead of using the actual drug. This functionalization ensures the nanoparticle
monitoring inside the cells, tissues or any other area of interest [12,13]. These probes can also give
information about the nanoparticles loading efficiency, cellular retention and their possible
degradation inside cells. In addition to these, the fluorescent probe-conjugated magnetic
nanoparticles provide information on the intracellular distribution of nanoparticles, especially on
their localization in different cell compartments [14] and their interaction with organelles playing

key roles in cell metabolism, cell function and cell viability [15].

The iron localization and subsequent induction of reactive oxygen species (ROS) has been linked
with neurodegeneration [16]. It has been reported that the SPIONS can cross the blood brain barrier
(BBB) in presence of an external magnetic field and a number of application has been envisaged
based on this discovery. For the same reason it is equally important to test the neurotoxic potential
of these nanoparticles to avoid unanticipated outcomes. In the central nervous system (brain +
spinal cord) oligodentrocytes are the principle cells to accumulate iron under normal conditions
[17]. The oligodendrocytes produce the myelin sheath which wraps the axon and permits an
efficient conduction of the nervous influx [18]. They act as major store house of iron in the brain
[16] and there for is highly susceptible to ROS mediated myelin degeneration [19]. Iron
mismanagement and iron mediated ROS generation in oligodendrocytes may have a huge impact
on other cells of the brain through intercellular translocation [20]. Hence studying oligodendrocytes

would help in better understanding of the neurotoxic potential of SPIONSs.

Based on numerous in vitro studies, 158N cells are considered as a good model to determine the

influence of environmental factors on oxidative stress, inflammation and cell death induction [21].



The 158N cells is obtained by immortalization of oligodendrocytes from normal mice with the
Simian Virus 40 (SV-40) large T antigen. They exhibit phenotype similar to that of well-
differentiated oligodendrocytes in their ability to synthesize major myelin proteins [22,23]. As
cytotoxic effects on oligodendrocytes can have dramatic consequences on brain functions, 158N
cells were used in the present study to precise the impact of SPIONs interaction with

oligodendrocyte cells.

The toxicological interaction of SPIONs with oligodentrocytes has been reported previously with
data contradicting the hypothesis of SPION mediated ROS production in oligodentrocytes [24,25].
However, Present study aimed at designing a biocompatible theranostic modality by
functionalizing SPIONs with the polymer, silanated methoxy-polyethylene glycol (mPEG-Si) of
2000 g.mol-1 and a Rhodamine fluorophore (RITC). This complete functionalized SPIONs are
designated as fSPIONSs throughout the manuscript. The cellular interactions and biocompatibility
of the fSPIONSs with the murine oligodendrocyte 158N cells were assessed, prior to exploiting these
particles for targeted drug delivery across brain. Parameters like fluorescence, magnetic separation
potential, cell viability oxidative stress and inflammation were evaluated for the preliminary
understanding of the application potential and toxicity. This study gives an idea about the dosimetry

of fSPIONs for drug delivery application.

Materials and methods
Synthesis and functionalization of SPIONs
Nanoparticles preparation

Naked superparamagnetic iron oxide nanoparticles (SPIONs) were synthesized following a co-
precipitation protocol [4]. Briefly a stoichiometric mixture of 20 mL of a 2M iron Il chloride
solution and 80 mL of a 1M iron III chloride solution (molar ratio Fe':Fe'"' = 1:2) was added
dropwise to 800 mL of 0.75 M NaOH solution (25°C). The basic SPIONs suspension was then
washed and peptized 7 times with a 1M HNOs solution. The suspension was dialyzed for 24 h
against a pH 3 HNOg solution. The suspension was centrifuged at 5000 xg for 15 min and only the

supernatant was kept. The final SPIONs concentration is 23 mg of nanoparticles per mL.



Nanoparticles functionalization

Methoxy-polyethylene glycol of 2000g.mol™* (MPEGz000) and rhodamine B isothiocyanate (RITC)
were silanized with the coupling of ICPTS [26] and APTES respectively in dried THF at 60°C
under nitrogen flow for 48 h. Dibutyltindilaurate was used as a catalyst for the reaction of silanized
MPEG (mPEGa2000-Si) and the polymers were precipitated in hexane and dried. The rhodamine-
silane (RITC-Si) was redispersed in ethanol and stored at -20°C. Functionalized SPIONs were
obtained following this protocol. 0.13 mmol of MPEG2o00-Si were dissolved in 40 mL
ethanol/water (50/50: v/v [11]) at pH 4 and 25°C. 100 mg of SPIONs and 5 umoles of RITC-Si
were added and the reaction occurs during 48 h under nitrogen and protected from light. The
suspensions were then dialyzed against water for one week (cellulose dialysis membranes with cut-
off of 12-14 kDa). The complete functionalized particles will be referred to as fSPIONs throughout
this paper. All the reagents and the methods to characterize the SPIONs and fSPIONSs are given in

supplementary material.
Cell culture

Murine oligodendrocytes 158N cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% (v/v) heat inactivated fetal bovine serum (PAN™ Biotech GmbH,
Aidenbach, Germany) and 1% antibiotic (Penicillin, Streptomycin) solution ((PAN™ Biotech
GmbH). The cells were cultured either in Petri dishes (100 mm in diameter) or in six, twelve or
twenty-four-well plates depending on the experiment realized (30,000 cells/cm?; 2, 1 and 0.5 mL
of culture medium in six, twelve or twenty-four-well plates, respectively). The culture flasks were
maintained at 37°C in a humidified atmosphere containing 5% CO.. For subcultures, cells were
trypsinized (0.05% trypsin-0.02% EDTA solution) and passaged twice a week. Cells at 70-80%
confluency (previously cultured for 24 h) were incubated with fSPIONs for different duration (2,
4, 6 and 24 h). The concentrations of the particles used for the experiments were 1, 5, 10, 50 and/or
100 pgre/mL.

Cell morphology

Phase contrast Microscopy



Effect of fSPIONSs on cell morphology was analyzed using phase contrast microscopy. Cells were
seeded in 24-well plates. After 24 h of culture (70-80% of confluency), cells were incubated with
1, 5, 10, 50 and 100 pgre/mL of fSPIONSs for 6 h. The wells were observed under an inverted-
phase contrast microscope (Axiovert 40 CFL, Zeiss, Jena, Germany). Digitalized images were

obtained with a camera (Axiocam ICm1, Zeiss).

Evaluation of the internalization of fSPIONs by murine oligodendrocytes 158N
Measurement of light scatters by flow cytometry

The forward scatter (FSC) and the side scatter (SSC) have been reported to be modified in the
presence of some nanoparticles [27]. It was therefore of interest to evaluate whether these
parameters can be used to estimate the interaction and/or internalization of fSPIONs with 158N
cells. To this end, the cells were seeded in 6-well plates. After 24 h of culture (70-80% of
confluency), cells have been exposed to nanoparticles concentrations of 1, 5, 10, 50 and
100 pgre/mL for 6h. The cells, harvested by trypsinization (0.05% trypsin-0.02% EDTA solution)
and centrifugation (900xg, 10 min) were re-suspended in Phosphate Buffer Saline (PBS) and
immediately analyzed by flow cytometry on a Galaxy flow cytometer (Partec, Miinster, Germany).
For each assay, 10,000 cells were analyzed and the mean value of FCS and SSC were measured on

a logarithmic scale of fluorescence.

Flow cytometric measurement of fSPIONs- interaction and/or internalization: measurement of

RITC- associated mean fluorescence intensity (MFI)

The interaction and/or internalization of fSPIONSs (1, 5, 10, 50 and 100 pgre/mL; 6 h) with 158N
cells was measured by flow cytometry. For this purpose, at the end of the treatment, cells were
detached by trypsinization, re-suspended in PBS and analyzed by flow cytometry with a Facscanto
10 (Becton-Dickinson, NJ, USA) at a laser excitation of 514 nm. The red fluorescence of RITC

was collected on 10,000 cells and the MFI was measured on a logarithmic scale.



Transmission electron microscopy (TEM)

The murine oligodendrocyte 158N cells were exposed to fSPIONs (50 pgre/mL) for 6 h. For TEM
observation cell samples were prepared as previously described [28]. After trypsination and
washing in PBS, the cell samples were fixed for 1 h at 4 °C in 2.5% (w/v) glutaraldehyde diluted
in cacodylate buffer (0.1 M, pH 7.4), washed twice in cacodylate buffer (0.1 M, pH 7.4), post-fixed
in 1% (w/v) osmium tetroxide diluted in cacodylate sodium (0.1 M, pH 7.4) for 1 h at 25°C in the
dark, and rinsed twice with cacodylate buffer (0.1 M, pH 7.4). The preparations were then
dehydrated in graded ethanol solutions and embedded in Epon. Ultra-thin sections were cut with a
diamond knife on an ultramicrotome, contrasted with uranyl acetate and lead citrate, and examined

using an H7500 electron microscope (Hitachi, Tokyo, Japan).

Confocal microscopy

The cells were seeded in a 24-well plate and allowed to attach overnight on glass coverslips. They
have been incubated with particles (1, 5, 10, 50 and 100 pgre/mL) for 24 h. The nuclei were
counterstained with Hoechst 33342 (1 pg/mL). The slides were previously observed under an
Axioskop (Zeiss) using green excitation [29]. Confocal microscopy was realized on a Confocal
Laser Scanning Microscope Leica SP2 AOBS (Leica Microsystems, Mannheim, Germany). Cells
were excited in UV and with blue light to visualize the nuclei and fSPIONSs, respectively. The
excitation emission conditions were the following: Hoechst 33342 (A excitation/emission:
346/461 nm); RITC (A excitation/emission: 514/575 nm). Images obtained by confocal microscopy
are stacked images resulting from the acquisition of images in different planes with a depth of

0.29 pum. The depth of analysis was around 10 pum leading to 35 planes per acquisition.

Perls staining

Cells treated with fSPIONs (1, 5, 10, 50 and 100 pgre/mL; 24 h) were first washed in PBS. Then,
cell deposits of around 40 000 cells were carried out on glass slides with a cytospin (Shandon,
Sheshire, UK). After fixation in 5 % paraformaldehyde (10 min), cells were stained with a 5%

potassium ferrocyanide / 5% hydrochloric acid solution diluted in distilled water (30 min). After
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washing in distilled water the resulting Prussian blue stain can be observed, and the nuclei were
counterstained with hematoxylin. This method of coloration is commonly used to detect iron
accumulation inside cells (iron accumulation appears as blue dots of various size and shapes, and
the nuclei are colored in dark pink). The method was used to detect fSPIONs in 158N cells by
brightfield microscopy under a right microscope (Axio-Skope Al, Zeiss). Digitalized images were

obtained with an Axiocam camera (Zeiss).

Induced Coupled Plasma Spectroscopy (ICP)

Cells were incubated with 0, 1, 10, 100 pgre/mL of fSPIONS for 6 h. Then the cells were dissolved
in HNO3 (69%) before being diluted twice and analyzed by Induced Coupled Plasma spectroscopy
(ICP iCAP 7400).

Cell sorting

Cultured 158N cells were incubated with fSPIONs (50 pgre/mL) for 24 h. Then, cells were
trypsinized, re-suspended in PBS, and submitted to a magnetic field with a magnet (EasySep,
StemCell Technologies, Grenoble, France). The cells that remain in the supernatant (cells non-
retained by the magnet meaning cells without fSPIONSs or associated with low levels of fSPIONs
as determined by Perls staining) and those in the pellet (cells retained by the magnet and associated
with fSPIONSs as determined by Perls staining) were collected, re-suspended in PBS and numerated

on cell deposits realized with a cytospin (Shandon, Cheshire, UK).

Cell viability
Trypan blue staining

Cell viability was assessed by trypan blue exclusion assay: trypan blue is excluded by viable cells
and stains dead cells blue [30]. In this condition, cells were cultured in 6-well plates

(70,000 cells / well in 2 mL of culture medium). This method allows to determine the percentage



of viable and dead cells, and also to evaluate cell growth. The culture was exposed to fSPIONs
(50 pgre/mL) for 2, 4, 6, and 24 h. The 158N cells were harvested by trypsinization and
centrifugation. The resulting pellets were re-suspended in PBS. The cell suspension was mixed

with trypan blue (v/v) and counted using a Malassez cell count.

Sytox Green staining

As the used fSPIONs emit a red fluorescence, Sytox Green staining was used to quantify dead cells.
Staining with Sytox Green and flow cytometric analysis were realized as previously described [31].
Briefly, 158N cells were previously cultured for 24 h; then, they were incubated fSPIONs at
100 pgre/mL for 2, 4 and 6 h.[31]. After washing with PBS, cells were stained with a 500 nM Sytox
Green solution (A excitation: 504 nm; A emission: 523 nm) and incubated for 10 minutes in the
dark. Cells fluorescence was finally analyzed by flow cytometry using a Partec flow cytometer
(laser excitation: 488 nm), and the green fluorescence of Sytox Green was collected through a
525/10 nm band pass filter. For each assay, about 10,000 cells were analyzed and the percentage

of Sytox Green positive cells (dead cells) was determined on a logarithmic scale.

Evaluation of oxidative stress
Flow cytometric measurement of reactive oxygen species (ROS) production

To estimate the production of reactive oxygen species (ROS), H:DCF-DA test was used [32]. After
incubation with fSPIONs (100 pgre/mL at 2, 4 and 6h), 158N cells were trypsinized; cells (5 x 10°
cells/mL of culture medium) were then incubated for 1 h at 37°C in the dark with 10 pmol/L of
H>DCF-DA (2’,7-Dichlorodihydrofluorescein diacetate: Thermo Fisher Scientific). The 2°,7’-
dichlorofluorescein (DCF) fluorescence resulting from the oxidation of H.DCF-DA was measured
for about 10,000 cells on a logarithmic scale of fluorescence by using a Galaxy flow cytometer

(Partec, Munster) at excitation and emission wavelengths of 488 nm and 525/10 nm, respectively.

Measurement of reduced glutathione (GSH) level
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The level of reduced glutathione (GSH) was determined on cells treated with fSPIONs (50 and
100 pgre/mL, 6 h), as well as on untreated cells used as negative control and on diamide (0.5 mM)-
treated cells, taken as positive control. At the end of the treatment, 158N cells were harvested by
trypsinization and centrifuged at 700 xg for 5 minutes. The level of GSH was determined after
staining with monochlorobimane as previously described [32]. Monochlorobimane was excited at
360/370 nm with a 75W mercury/xenon lamp and the fluorescence was collected with a 450/20 nm
band pass filter. The mean fluorescence intensity of monochlorobimane positive cells was
determined on a Galaxy flow cytometer (Partec, Minster). For each assay, 10,000 cells were
analyzed and the corresponding mean fluorescence intensity of monochlorobimane was determined

on a logarithmic scale of fluorescence.

Evaluation of inflammation

The inflammatory response was evaluated by the secretion of the interleukines IL-1p and IL-6 (two
pro-inflammatory cytokines), measured in the culture medium using an enzyme-linked
immunosorbent assay (ELISA) test: mouse Interleukin-1p kit and mouse Interleukin-6 Kit
(eBioscience Inc. / CliniSciences, Nanterre, France). To this end, 158N cells (previously cultured
for 24 h to reach 70-80% of confluency) were cultured with fSPIONs at 100 pgee/mL for 2, 4, 6
and 24 h; untreated cells were used to determine the basal level of IL-1p and IL-6 in the culture
medium. At the end of the treatment, the culture medium was collected and centrifuged in order to
eliminate cells. Based on the manufacturer recommendations, the ELISA plates were coated with
the appropriated capture antibodies overnight at 4 °C and the incubation with the different culture
media were realized for 1 h at 21 °C. Then 100 pL of avidine-HRP were added and the plates were
kept at 21 °C for 30 minutes. 100 pL of Tetramethylbenzidine (TMB) substrate was added for
15 minutes, and 50 puL of H2SO4 (4 M) was added to stop the colorimetric reaction. The optical
densities of ELISA plates were read at 450 nm. The concentrations of IL-1B and IL-6 were

determined using calibration curves.

Statistical analyses
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The experimental data represent the mean + standard deviation. Statistical analyses were performed
using SigmaStat 2.03 software (Systat Software) with the Mann-Whitney test. Data were

considered statistically different at a P-value of 0.05.

Results
Characterization of nanoparticles

The physico-chemical properties of the naked and functionalized SPIONs are summarized in
Figure 1-a and Table S1 (supplementary material). X-Ray Diffraction (XRD) pattern (Figure S1 of
supplementary material) revealed the presence of a sub-stoichiometric spinel structure of iron oxide
nanoparticles with a lattice parameter of 8.362 + 0.002 A. The crystallite size, determined by XRD
(dxrp) was estimated to 8.1 £ 0.2 nm, which was in accordance with transmission electronic
microscopy (TEM) observations (Figure 1-b) giving a TEM diameter of 8.9 + 2.0 nm. TEM
pictures of functionalized SPIONs (Figure 1-b) show a good dispersion correlated to the
hydrodynamic diameters described below. The specific surface area calculated by the BET method
was 110 + 1 m?/g. The naked SPIONs suspension was stable at acidic pH and unstable at neutral
one. The isoelectric point of naked SPIONs was about 7 (Figure S2-a). The number-weighted
hydrodynamic diameter at pH 3 was 23 + 6 nm (Figure S2-a and b). At pH 7 and due to the
isoelectric point, the hydrodynamic diameters weighted either in number or in intensity is around
2400 nm proving the agglomeration of these nanoparticles under these conditions (Table S1). The
surface modified nanoparticles revealed a negative zeta potential, around -20 mV at physiological
pH and their hydrodynamic diameters were around 72 £ 32 nm in intensity with 2 populations
centered at 44 and 31 nm and about 25 + 8 nm in number (Figure S2-a and b). The number-
weighted value of the hydrodynamic diameter is close to the value of the naked SPIONs under
stable conditions (pH 3) proving the efficient grafting of the PEG and that the functionalization of
the naked SPIONs with mPEG2000-Si and RITC-Si stabilized them under physiological conditions.
In addition to a fluorescence detection, Rhodamine seems to provide negative charges to the
SPIONSs at pH 7. TGA analyses of naked SPIONs and fSPIONs showed a weight loss of 3% and
62% respectively (Figure S3-a). This latter percentage allows estimating the grafting rate of PEG
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to 3.5 PEGaoo/nm? of nanoparticle. UV-visible analyses (Figure S3-b) showed almost 0.044
molecules of RITC-Si/nm? of fSPIONs. The detailed calculation are given in supplementary

information and on the table S2.
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Figure 1: a) Summary of the characterizations of naked and functionalized SPIONs (XRD: X-Ray
diffraction; Transmission electron microscopy (TEM); dH: hydrodynamic diameter); b) TEM
pictures of functionalized SPIONs with a zoom section on the top right corner.
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Internalization of fSPIONSs: influence on morphology

Morphological changes of cells in the presence of nanoparticles were evaluated by phase contrast
microscopy and flow cytometry. This parameter was studied since the cells may undergo
morphological changes in the presence of potentially cytotoxic agents. Phase contrast microscopy
of treated cells (Figure S4 of supplementary material) shows no change in their morphology after
6 h of incubation, at different concentrations of SPIONs. As more floating cells were observed for
the highest concentrations (50 and 100 pgre/mL), this data suggests that the interaction of fSPIONs
with 158N cells could modify cell adhesion [33].

As the cells-nanoparticles interaction can lead to cytotoxic effects, including cells death,
complementary methods of cell biology and biochemistry (flow cytometry, confocal microscopy
and transmission electron microscopy) were further used to precise the possible cytotoxicity of
fSPIONSs. By flow cytometry, the cell interaction and/or internalization of nanoparticles (1, 5, 10,
50 and 100 pgre/mL, 6 h) were measured with the forward and side scatters (FSC and SSC) and
RITC fluorescence values (Figure 2). Confocal microscopy was also used to evaluate the
accumulation of fSPIONs (50 pgre/mL, 2, 4 and 6 h) in the cytoplasm. The MFI increased with
nanoparticle concentration proving the interaction and/or internalization of nanoparticles with cells
(Figure 2-a and b), whereas FSC and SSC were not modified comparatively to untreated cells,
(Figure 2-b).
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Figure 2: Flow cytometric analysis of fSPIONs used at different concentrations after 6 h of incubation:
a) Flow cytometric measurement of RITC fluorescence intensity versus side scatter (SSC) on 158N
cells; b) Measurement of MFI (related to RITC fluorescence intensity), FSC and SSC. Data are
expressed in arbitrary units (a.u.). Number of experiments n = 3

The assessment of the nanoparticles internalization into cells is an important step to evaluate their
toxicity. The internalization of fSPIONs (50 pgre/mL) by 158N cells was confirmed by confocal
microscopy based on observations realized after 2, 4 and 6 h of incubation with the nanoparticles.
Indeed, the resulting images shown in Figure 3 which are stack of images superimposed with
images obtained by phase contrast microscopy clearly reveal the presence of fSPIONSs giving a red
fluorescence, in the cytoplasm. Whatever the conditions of treatment, the cells are adherent, and
have the same shape than the untreated cells, supporting again the absence of cytotoxic effect
(Figure 3).
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Figure 3: Confocal microscopy combining phase contrast and fluorescence on 158N cells incubated
for 6 h with fSPIONs used at different concentrations: a) control; b) 1 pgee/mL; c) 10 pgee/mL; d) 50
Mgre/mL. Blue: nuclei stained with Hoechst 33342 and red: fSPIONs (RITC fluorescence). Scale bar:
25 um

The nanoparticle internalization was further confirmed by TEM images of cells incubated with
fSPIONSs (50 pgre/mL) (TEM images are given in Figure S5 of supplementary material). After 6 h
of incubation, vesicular structures, evocating lysosomes and/or endosomes were observed [34].
Inside the cells, as the vesicles containing SPIONs have sizes in the ranges of 50-100 nm, these

observations evocate an accumulation of nanoparticles via endocytosis.
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Quantification of fSPIONSs positive cells with the Perls staining method

Perls staining method revealed a dose-dependent increase in the percentage of fSPIONs positive
cells. For 1, 5, 10, 50 and 100 pgre/mL of fSPIONS, the percentage of fSPIONSs positive cells were
39, 53, 60, 75 and 79, respectively (Figure 4). Moreover, 158N cells previously treated for 24 h
with various concentrations of fSPIONSs (1, 10 and 100 pgre/mL) were collected by trypsinization,
and the intracellular accumulation of iron was determined by atomic absorption spectrometry
(Figure 4). The results show that the intracellular iron concentration increases with the
concentration of nanoparticles. The intracellular iron content was 0.4, 1.3, 5.3 and 28.2 pgre/mL
for 0, 1, 10 and 100 pgre/mL of fSPIONS, respectively. These values measured by ICP correspond
to 90% ([1.3-0.4]/1), 49% and 28% of the dose injected to the 158N cells.
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Figure 4: Percentages of Perls positive 158N cells and iron concentration in 158N cells incubated for
24 h with different fSPIONs concentrations (red diamonds). Number of experiments n=3

Magnetic cell sorting of fSPIONs positive cells

The fSPIONSs positive cells were recovered by using a strong magnetic field generated by a magnet
(EasySep, ref: 18 000, StemCell Technologies, Grenoble, France). To this end, after cells
incubation with fSPIONs (50 pgre/mL, 24 h), 158N cells were trypsinized and re-suspended in
4 mL of PBS. In those conditions, 85 + 2 % of the cells retained by the magnet were stained in blue
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with the Perls staining procedure. In the supernatant, 32 £ 1 % of cells were stained with the Perls
staining procedure (Figure S6). This data proves that a small amount of internalized SPIONS is
sufficient to make cells sensitive to an external magnetic field. These results demonstrate that it is
possible to manipulate fSPIONSs positive cells subjected to a magnetic field; this opens different

perspectives of work in vitro and in vivo [15].

Cell viability

Cell viability was measured by trypan blue exclusion assay with a Malassez hematocytometer and
by flow cytometry after staining with Sytox green. Cell counting using trypan blue neither revealed
a reduction of cell growth nor an increase of dead cells after 24 h of culture in the presence of
nanoparticles compared to control cells (Figure 5-a). These data agree with those obtained with
Sytox Green (Figure 5-b). This data also supports that the loss of cell adhesion observed by phase

contrast microscopy is not due to cell death induction.
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Figure 5: Incubation with fSPIONSs at 50ugee/mL for different times: a) (Histograms) total number of
158N cells per Petri dish after incubation and (Squares) percentages of viable cells after incubation;
b) Percentages of dead cells after incubation. Number of experiments n= 3. No significant differences

were observed between control and fSPIONSs-treated cells.

Oxidative stress

The ability of nanoparticles to trigger oxidative stress on 158N cells was evaluated by measuring
the intracellular ROS production by H.DCF-DA assay (158N cells treated for 2, 4, and 6 h with
100 pgre/mL). The intracellular GSH level was also evaluated, using flow cytometry, by mean
fluorescence intensity after staining with monochlorobimane (158N cells treated for 6 h with 50
and 100 pgre/mL). Comparatively to control cells, no marked increase in ROS production was
detected with the H.DCF-DA assay (Figure 6-a) whereas in the presence of positive controls
(7-ketocholesterol (7KC) and hydrogen peroxide (H20z), strong fluorescence intensities were
found (Figure S7 in supplementary materials). In addition, no significant change in the GSH level
was observed for the treated cells compared to the control. However, as expected, a significant
decrease of intracellular GSH level was observed for cells treated with diamide, used for the
positive control. The GSH contents in fSPIONSs treated cells and in the control were almost similar
(Figure 6-b).

18



a) 10 -

% H,DCF-DA positive cells
=Y

control 2h 4h 6h

120% -

O
—~

100% - =
80% -
60% -
40% -

fluorescence)

20% -

% of control
(monochlorobimane

0% - — -

control Diamide 50 100
ugFe/mL pgFe/mL

Figure 6: a) Flow cytometric quantification of the percentage of H2DCF-DA positive 158N cells after
incubation with 100 pgee/mL fSPIONSs at different times; b) Flow cytometric quantification of reduced
glutathione (GSH), data shown are evaluated in % control [mean fluorescence intensity of assay/mean
fluorescence intensity of control]). The control corresponds to untreated cells, and the assays to cells
either incubated with fSPIONs used at 50 or 100 pgre/mL or with 0.5 mM diamide (positive control
used to decrease the intracellular level of GSH). Number of experiments n= 3. No significant
differences were observed between control and fSPIONs-treated cells.

Inflammatory response

The level of IL-1B and IL-6 in the culture medium were assessed by ELISA to measure
inflammatory cytokine secretion under treatment with fSPIONs (100 pgre/mL). The measurement
was carried out after 2, 4, 6 and 24 h of incubation. Figure 7 shows no significant changes in the

IL-1P and IL-6 levels at the different treatment times.
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Figure 7: Concentrations of IL-6 and IL-1p in the culture medium of 158N cells incubated with
100 pgre/mL of fSPIONS for different times. Number of experiments n= 3. No significant differences
were observed between control and fSPIONs-treated cells.

Discussion

The ability of iron oxide nanoparticles to cross the BBB makes them an outstanding material for
drug delivery application across the Central Nervous System (CNS). In the present study, the
fSPIONs - 158N cells interaction has been studied in details, prior to exploiting them for
biomedical applications in the CNS. It has been previously reported that the fSPIONSs do not cause
cytotoxicity in nerve cells up to a concentration of 100 pgre/mL. This concentration range is
consdiered as safe with regard to cells viability [35]. However, the cytotoxicity could depend on
the type of brain cells: indeed, no relevant toxicity was obtained for neurons and astrocytes
[36],whereas a toxic effect was observed for microglial cells [37]. In the present study interaction
of in-house synthesized SPIONs, functionalized with Rhodamine and PEG were studied with

regard to its biomedical application potential and biocompatibility.

SPIONs which have been functionalized with polymers (mMPEG2000-Si) and fluorophores (RITC-Si
revealed the presence of PEG and RITC by TGA and UV-visible analyses. In addition, fSPIONs
have a dispersion (8.9 + 2.0 nm observed in TEM) and a hydrodynamic size (around 30 nm)
compatible with biological medium requirements and demonstrating the stabilizing effect of
MPEG2000-Si on the nanoparticle’s surface. Despite the low amount of RITC-Si per nanoparticle
(0.044 RITC-Si/nm2), its presence nevertheless changed the zeta potential at pH 7 because the

MPEG2000-Si is known to be a neutral polymer. The zeta potential is shifted from ca. 0 mV for
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naked SPIONs to -20 mV once functionalized. In addition to the UV-visible measurements, this

change in zeta potential could prove the presence of RITC on fSPIONSs surface.

To study the cellular accumulation and retention of the fSPIONSs, the fluorescence was measured
in vitro. The results indicate that fSPIONs were still fluorescent even after 24h of incubation. The
increased photostability of the conjugated fluorophore compared to free fluorophores has been
previously reported [12]. Fluorescence observed for such a long duration in the present study
suggest the fSPIONs accumulation and retention in the cells for the measured duration. In addition,
such a longer photostability hints to the potential of fSPIONs as a cell paint. The correlation
between the fluorescence and Perls measurements demonstrates the actual grafting of RITC-Si on
SPIONs. fSPIONSs exposure at 1 pgre/mL concentration did not impart fluorescence to the cells
despite the fact that around 40% cells stained positive in Perl staining. At this particular
concentration, the number of particle received per cell is probably not enough to impart a detectable
fluorescence by microscope. However, the cells exhibited a dose dependent response with regard
to fluorescence property. These results agree with the study of M. Abdollah et al. [38] and
D. Berndt et al. [39] who found that cellular uptake of iron oxide increases in a dose-dependent
manner. Cell morphology was not altered in any of the fSPIONs concentration used in the present
study. Interestingly, there observed a marked reduction in adherent cell density at highest
concentrations used (50 and 100 pgFe/mL). This finding indicate the influence of fSPIONSs on the
cells adhesion properties of the cells [33].

The amount of nanoparticles interacting with 158N cells was measured both by Perls staining and
by ICP (measuring iron content in cells), to understand the dosimetry and kinetics of fSPIONSs in
vitro. At the dose of 1 pugre/mL around 40% of cells stained positive for fSPION in Perls staining
which constitute about 90% of the injected dose as quantified by ICP. On the other hand, only 28%
of the injected dose were sufficient to stain 80% of the cells in 100 pugre/mL dosage. This finding
is noteworthy as the particles uptake was not under particle concentration alone. The uptake is
seemingly influenced by some limiting factor. Here the limiting factor is most likely to be the total
cell surface area available for particle uptake. At higher concentrations cells surface might get
saturated there by preventing further transport of nanoparticle across the membrane. The present
study shows that after a certain concentration (50 pgre/mL) cells reaches a plateau beyond which
no fSPION uptake is possible by 158N cells.
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One of the greatest advantage of SPION with regard to biomedical application is their ability to
respond to external magnetic field. In the present study magnetic separation potency of the
nanoparticles and total number of cells that could be separated using a particular concentration of
nanoparticles were evaluated in presence of an external magnetic field. In our study, cells incubated
with nanoparticles were sensitive to the external magnetic source. 85% of cells trapped by the
magnet were positive to Perls reactant that was 10% higher than what was observed in the absence
of the magnetic field. However, despite being unresponsive to the magnetic field around 30% of
the unseparated cells were positive for Perl staining. It has been reported that; the efficiency of the
magnetic cell -depends on different factors including the amount of magnetic particles per cell [40].
In accordance with these findings, low quantity of fSPIONSs in the 158N cells would not allow their
magnetic separation. A more detailed study is required to find out the minimum concentration of

fSPIONSs required for an effective magnetic separation.

Cytotoxic potential of fSPIONs were evaluated using trypan blue exclusion assay and Sytox green
assay. Both these assays independently indicated no loss of cell viability for fSPIONs. This study
further confirms the above observation where fSPIONs influenced the cell adhesion properties of
the cells. These results indicate that the cells floating in the culture medium at high concentrations
of fSPIONSs is still retain its viability. Even though loss of adhesion is a disadvantage regard to
biomedical application, the desirable properties of fSPIONSs can still be achieved effectively by

lower concentrations.

The toxicity of iron oxide nanoparticles is mainly attributed to its ability to produce [41]. It is
difficult to measure the oxidative stress in vitro as the ROS is short lived, and is influenced by a
number of factors like stability of nanoparticle, development of protein corona, and nature of the
cells. These factors often influenec assay results [42]. So, it is very important to measure the
oxidative stress by different complementary methods. In the present study, effect of fSPIONs on
oxidative stress was assessed by measuring the intracellular ROS and reduced glutathione (GSH)
levels. Interestingly, ROS measurement and intracellular GSH levels measured for fSPIONSs did
not show any significant effect when compared to control cells. So, it is has-te be assumed that at
6h of incubation, nanoparticles (50 and 100 pgre/mL) do not induce ROS-mediated toxicity in
oligodendrocyte cells. According to T. Coccini et al., nature of the cells influeneces the
nanoparticle mediated cytoxicity [43]. Petters et al. have attributed the microglial toxicity of iron
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oxide nanoparticle to its lysosomal dissolution and ROS generation [44]. Since the dissolved iron
can mediate ROS production via Fenton reaction, in the present study, it can be claimed that the
nanoparticles remain stable inside the cell system. This stability might be due to the intact coating
even after 24 h or due to of the lysosomal escape of nanoparticles. This result agrees with that
obtained by M. Mahmoudi et al. who proved that nanoparticles toxicity is related to polyvinyl
alcohol (PVA)/ SPIONSs ratio. Indeed, they observed that nanoparticles biocompatibility can be

enhanced by increasing this ratio [45].

IL-1p is an interleukin that plays an important role in inflammatory responses and hypersensitivity
reactions in the CNS. IL-6 is also a pro-inflammatory cytokine. However, cytoprotective effects of
IL-6 have been reported by Pizzi et al. in oligodendrocytes [46]. On the other hand, the same
interleukin is involved in inflammation following brain injury [47]. Our results show no change in
the IL-1p or IL-6 secretion even after 24 h of incubation. These results proved that PEG prevent an
increase of cytokine secretion compared to other polymer coatings such as polyvinyl alcohol (PVA)
[48].

Conclusion

As a conclusion, we quantified the interaction between pegylated fluorescent iron oxide
nanoparticles (fSPIONs) with 158N murine oligodendrocytes. The internalization of fSPIONs into
cells was evaluated by several complementary methods: phase contrast and confocal fluorescence
microscopy, flow cytometry (measurement of side scatters: FSC and SSC, and mean fluorescence
intensity (MFI)), TEM observations and ICP. A dose-dependent accumulation of nanoparticles in
158N cells was observed by flow cytometry and confocal fluorescence microcopy as well as by
iron quantification with Perls staining. Cells incubated with fSPIONs can be isolated thanks to a
magnet. Interestingly, there was no influence of nanoparticles on cell growth and cell death. In
addition, the iron oxide nanoparticles did not show any effect on ROS production. Furthermore,
the nanoparticles do not increase the secretion of inflammatory cytokines. Thus, based on different
cytotoxic criteria no side effects were observed with our fSPIONs on oligodendrocytes supporting

that these nanoparticles can be consider for further applications in humans.
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