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Magneto-mechanical treatment of human glioblastoma cells with
engineered iron oxide powder microparticles for triggering
apoptosis

C. Thébault,>®> M. Marmiesse,® C. Naud,? K. Pernet-Gallay,° E. Billiet,* H. Joisten,>® B. Dieny,® M.
Carriéere,>* Y. Hou®* and R. Morel®*

In nanomedicine, treatments based on physical mechanisms are more and more investigated and are promising alternatives
for challenging tumor therapy. One of these approaches, called magneto-mechanical treatment, consists in triggering cell
death via the vibration of anisotropic magnetic particles, under low frequency magnetic field. In this work, we introduce a
new type of easily accessible magnetic microparticles (MMP) and study the influence of their surface functionalization on
their ability to induce such an effect, and its mechanism. We prepared anisotropic magnetite microparticles by liquid-phase
ball milling of a magnetite powder. These particles are completely different from the often-used SPIONs nanoparticle: they
are micron-size, ferromagnetic, with a closed-flux magnetic structure reminiscent of that of vortex particles. The magnetic
particles were covered with a silica shell, and grafted with PEGylated ligands with various physicochemical properties. We
investigated both bare and coated particles in vitro cytotoxicity, and compared their efficiency to induce U87-MG human
glioblastoma cell apoptosis under low frequency rotating magnetic field (RMF). Our results indicated that 1) the magneto-
mechanical treatment with bare MMP induces a rapid decrease in cell viability whereas the effect is slower with PEGylated
particles; 2) the number of apoptotic cells after magneto-mechanical treatment is higher with PEGylated particles; 3) a lower
frequency of RMF (down to 2 Hz) favors the apoptosis. These results highlight a difference in the cell death mechanism
according to the properties of particles used — the rapid cell death observed with the bare MMP indicates a death pathway

via necrosis, while PEGylated particles seem to favor apoptosis.

Introduction

Magnetic nanoparticles are widely studied and used for different
biomedical and bioengineering applications, including hyperthermia,
magnetic resonance imaging, drug delivery, and biosensing [1]. More
recently, the use of magnetic microparticles (MMP) for biomedical
applications has attracted an increasing interest. One promising
example is the destruction of cancer cells induced by low-frequency
magneto-mechanical vibration of particles, by the application of an
external magnetic field [2,3]. Such research field opens perspectives
for a new and effective therapeutic approach [4]. The interest in the
modulation of the cell physiology using mechanical stimulation also
stems from the recent recognition of the importance of
mechanotransduction in the mechanisms associated with tumor
progression, besides the classical molecular pathways governing
cancer [5].
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From a material design point of view, the magnetic properties that
are required for this application differ from those of the widely used
superparamagnetic iron oxide nanoparticles (SPIONSs) [6]. First, their
vibration must result in a mechanical stress sufficient to induce a
response of the cell. Some examples show either the opening of
mechanosensitive ion channels, for which a stress in the range of 1 -
10 kPa is required [7], or damage to the cell membrane, for which a
higher stress is required (10 - 15 kPa) [8]. Other cell responses are
reported in the review by Golovin et al. [9]. The magnetic torque
experienced by a particle under the application of an external
magnetic field is proportional to its magnetization. With micron size
particles, it can reach a few tens of fN-m, which will locally generate
stresses of a few tens of kPa [10].

In addition to this size requirement, the particles should have a low
magnetization remanence to avoid agglomeration caused by their
magnetostatic interactions. They should also have good
biocompatibility, i.e., no intrinsic cell toxicity and good colloidal
stability under physiological conditions. Finally, they should allow
surface functionalization to enable specific interactions with the

cells, for instance to ensure specific cell-targeting.

Most often these particles are thin discs with a diameter close to a
micron and a thickness of a few tens of nanometers, whose magnetic
properties result from appropriate choice of size, shape, and



multilayered composition. The most commonly used structures are
synthetic antiferromagnets with planar or perpendicular
magnetizations, and vortex microparticles [11]. These particles are
essentially made of ferromagnetic transition metals (Fe, Co, Ni), with
other non-magnetic elements (Ru, B, Pt, Ta) to provide them the
desired properties. They are produced by top-down approaches
including lithography, etching and/or lift-off techniques, most often
in a clean room facility. Consequently, the main disadvantage
compared to SPIONs is the higher cost of fabrication, their low
production yield, as well as their lack of biocompatibility.

To address these drawbacks and insure that the particles can be
biocompatible, an alternative solution is to use easily accessible
micron-size iron oxide particles. The SPIONs that are widely used for
biomedical applications are in a size range of a few nanometer in
diameter at which they are superparamagnetic. The particles we
discuss here are in the normal ferrimagnetic state. One important
feature making them suitable for biomedical application is that they
consist of magnetite grains with a closed-flux magnetic structure
[12,13]. This contributes to the low magnetic remanence, which is
one of the requirement to ensure good dispersion of the particles in
solutions [14].

It must however be kept in mind that the use of magnetic particles
for biomedical applications involves many pitfalls, as evidenced by
the difficulties encountered with SPIONs, the
development of particles for drug delivery and imaging. These

notably in

difficulties have been described and discussed in many review papers
to which the reader is referred. [15,16,17]

One example of below-expectation result is with drug delivery
where, despite interesting results often obtained with SPIONs in in
vitro experiment, the delivery efficiency with intravenous injection is
as low as 0.7%. Many factors may contribute to this, among which is
the fact that tumor targeting often relies on the enhanced
permeability and retention (EPR) effect, which in some cases may not
be as efficient as expected. Even if the targeting efficiency can be
improved by specific surface functionalization, the protein-corona
that rapidly covers the particles significantly modify their physico-
chemical properties in an adverse way. [18,19] Micron-size magnetic
particles differ from SPIONs regarding these two aspects. For one
thing, they are not intended for targeted-delivery using the EPR
effect (their diameter is above the reported endothelial gap size [20])
and their administration is done locally, at the tumor site, by
injection [4]. Although reports of in vivo experiment are scarce, it
appears that even many days after injection the particles remain
mostly close to the injection site, meaning that they can be
magnetically activated over long period.

The cell-particles interaction is also different according to the particle
size. Small particles enter the cell via clathrin-mediated endocytosis,
and cells can internalize thousands of SPIONs that accumulate in
lysosomal cavities, where their decay can induce dysfunction [21].
Lysosome internalization is nevertheless not necessarily detrimental,
as the magneto-mechanical stimulation of lysosome-entrapped
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SPIONs has been reported to induce cancer cell death, either by
lysosomal membrane permeabilization [22,23,24] or by damaging
the cytoskeleton [25].

Regarding larger particles, caveolae-mediated internalization has
been reported for latex spheres up to, but not larger than 500 nm
[26]. Apart from the endocytosis mechanism, one observation is that,
contrary to small particles, no delivery to the lysosomes is observed
for the large ones. Internalization of magnetic particles and
nanowires with length well above 1 um has also been reported,
although no mechanism for internalization has been identified
[27,28,29].

In this paper, we report on the development of a new type of
magnetic microparticles, obtained via ball milling of magnetite
powder, and their use for triggering apoptosis of cancer cells. Such a
simpler manufacturing process allows the production of large
quantities of particles in an easy way and at low cost. The average
particle size and magnetic properties are optimized to be suitable for
the destruction of cancer cells. In addition, to ensure their long-term
stability in physiological conditions, the magnetic microparticles are
covered by a silica shell. One advantage using silica as a coating
material lies in its compatibility with various surface chemistry for
the introduction of diverse surface properties such as charge and
hydrophobicity [30]. It has been reported that surface charge and
surface hydrophobicity are among the main influencing factors for
cytotoxicity in addition to the material, size, shape, and composition
of particles [31]. Herein, the silica shell is further functionalized with
diverse poly(ethylene glycol) (PEG) ligands with different charge and
length to study their effect on the efficiency for cell apoptosis
induction. PEGylated coatings are highly biocompatible with
excellent anti-fouling property and high steric hindrance to stabilize
particles. They are often used to prolong vascular circulation of
nanoparticles like SPIONs [1]. In this study, the effect of surface
coating charge and thickness, duration and frequency of the applied
magnetic field on their efficiency for apoptosis induction was
investigated.

Results and Discussion

Magnetic microparticle synthesis and optimization by ball milling

MMP were obtained by ball milling of magnetite powder. To
characterize the size of these anisotropic particles, the Feret and
MinFeret diameters were measured from SEM pictures of initial
powder and after 1 h, 2 h, 4 h or 12 h of ball milling (some examples
in Figure la-c). Figure 1d shows the size distribution of the initial
powder compared to the size distribution of MMP after 4 h of ball
milling.

When fitting the MMP size distribution using a lognormal law, after
1h,2h,4hor 12 h of ball milling, the Mean Feret diameter of the
initial powder that was measured at 3.2 um decreased to 1.4 um, 1.6
pum, 1.2 um and 1.0 um, respectively (Figure 1e). Accordingly, the

This journal is © The Royal Society of Chemistry 20xx



Mean MinFeret diameter initially at 2.0 um was reduced to 0.9 um,
1.0 um, 0.7 um and 0.6 um, respectively.

In particular, 4h-ball milling process resulted in the formation of
magnetite particles, composed of sintered smaller crystallites, with
an average size close to one micron that is well suited for our purpose
(Figure 1b and 1c). Therefore, in this study, the particles obtained
after 4 h of ball milling, which we hereafter denote MMP, were used
for the further experiments. All these results confirm that ball milling
is a very efficient, simple, rapid and cost-effective process for
preparation of large quantities of anisotropic magnetite
microparticles.

Characterization of the magnetic microparticles

First, bare MMP were characterized to obtain their XRD profile and
magnetization curve. The XRD measurements with both initial
powder and MMP matched with the expected Fd-3m(227) space
group for Fe30, (PDF 01-080-6402 [32]), with a slight peak
deformation indicating a small structural inhomogeneity (Figure 2a).
On the other hand, no contribution from maghemite or other iron
oxide phase could be identified before or after milling. The lattice
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Fig. 1 SEM images of the initial powder (a) and particles after 4 h of ball
milling (b, c). (d) Feret diameter distribution for the initial powder and for
particles after 4 h of ball milling (MMP). (e) Mean Feret and Mean MinFeret
diameters for the initial powder and after 1, 2, 4 and 12 h of ball milling,
calculated from the lognormal size distribution fitting.

Table 1. Notation of the different magnetic particles.

parameters for the initial powder and for MMP were, respectively, a
=8.392(5) A and a = 8.391(5) A. These values are very close to the
reported lattice parameter for bulk magnetite (a = 8.3967(3) A) [33].
The crystallite sizes before and after milling were, respectively, 80
nm and 98 nm. Given the peak deformation, the difference is not
significant.

The saturation mass magnetization of the MMP was measured at 83
Am?2/kg (Figure 2b). This is lower than the bulk value (92 Am2/kg)
[34], but is typical for magnetite particles [8]. The remanent
magnetization was 16 AmZ/kg, and the coercivity 10.6 mT; both
values are again typical for particles close to the single domain —
multi domain critical size [35].Afterwards, MMP were first covered
by a silica shell and then functionalized with diverse PEG ligands
following the procedures given in Figure 3. The functionalized
particles were characterized by measuring their zeta potential, which
is related to their net surface charge. In this study, in order to
evaluate the effect of surface coating charge and thickness on the
magneto-mechanical treatment efficacy, different functionalization
of the MMP were performed using diverse PEG with distinct terminal
group (-OH, -NH,, -COOH) and length. (The detailed step-by-step
functionalization of MMP is described hereafter in the Materials and
Methods section.) To simplify notation, particles were labeled as
detailed in Table 1.

The MMP have a negative zeta potential of -50 mV. After the
formation of the silica shell, as expected, zeta potential of
MMP@SiO; shifted to -36 mV. At the end, four different PEGs were
grafted onto the magnetic particles, allowing to obtain PEGylated
particles MMP@PEG;50NH,, MMP@PEG,50COOH, MMP@PEG15,0H
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Fig. 2 (a) X ray diffraction spectra and (b) magnetization curve of MMP obtained
after 4 h of ball milling.

Bare magnetite particles after 4 h of milling MMP
Fe30a@SiO: MMP@SiO02
Fe;0:@Si0,@APTES MMP@APTES
Fe30.4@Si0.@APTES@SPDP@(CH2)11PEG2g0NH. MMP @ PEG2s0NH>
Fe304@Si02@APTES@SPDP@(CH2)11PEG280CH2COOH MMP@PEG280COOH
Fe30.@Si0.@APTES@SPDP@(CH2)sPEG1500H MMP@PEG1500H
Fe304@Si02@APTES@SPDP @PEG20000H MMP @ PEG20000H

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Schematic illustration of the surface functionalization of magnetite
particles.

and MMP@PEG;0000H. The zeta potential of these particles were -10
mV, -38 mV, -24 mV and -22 mV, respectively (Table 2). These results
show that the functionalized particles have differential surface
charge and confirm the successful immobilization of PEG on the
particles. It is generally admitted that a zeta potential above 30 mV
or below -30 mV is indicative of good NP dispersion property, while
small zeta potential values indicate a tendency to aggregation. In our
case, as will be shown hereafter, the PEGylated particles show the
best in vitro dispersion while bare particles, with the highest zeta
potential, tend to aggregate in more complex milieu. Possible cause
for the aggregation is either the magnetic dipolar interaction or the
formation of protein corona on the particle surface, which in the case
of PEGylated particles is reduced due to the steric repulsion and anti-
fouling ability.

Evaluation of toxicity of bare and functionalized magnetic
microparticles

First, the intrinsic toxicity of the particles after a 24 h incubation with
glioblastoma cells without the application of an external magnetic
field was evaluated by two different tests: the WST-1 assay, which
measures the cellular metabolic activity and the LDH leakage assay,
which evaluates the cell membrane integrity by determining the
amount of LDH enzyme released into the culture medium. Toxicity
was assessed for the six different types of particles with various
concentrations from 3 mg/L up to 0.2 g/L (or even up to 1 g/L for
MMP and MMP@SiO;) (Supporting info Figure S1). It was found that
the concentration of particles has no significant effect on the toxicity.
Therefore, as examples, Figure 4 shows the metabolic activity and

Table 2. Zeta potential of magnetic microparticles with different surface coatings.

Zeta potential (mV)
MMP -50.0+£2.3
MMP@SiO> -36.2+0.9
MMP @PEG230NH2 -10.1£1.5
MMP@PEG28COOH -37.7+1.7
MMP@PEG1500H -24.0+1.1
MMP @PEG20000H -22.4+1.9
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the LDH leakage of glioblastoma cells 24 h after incubation with 50
mg/L (except otherwise indicated) for all the tested particles. Both
tests indicate very limited toxicity with metabolic activity above 90%
and non-significant LDH leakage, except for the MMP@PEG,gNH;
and MMP@PEG,50COOH. Indeed, it was reported that the charge of
particles plays a significant role in their toxicity [36]. Generally
speaking, the charged particles are more toxic than neutral ones [31].
It has been demonstrated that coating inorganic nanoparticles with
PEG-NH; increases their intracellular accumulation [37], and this may
be because of the positive charge of these particles, which promotes
a better interaction of the inorganic particle with the negatively-
charged cell membrane. This would explain the slightly higher
cytotoxicity of MMP@PEG,soNH>, which could potentially result from
adhesion to the cell membrane leading to intracellular accumulation.
Although it is still modest, these particles with relatively higher
toxicity have been discarded for the following in vitro magneto-
mechanical experiments. Also, based on previous results obtained
with the same magneto-mechanical treatment of cancer cells, but
with different magnetic particles, the particle concentration was
fixed at 50 mg/L. [3,4] At this concentration, the MMP do not induce
any significant cell mortality. Still, it should be kept in mind that this
does not necessarily imply that they do not affect the cells, since the
activation of some cell signaling has already been reported at sub-
lethal concentrations of iron oxide nanoparticles [21].

Efficacy of the magneto-mechanical treatment to promote cell
death via apoptosis

The effects of the magneto-mechanical treatment on the metabolic
activity and membrane permeability, with respect to the duration
and frequency of the applied magnetic field, are then investigated
and reported in Figures 5 and 6, respectively. The study was
performed using four different types of particles for comparison,

including bare MMP, MMP@Si0;, MMP@CPEG1500H and
MMP@PEG;00,00H.
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Fig. 4 Metabolic activity and LDH leakage of U87-MG cells after a 24 h incubation
with 50 mg/L (unless otherwise indicated) of magnetic microparticles with
different functionalization. The LDH leakage for samples with no reported result
was not significant.
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Metabolic activity vs duration of the magneto-mechanical
treatment

As shown in Figure 5a, generally speaking, more important cell
damages are observed with a longer treatment duration. Besides,
the impact of the treatment duration on the metabolic activity
depends strongly on the nature of the particles. The most significant
cell damages are observed with bare MMP, with an average
metabolic activity of 42% after only 1 min of magneto-mechanical
treatment, followed by a regular decrease down to 1.4% after 60 min
(Figure 5a).

A large decrease in metabolic activity is also observed with
MMP@SiO,, but it is more gradual, with a significant decrease after
10 min and a value of 25% for metabolic activity after 60 min. On the
other hand, the treatment with PEGylated MMP shows less
pronounced decreases in metabolic activity with a value at 67%
(MMP@CgPEG1500H) and 73% (MMP@PEG,0000H) even after 60
min.

Cell membrane integrity vs duration

As observed, the decrease in membrane integrity is massive and
rapid with bare MPP (Figure 5b). The average LDH leakage value is
already at 86% after only one minute of treatment and the average
value for the whole treatment duration is almost 96%. MMP @SiO,
induce a different behavior with a LDH leakage value gradually
increasing with treatment duration, from 12% after one minute up
to nearly 100% after 60 min. In contrast, the PEGylated MMP show a
much less pronounced effect on the membrane integrity, with a
value for LDH leakage that increases steadily over time up to 14%
(MMP@CsPEG1500H) and 45% (MMP@PEG30000H), respectively.
These results show the importance of the MMP surface modification
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Fig. 5 (a) Metabolic activity and (b) LDH leakage of U87-MG cells 18 h after

magneto-mechanical treatment at 20 Hz during O, 1, 5, 10, 20, 40 or 60 min.

One-way ANOVA for each group and then Student t-test. a: p < 0.05 for
Student t-test compared with the point at 0 min for the same group.
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on their biomechanical action. In particular, PEGylation of MMP
provides steric hindrance due to hydration of the PEG chains on the
surface of the MMP. As anticipated, this stabilizes the MMP
suspension, limiting their structuration as large agglomerates
(Supporting info Figure S2), which would be more damaging to cell
membranes. Moreover, PEGylation would weaken the interactions
between MMP and cell plasma membrane, as this steric hindrance
introduces a gap between the MMP and the cell membrane. This in
turn reduces the mechanical force applied to the membrane during
the magnetic treatment, the latter causing membrane breakage
leading to the release of LDH. Lastly, the MMP PEGylation, by
changing the overall surface properties of the MMP, would lead to a
different biomolecular corona coating the MMP. The biomolecular
corona is defined as the pool of biomolecules that get adsorbed on
the surface of a particle, thereby defining its “biological identity”
[38]. While it was thought that PEGylation would impair the
biomolecular corona formation, recent studies rather showed that a
biomolecular corona still forms on the surface of PEGylated particles,
but that its composition differs from that of the biomolecular corona
forming on bare particles [39]. This biomolecular corona plays a
crucial role in the particle interaction with the cell membrane and
consequently can modulate the efficacy of the magneto-mechanical
treatment. This mitigation of the plasma membrane damaging
potential via PEGylation of MMP is as efficient with PEG1s as with
PEG2000, showing that the steric hindrance provided by short PEG
chains is sufficient to mitigate the cell damaging effect induced by
the magneto-mechanical treatment.

Metabolic activity and cell membrane integrity vs frequency
The frequency of the applied magnetic field is another important
physical parameter of the magneto-mechanical treatment. For

) MMP
Control

MMP MMP
@PEG;500H  @PEG,0H

MMP @sio,

Metabolic activity (%)
3

o 0 _10 17 0 _10 17 0 _10 17 0 _10 17 0 10 17
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Fig. 6 (a) Metabolic activity and (b) LDH leakage of U87-MG cells 18 h after
magneto-mechanical treatment during 40 min at 2, 10, 14, 17 or 20 Hz. One-way
ANOVA for each group and then Student t-test. a: p < 0.05 for Student t-test
compared with the point at 0 Hz for the same group.
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optimization purpose, its effect on metabolic activity and membrane
integrity was also evaluated, at a fixed treatment duration of 40
minutes. As shown in Figure 6a, the impact of the frequency on the
metabolic activity of the cells is not very pronounced since the
change that is recorded for all the tested particles is small. It appears,
nevertheless, that the LDH leakage (Figure 6b) is more dependent on
this parameter, at least for the MMP and MMP @SiO, particles, with
an increase in membrane damage from 61% to 94% for the MMP and
from 31% to 81% for the MMP@SiO, when the frequency increases
from 2 to 20 Hz. Moreover, at 2 Hz the LDH release is more intense
when cells are treated with MMP@PEG1500H, compared to
MMP@PEG,0000H. This suggests that, at this low frequency, the
steric hindrance provided by the long PEG20000OH chains more
efficiently mitigates the cell membrane damaging potential of the
magneto-mechanical treatment, compared to the short PEG1500H
chains.

Such discrepancy between the results of LDH and WST-1 assay are
unexpected. Both assays are used classically as markers of cell
viability, and it is generally accepted that cells with damaged
membranes are not viable anymore. Consequently, cells showing
intense LDH release would also show decreased metabolic activity
via the WST-1 assay, while the opposite is not necessarily true (cells
can show temporary reduced metabolic activity but remain viable,
with no release of LDH). It suggests that cells could show transient
membrane breakage due to the magneto-mechanical treatment,
with no impact on their metabolism, and could stay alive.

Evaluation of the ratio of apoptotic cells

The previous results show that the MMP and MMP@SiO; seem to be
the most effective in triggering cell death. Nevertheless, a closer look
at the induced apoptotic response from the cells indicates that the
picture is different in these two cases. For this, we choose to
compare the change in the total number of cells in each culture well,
and the change in the number of apoptotic cells, after 40 min
magneto-mechanical treatment using different frequencies (Figure
7).

As already observed when analyzing the evolution of cell metabolic
activity and LDH leakage, application of the magneto-mechanical
treatment to cells exposed to MMPs leads to the death of 90% of the
cells, whatever the frequency of the applied magnetic field. Cell
death is less intense when the cells are exposed to MMP@SiO,,
compared to bare MMP. Moreover, MMP PEGylation greatly reduces
cell death, which is negligible when a 2 Hz magnetic field is applied
on cells exposed to MMP@PEG1500H and MMP@PEG,0000H (Figure
7a). Focusing on this condition, while most of the cells remain viable
when treated with MMP@PEG1500H and MMP@PEG30000H, 13%
and 11% of them, respectively, are apoptotic after application of the
2 Hz magneto-mechanical treatment (Figure 7b). This level of
apoptotic cells is comparable to what is generally observed upon
magneto-mechanical treatments using more complex particles
produced by a top-down approach [4]. This shows that the MMP
used here, obtained from the simple processing of easily accessible
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Fig. 8. Microparticles interaction with cell membrane and accumulation into the
cell cytoplasm. Cells are exposed to 50 pg/mL of MMP (A, B), MMP@PEG 50000H (C,
D) and submitted to a magneto-mechanical treatment at 2 Hz for 40 min (D); n.:
nucleus, c.: cytoplasm, e.c.: extracellular compartment.
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material, and surface modified using classical techniques, are a
promising alternative to those complex particles for future magneto-
mechanical treatments.

Cell interaction with the magnetic microparticles

To delve into the mechanisms of the observed effects, the next
question is whether the magnetic microparticles are simply adsorbed
on the surface of cells, or whether they are internalized inside the
cells. If adsorbed on the cell membrane, the induction of apoptosis
could result from opening of mechanoreceptors of the plasma
membrane, leading to the influx of some ions such as calcium inside
the cells, which would trigger apoptosis. Transmission electron
microscopic observation of cells exposed to MMP, MMP@PEG;500H
or MMP@PEG,0000H submitted to 2 Hz magneto-mechanical
treatment shows that whatever their surface modification, magnetic
microparticles both get adsorbed on the cell plasma membrane (e.g.,
in Figure 8C, *) and internalized inside cells (Figure 8, arrows). This
cellular adsorption and internalization shows that even negatively
charged particles coated with long PEG chains can interact with
negatively charged cell membranes. After the magneto-mechanical
treatment, evidence of cell death is observed (Figure 8D shows a
dead cell, where organelles have been released in the extracellular
MMP@PEG;0000H,
surrounded by two live cells — upper and lower third of the image —

compartment and are interacting with
with intact nucleus and mitochondria). Magnetic microparticles
concentrate in the region of the fragmented dead cell; this may be
due to release of intracellular components that locally modify the
chemical characteristics of the milieu, triggering the particle

agglomeration and/or interaction with dead cell fragments.

Materials and Methods

1. Materials

Magnetite powder (lron (Il, 1ll) oxide, FesO4, particle size <5 um),
tetraethyl orthosilicate (TEOS), (3-aminopropyl)triethoxysilane
(APTES), LDH and WST-1 kits were all purchased from Sigma-Aldrich.
DMEM + Glutamax, succinimidyl 3-(2-pyridyldithio)propionate
(SPDP), Hoechst 33342 and CellEvent Caspase-3/7 Green Detection
Reagent were purchased from Thermo Fisher. PEGs (HS-PEG-X),
including HS-CePEG150-OH, HS-C11PEGg0-NH,, and HS-C11PEG;s0-
OCH,COOH were purchased from Prochimia Surfaces. The PEG HS-
PEG2000-OH was purchased from Creative PEGWorks. Glioblastoma
cells U87-MG were purchased from ATCC.

Solvents (ethanol, isopropanol, and dimethyl sulfoxide (DMSO)),
ammonium hydroxide solution (28% NHs in H,0), phosphate
buffered saline tablet (PBS, pH 7.4) were all supplied by Sigma-
Aldrich. MilliQ ultrapure water (18.2 MQ.cm) was used in all
experiments.

2. Particle fabrication by ball milling

0.5 g of magnetite powder was added to the 50 mL zirconia-coated
grinding jars with 15 mL of isopropanol and 10 zirconia grinding balls,
with 10 mm diameter. The planetary ball milling (Retsch-PM100) was
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performed for 1, 2, 4 or 12 h at 600 rpm with a 10 s pause every 10
min and with a change of the rotation direction. The obtained
magnetite microparticles were washed twice with isopropanol by
attracting the particles in the bottom of a tube with a magnet
followed by supernatant removal. MMP were then dried, weighted
and dispersed in isopropanol at 30 g/L.

3. Particle functionalization

The functionalization path is illustrated in Figure 3 and detailed
below.

Fe30,@Si0;

In the first step, MMP were coated with the silica shell following a
modified Stober process [40,41]. 2 mg of MMP was dispersed in
ethanol at a concentration of 70 mg/L and 580 uL of ultrapure water,
1.3 mLof NH3 at 28% and 1.7 mL of TEOS were added. The suspension
was maintained at 40 °C for 2 h while agitating. The obtained
Fes0,@Si0, particles were sorted with a magnet and washed three
times with ultrapure water. Fe;0,@SiO; were then re-dispersed in
ultrapure water and stored at 4 °C.

Fe3;0,@SiO.@APTES

In the second step, the silica shell was functionalized by silanization
using bifunctional organosilane APTES. For this, 2 mg of Fe;0,@SiO;
was dispersed at 70 mg/L in a 1:1 mixture of ethanol and ultrapure
water and 2% v/v of APTES was added [42]. The suspension was
maintained at 50 °C for 24 h while agitating. The obtained
Fes0,@SiO,@APTES particles were carefully washed with ethanol
and then with ultrapure water before being dispersed in PBS at 1 g/L
and stored at 4 °C.

Fe304@Si0O2@APTES@SPDP@PEG-X

In the third step, PEG ligands were anchored onto the functionalized
magnetic particles with the help of SPDP, a short-chain crosslinker
for amine-to-sulfhydryl conjugation via NHS-ester and pyridyldithiol
reactive groups that form cleavable disulfide bonds. For this,
Fe30,@SiO,@APTES particles were dispersed in PBS at 65 mg/L and
a solution of SPDP at 10 mM in DMSO was added (5.7x10-3 mol of
SPDP per g of particles). The suspension was maintained at 25 °C for
1 h while agitating. The obtained Fe3;0s@SiO,@APTES@SPDP
particles were thoroughly washed and dispersed in PBS at 3.5 g/L.
Then, 1.4x10-4 mol of HS-PEG-X per g of particle were added from a
solution at 10 mM in PBS. The suspension was maintained at 25 °C
for 1 h while agitating. Afterwards, the suspension was thoroughly
washed and dispersed in PBS at 4.7 g/L. 1.4x10-3 mol of 2-
mercaptoethanol per g of particle were added from a solution at 20
mM in PBS and the suspension was kept in the same reaction
conditions as with HS-PEG-X to block SPDP in excess. The obtained
PEGylated particles Fes0,@SiO;@APTES@SPDP@PEG-X were
washed, dispersed at 1 g/L in PBS and stored at 4 °C. In this study,
four types of PEGylated particles Fe30,@SiO,@APTES@SPDP@PEG-
X were prepared using HS-PEG-X, including HS-(CH3)s-PEG150-OH; HS-
(CH2)11-PEG230-NH2; HS-(CHz)n-PEngo-OCHzCOOH and HS-PEGzooo-
OH.
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4. Particle characterization

Scanning Electron Microscopy (SEM)

MMP were dispersed at 0.3 g/L in ultrapure water and 2 uL of this
suspension was deposited on a silicon wafer and let to dry. Then, the
particles were observed using SEM and images were analyzed using
the Imagel software (National Institutes of Health, Bethesda) to
measure their size. As the particles are not spherical, the measured
parameters were the Feret and minimal Feret (MinFeret) diameters
(maximum and minimum distance between two parallel straight
lines tangent to the particle). The Mean Feret and Mean MinFeret
diameters associated to each synthesis were calculated by fitting
their distribution with a lognormal law using Origin software
(Northampton MA 01060 USA). The values of Feret diameter and
MinFeret diameter for a given milling duration are averaged from 4
different sets of synthesis.

X ray diffraction spectra (XRD)

XRD were recorded with an X’Pert PANalytical system, with a Cu
source (1.540598 A). The Rietveld analysis of the recorded data was
carried out using the HighScore Plus 3.0.5 analysis software.

Vibrating-sample magnetometer (VSM)

particles
deposited on 5 mm x 5 mm silicon wafer and allowed to dry. The
mass of particles was 1.66 mg. Hysteresis loop was recorded at room

For magnetization measurement, in solution were

temperature with a Microsense EV vibrating sample magnetometer
in magnetic fieldsupto 1 T.

Zeta potential

Zeta potential was measured with Univette in a LitesizerTM 500
(Anton Paar, Austria) on a suspension of particles at 0.16 g/L in PBS.
The mean zeta potential was calculated from 500 measurements for
each type of particle at 25 °C.

5. Cell culture

U87-MG glioblastoma cells were cultured in DMEM Glutamax
medium supplemented with 10% of fetal bovine serum, 100 uM of
streptomycin, and 100 units/mL of penicillin. They were maintained
at 37 °C in a 5% CO,-humidified atmosphere and passaged twice a
week using 0.05% Trypsin- EDTA.

6. Toxicity assays

For cytotoxicity assays, cells were seeded in 96-well plates at a
density of 50 000 cells/well in 100 pL of culture medium. 24 h after
cell seeding, MMP were washed and dispersed in the culture medium
at concentrations ranging from 3 mg/L to 1 g/L and 100 pL of each
MMP suspension was applied to cells (6 wells per condition, n=6).
0.1% Triton-X100 was used as positive control. After 24 h of
exposure, cell viability was assessed using LDH and WST-1 assays.

For the LDH leakage assay, 50 uL of the supernatant of each well was
transferred to a clean 96-well plate. LDH assay substrate, cofactor
and dye were mixed as recommended by the supplier, added to each
well and incubated at room temperature in the dark for 5 min. The
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reaction was stopped by the introduction of 10 pL of 1 N HCI per well.
The absorbance (Abs) was recorded at 490 nm with subtraction of
the baseline signal at 690 nm. The percentage of LDH leakage was
calculated as:

(AbS - Mean(AbShealthy cells))

X 100
(Mean(AbSTriton) - Mean(AbShealthy cells))

%LDH Leakage =

For the WST-1 assay, after the sampling exposure medium for the
LDH assay, the remaining supernatant was replaced by a 10% WST-1
solution prepared in cell culture medium and incubated for 1 h at 37
°C. Interference of nanoparticles with the readout of cytotoxicity
assays has been largely described in the literature. To avoid such
bias, the MMP were allowed to settle down at the bottom of the
plate and 50 uL of the supernatant was transferred to a clean 96-well
plate. The ability of metabolically-active cells to cleave WST-1 to
formazan was evaluated via absorbance measurement at 450 nm
and subtraction of the baseline signal at 650 nm. The percentage of
viability was calculated as:

(Abs — Mean(Abstriton))
(Mean(Absheauhy cells) ~ Mean(AbST‘riton))

%Viability = X 100

7. Magneto-mechanical treatment

Cells were seeded in 8-well LABTEK with 50 000 cells/well in 200
pL of culture medium and incubated for 24 h at 37 °Cin a 5% CO,-
humidified atmosphere. MMP were washed and dispersed in the
culture medium at 50 mg/L and 200 uL of this MMP suspension
was applied to cells. After 4 h of incubation, the cells were placed
inside a rotating Halbach cylinder, with a magnetic field of 0.6 T
at its center. In one set of experiments, cells were treated with a
RMF at 20 Hz for a duration of 1, 5, 10, 20, 40 and 60 min,
respectively. In another set of experiments, cells were treated
with the RMF for a fixed duration of 40 min with varied frequency
of 2,10, 14, 17 and 20 Hz, respectively.

LDH and WST-1 tests were performed 18 h after treatment as
previously described.

Viabilities and LDH leakage were compared with the ones of cells
treated with the same conditions of RMF but without the presence
of magnetic particles. Cells exposed to Triton at 0.1% were used as
positive control.

8. Evaluation of the efficacy of the magneto-mechanical
treatment

The efficacy of the magneto-mechanical treatment was evaluated by
measuring both the cell viability and the proportion of apoptotic cells
after application of the magnetic field to the MMP. The viability was
assessed via LDH leakage and WST-1 assays, 18 h after the magneto-
mechanical treatment, using 0.1% triton as positive control as
described in the toxicity test section. The proportion of apoptotic
cells was quantified via fluorescence microscopy observation after
staining with the CellEvent Caspase 3/7 assay kit (Invitrogen) and 0.3
mg/L of Hoechst 33342, 5 h after the mechano-magnetic treatment.
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After 30 min of incubation at 37 °C, cells were observed by
fluorescence microscopy. The Imagel software (National Institutes of
Health, Bethesda) was then used to count cells for determining the
total number of cells (i.e. the number of nuclei, stained blue by
Hoechst 33342) and the number of apoptotic cells (stained green by
the CellEvent marker).

9. Transmission electron microscopy (TEM)

For TEM imaging, after exposure to MMP and magneto-mechanical
treatment, cells were rinsed with PBS, fixed in 2% glutaraldehyde
prepared in cacodylate buffer then post-fixed using 1% osmium
tetroxide. They were then dehydrated through a graded series of
ethanol and embedded in Epon resin. Ultra-thin sections were cut
and stained with 1% uranyl acetate. Sections were observed on a
JEOL 1200EX TEM operating at 80 kV (Grenoble Institut des
Neurosciences, Grenoble, France).

Conclusions

We prepared anisotropic magnetite microparticles by liquid-phase
ball milling of a magnetite powder, with magnetic properties such
that a magnetic field induces mechanical vibration. After coating the
particles with silica (MMP@SiO;), different PEGylated molecules
were grafted to the surface thanks to a 3-step functionalization
(MMP@CgPEG;500H, MMP@PEG;0000H, MMP@C;,PEG230NH>,
MMP @ C11PEG250COOH).

The particles showed very low in vitro intrinsic cytotoxicity on human
glioblastoma U87-MG cells, while significant cell death was observed
under RMF. To optimize the magneto-mechanical treatment efficacy,
the metabolic activity and the LDH leakage were measured while
varying the RMF frequency (2-20 Hz) and exposure time (1-60 min).
Our results indicate that 1) the magneto-mechanical treatment with
bare MMP induced a rapid decrease in cell viability whereas the
effect was slower with PEGylated particles; 2) the number of
apoptotic cells after magneto-mechanical treatment was higher with
PEGylated particles; 3) a lower RMF frequency (down to 2 Hz)
favored apoptosis. These results highlight a difference in the cell
death mechanism according to the type of particle used — the rapid
cell death observed with MMP favoring necrosis, while PEGylated
particles rather induce apoptosis.
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