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Combining high-frequency alternating magnetic felgdAMF) and magnetic nanoparticles
(MNPs) is an efficient way to induce biological pesses through several approaches:
magnetic hyperthermia, drug release, controls négxpression and neurons, or activation of
chemical reactions. So far, these experiments coatdoe analyzed in real-time during the
AMF application. A miniaturized electromagnet fiigi under a confocal microscope is built,
which produces an AMF of frequency and amplitudeilar to the ones used in magnetic
hyperthermia. AMF application induces massive damsado tumoral cells having
incorporated nanoparticles into their lysosomesait affecting the others. Using this setup,
real-time analyzes of molecular events occurringndu AMF application are performed.
Lysosome membrane permeabilization and reactivggexyspecies production are detected
after 30 min only of AMF application, demonstratititey occurs at an early stage in the

cascade of events leading eventually to cell deatlditionally, lysosomes self-assembling
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into needle-shaped organization under the influesfcAMF is observed in real-time. This
experimental approach will permit to get a deepeight into the physical, molecular and
biological process occurring in several innovateehniques used in nanomedecine based on

the combined use of magnetic nanoparticles andfnégiluency magnetic fields.

1. Introduction

Magnetic hyperthermia has been the subject of imeaesearch activity in the past decade
and tremendous progresses have been made in lessarch on this promising cancer
treatment! Very large heating powers have been reached usiagnetic nanoparticles
(MNPs) which are either chemically-synthesiZed or extracted from bacteri¥! driven by

a better understanding of the way to optimize hgateration!®! Receptor-ligand grafted
nanoparticles which are able to bind specificatlyréceptors overexpressed at tumoral cell
surface and then internalize through receptor-dégeipathway have been developéd?®!
The combination of MNPs and alternating magne#atdf{i AMF) application has been shown
to induce cell death in mariy vitro experiment® 8 % %and to induce tumor regression of
xenografted tumors in mic&: 1% 13t has been shown that efficient targeting of tusria
mice could be accomplished after intravenous ifgectvhich constitutes a real milestoH@.

3 Finally, accumulation and degradation mechanisfisIPs once in cells or biological
tissues have been studied in detdifs™ In spite of these successes, the basic mechanisms
leading to cell death in AMF treatments is stillclear. Indeed, several experiments have
reported that cells die in spite that there is aceptible temperature rise during experiment.
[6.7.8,9.10. 18lThis finding brings a lot of hope for the futurbthis treatment since it makes
possible to induce cell death with a very low antafMNPs® 'l and, interestingly, makes
possible to envisage eradicating small metastatinots or circulating tumoral cells in
addition to large primary tumors. Elucidating thedlalar and molecular mechanisms at the

origin of cell death in these experiments is ongomguest in this therapeutic approach.
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The standard instrument in cell biology to analge#ular and molecular mechanisms during
in vitro experiments is the fluorescence confocal microsc@ombined with the numerous
available fluorescence probes, pharmacological tagehsignaling pathways, it permits to
gain a deep insight into the cell machinery. Irtipatar, during AMF treatments, the capacity
of fluorescence confocal microscopes to image leeliavior in real-time could be used to
detectin situ several physical, chemical and biological eventsctv are associated at the
origin of cell death: temperature increase®! pH variations, lysosomal membrane
permeabilization, reactive oxygen species (ROSggdion, membrane fluidity modifications,
%1 molecule motion and activation of cell death sigmgapathways could thus be spatially
and temporally detected.

Unfortunately, so far, confocal microscope hasbe®n used at its full capacity in magnetic
hyperthermia studies. It has been mainly used bekdvlF treatment to measure MNPs
internalization, perform post-endocytosic traffiegi studies and as a post-treatment
characterization tool. In fact, the time periodAdIF application in itself has always stayed
so far inaccessible to confocal microscope imagire two main reasons for this are that 1)
most AMF inductors used in laboratories are buliiyscwhich cannot fit under a microscope
due to the small space available, and ii) evenwig was found to do so, the presence of the
high-frequency magnetic field could heat the feragmetic parts of the microscope in the
vicinity of the sample.

In the present article, we describe a successfofoagh to achieve real-time cell imaging
during AMF treatments of tumoral cells. It is bas®dthe application of a localized high-
frequency magnetic field using a miniaturized elatiagnet. The potentialities of the new
setup are illustrated by i) data showing that #ite of cell damage, leading eventually to cell
death, achieveth situ using this device are similar to the previous ost@sined on the same
tumoral cells using standard coils, ii) evidencatttell damage is an event occurring at the

single-cell level and is dependent on the presehagernalized MNPs in lysosomes, iii) data
3
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showing a dynamical study of the lysosome membpaammeabilization and ROS formation
during AMF treatment, iv) dynamical experimentdysfosome alignments which form inside
certain cells when the AMF is applied. This AMF uiatbr will certainly enable to quickly get
key informations on the mechanisms at the origirthef death of cells containing minute
amounts of receptor-driven internalized MNPs. Mgeaerally, it should give a new start to

all topics in biology and nanomedecine where higliiency AMF are used.

2. Results

2.1. Fabrication and characterization of the miniaturized electromagnet.

The electromagnet is a miniaturized version ofsbip described in Ref. [20]. It has been
elaborated by machining a small commercial fercitee. 3D schematics and picture of the
electromagnet are shown in Figure 1(a) and Sk tiomposed of a 400 um gap with a V-
shape enlargement permitting to avoid the shadowinthe gap during experiments under
microscope. To define a flat working area, a plaas polished at approximately 45° of the
tore plane. A system of screws was added insidéetiniée core to adjust the planarity of the
working area. The driving coil is composed of 1ihtuof Litz wire. An adjustable capacitor
is placed in series with the electromagnet to redig high frequency impedance which
equals 0.6& at 300 kHz.

A standard way of evaluating the AMF produced by #tectromagnet could have been to
measure it using a Hall probe when a dc curreimjésted into the coil. Then, measuring the
ac current during AMF application would have besffisient to know the AMF amplitude.
This method has proven to be very reliable fordagap electromagnet®’ but cannot be
applied here due to the small width of the gap camegb to the Hall probe thickness. To
evaluate the magnetic field amplitudeHmax three complementary approaches were used.

Evaluation was done when a peak curiggt = 1.5 A was sent into the coil, since these are
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the conditions of the AMF treatment (see below)e Tirst method uses the following

equation, valid when the relative permittivity idsithe gap equals 1:

- Uo NI max (1)
UoH max S L

gap —core L

S

gap
corep‘core

whereN is the number of turns of the caileore the relative permittivity of the ferrite,core
(Lgap the length/width of the ferrite (gap) aehe (Syap) the section of the ferrite (gap). Due

to the large permittivity of the ferrite, the fitgrm at the denominator of the equation is small

— HONImax

gap

and leads to only a small correction compared &dtfandard equatiog H

For Inmax = 1.5 A, the calculated magnetic field igHmax = 60 £ 4 mT. The second one
consists in using a home-made miniaturized pickeap of diameter 3.5 mm to measure
directly the ac magnetic field amplitude (see Feg8e). Its diameter is such that it completely
fits into the gap. An AMRloHmax = 46+ 3 mT is thus measuredfat 300 kHz andax= 1.5

A. The third method consisted in using finite eletsesimulations to calculate the magnetic
field using the exact gap geometry. A map of thgmetic field is shown in Figure 1(b). A
profile of the magnetic field into the gap is alsoown in Figure 1(c). The magnetic field
amplitude is homogeneous on all the gap sectiom avitalue of 58.& 0.5 mT. Measured and
calculated values of AMF amplitude are of the samnder of magnitude, and the AMF
amplitude is likely to be in the range 46-60 mTthe remaining, we will use the mean value

in this rangguoHmax = 53 mT.

2.2 AMF application to living cells under a confocal microscope.
The nanoplatform used in magnetic hyperthermia ex@nts (termed DY647-MNP-gastrin)

is composed of commercial iron oxide nanoparticiested with PEG-Amine and decorated
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with i) a synthetic replicate of gastrin, which @& specifically to the cholecystokinin-2
receptor (CCK2R), a receptor overexpressed in emdotumors, and allows specific MNPs
internalization in cells overexpressing the CCK#iRa fluorescent label (DY647§! Al
experiments were performed on living cells in a Clikw (see below). To apply the AMF
under the confocal microscope, the electromagnptaised so its polished part is in contact
with the CELLview. The whole is put under the flascence confocal microscope, which is
equipped with a heating plate. An environmentahdber is then built around the CELLview
to maintain a homogeneous temperature during tperarents. A picture of the complete
setup is shown in Figure S1(c). In these conditigenerating an ac current of 1.5 A in the
driving coil, corresponding to an AMF of 53 mT imetelectromagnet gap, requires a power
of 1.5 W and rises the chamber temperature to appetely 34°C. A 37°C temperature is
maintained during the experiments by manually ditjgsthe heating power of the plate.
Figure 1(d) shows an infrared picture of the etmoignet and of the medium taken during
dedicated experiments performed outside the miopesc These experiments are more
detailed in the Materials and Methods section amdrigure S3. There is no significant
temperature gradient in the medium. Moreover, thmperature difference between the
medium and the ferrite near the gap is approximdteC. Infrared observations of the setup
at the end of typical experiments under the miapscconfirm the results obtained in air. It
can be safely concluded that the temperature t& dn@mogeneous in the CELLview during

AMF treatments.

2.3. Selective damage to cells having internalized tar geted magnetic nanoparticles.
For these experiments, cells having or not intézadl DY647-MNP-gastrin were harvested,

mixed and suspended in agar gel. The gel contathegnixture of cells was poured into the
CELLview once the electromagnet was in place. A metig field of 53 mT was applied

during 2 hours. The CELLview was then put back iatoincubator during 4 hours, and the
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impact of magnetic field treatment was then deteedi by counting cells labeled with
prodidium iodide, corresponding to cells with a @@®d membrané” Typical pictures of
cells inside and outside the gap are shown in Ei@¢a). As shown in Figure 2(b), applying
the AMF during 2 hours selectively caused damagesells having internalized MNPs.
Indeed, inside the gap, 72.1 £+ 9.5 % of cells hgvinternalized targeted MNPs were
damaged comparatively to 18.4 + 6.3 % of cells akwd MNP (p < 0.001). Of note, outside
the gap, 20.0 £ 1.7 % and 12.5 £ 4.1 % of cellstmiomg or not targeted MNPs were
damaged (p = 0.23). Two important conclusions camldawn from these experiments. First,
the fact that the same damage rate was observeédniaral cells devoid of MNPs inside the
gap (p = 0.21) or containing MNPs outside the gap 0.11) comparatively to control cells
(without MNPs and outside the gap) confirms tha mhiniaturized electromagnet does not
cause significant cell damage due to eventual teamtye rise or to other unpredictable
reasons. Second, the fact that, in an intimate ohigells containing targeted MNPs or not,
only the ones containing DY647-MNP-gastrin were dgad when submitted to an AMF is a
clear proof that cell damages are in no case celedea global temperature rise, but to
mechanism(s) occurring at the single cell levepeswlant on both presence of MNPs inside
the cells and delivery of the AMF to these cellfisTsupports the conclusion that this
mechanism(s), whatever it is, can be used to destdividual cells without being harmful to
their neighbors, at the condition that the targetell contains MNPs. Finally, percentage of
cells positive to prodidium iodide obtained withetminiaturized electromagnet is slightly
higher than the previous ones obtained on the dammeral cells using a 52 mT AMF
treatment applied with a standard c6ilThis might indicate that the AMF amplitude is et

upper part of the range [46-60] mT of estimatedi@alrather than its middle.

2.4. Real time captur e of lysosomal membrane per meabilization.
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Following first biological experiments which comfied that our electromagnet enables to kill
tumoral cells having internalized gastrin-grafteédNR&, we pursued the study by analyzing
magnetic field-induced lysosomal membrane permizalibn, which is an event likely to
play an important role in cell deatl§: ! For this purpose, a gel containing cells having
internalized DY647-MNP-gastrin and accumulated thgosomal fluorescent probe
LysoTraker was used. The effect of magnetic fielswevaluated by recording the lysosome
staining intensity by confocal microscopy and byage analysis of colocalization between
Lysotracker and DY647-MNP-gastrin, provided by Reais coefficient. During each
experiment, series of pictures were taken everyn@tutes in predefined zones inside and
outside the gap corresponding to cells treatecbbby the AMF, respectively. Figure 3 shows
typical pictures of the experiments as well asdhelution of Pearson’s coefficient over the
time. In absence of AMF, Pearson’s coefficient aetihg DY647-MNP-gastrin and
LysoTraker colocalization was 0.59 + 0.03 and &3504 in cells outside and inside the gap
respectively [see Figure 3(a)]. During AMF applioat DY647-MNP-gastrin and LysoTraker
colocalization decreases significantly in cellsdesthe gap unlike cells outside the gap. After
only 30 min of AMF treatment, the difference iststizcally significant (0.55 + 0.03 outside
and 0.45 £ 0.03 inside the gap, p = 0.039). Thigeaks that lysosome membrane
permeabilization is an early phenomenon in the &sverduced by the AMF treatment and
leading eventually to cell death. After 90 mn of ANteatment, Pearson’s coefficient values
are 0.46 + 0.05 outside the gap and 0.26 = 0.0ideng = 0.021), indicating that AMF

treatment induced specifically leaking of lysosarnatent of cells having internalized MNPs.

2.5. Imaging of ROS production.
Lysosomal membrane permeabilization induced byli@nnating magnetic field is correlated

with the production of reactive oxygen species (RS We performed assays to record

AMF-induced production of ROS in cells having ingorated DY647-MNP-gastrin using
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CellRox green reagent by fluorescence confocal sstwpy. ROS production was analyzed
on adherent cells inside and outside the gap adMfewas applied during 120 min. Typical
micrographs of cells inside and outside the gapshoavn in Figure 4(a). The time evolution
of ROS production is shown in Figure 4(b). Fluosss® intensity increased significantly in
cells submitted to the AMF compared to the celltsioke the gap. The fluorescence intensity
ratio after 30 min of AMF treatment is significandifferent (2.9t 1.4 higher comparatively
to control cells), indicating that ROS producti@nearly phenomenon in the events induced
by the AMF treatment. It occurs concurrently wigsdsomal membrane permeabilization and
leads eventually to cell death. After 100 min of AMeatment, ROS production ratio reaches
a maximum value with 3.% 1.3-fold higher production comparatively to cohtcells.
Although it has been shown previously that ROS petidn increased during AMF treatment,

[7'it is the first time that its dynamic of producticould be measured.

2.6. Lysosome alignmentsunder AMF.

During experiments described in the previous sastiave observed in some cells fluorescent
needles which are aligned in the direction of tppliad magnetic field. They correspond to
lysosomes which self-assembled due to magneticlatipoteractions. Figure 5 illustrates
dynamical experiments in which the AMF was sucaetgi switched on and off while
observing such a cell. These needles scatter madl sndividual fluorescent dots when the
AMF is off and self-assemble again when the AMFois (Figure 5). Assembling and
disassembling occurs within a few minutes, althoageembling seems faster. The fact that
these needles are not observed in all cells isindérstood so far. Possible explanation might
be that, in cells where needles are observed, dyses could move more easily due to a loss
of cytoskeleton organization and/or that thesescate the ones where lysosomes contain
more targeted MNPs. These unexpected resultsradbesthe interest of real-time imaging to

get access to events which could not be observeerwise. These observations will also
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make possible to evaluate the degree of magndacaictions between lysosomes and to take

them into account when calculating the heating pa®NPs once inside cells.

3. Discussion

Elucidating the cascade of events leading in tltetercell death in magnetic hyperthermia is
a major task in this field, especially since itkisown that, in many experiments, global
temperature increase is not at the origin of ceditt.[® " & ° 1% ®lmportant results have been
obtained toward this goal: i) Evidence of ROS gatien during application of AMF has been
previously reported using flow cytometry perfornedhe end of the AMF applicatiolf: ?"!

i) Membrane permeabilization was previously evicksh by the decrease of lysosomal
acridine orange intensity and the release of lys@daathespin B into the cytosdfl We
show here that using a miniaturized electromagneth events can be monitored dynamically
under a confocal microscope during AMF treatmenis Ishown that these two processes
occur at the very first stage of the AMF treatmeve)l before cell death could be detected.
The fact that membrane permeabilization revealed.ysoTracker occurs early is thus a
supplementary indication that the cell death triggesignal may be initiated in the lysosome
compartment, where the targeted MNPs were accuatll@n one other hand, the role of the
ROS production during AMF treatment is more complexstate and two hypotheses can be
formulated: i) membrane permeabilization of lysossntould be initially caused by the
formation of ROS into the lysosomes though the ‘ketwn Fenton reactiorf? In our
experiments, possible ROS generation into lysosaroekl not be detected using the present
method which was based on cell accumulation of R&%itive fluorescent probe. ii) ROS
production might be a consequence of lysosome bilation. This hypothesis is
compatible with the multiple sources of ROS formatin cells, including mitochondria,
peroxyzome, or endoplasmic reticulum. As an alt&raacause of lysosome membrane

permeabilization, mechanical forces exerted by MRRst be consider, in particular in the

10
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light of a recent report showing that lysosomal rheame-bound MNPs cause lysosome
disruption under a slowly rotating magnetic fiéfd or that MNPs might vibrate at high-
frequency during AMF applicatiorl[.24] Future experiments will address this important
question of sub-cellular localization of ROS praidut during AMF treatment of tumoral
cells containing MNPs, which could permit to clarihe pathways leading to cell death. The
miniaturized electromagnet presented here will lpgegious tool for elucidating these basic
mechanisms.

An important additional issue in AMF treatment cems temperature measurements.
Several progresses on real-time or indirect measemés of temperature at the surface of
magnetically heated nanoparticles have been dortbeirpast few yeard?® 26 27: 281 The
present setup is compatible with the use of mo&ctiiermometers based on fluorescence
emission intensity and could make possible inttalzl temperature measurements during
AMF application, which has not been realized so far

Finally, the combination of MNPs and high-frequge#dVF has been used to trigger
the release of drugs from liposomes or polymer haads!?® 3* 3 32lcontrol gene expression
B3] activate enzyme reactiofé! or activate neuron?® Here again, real-time monitoring

could lead to several advances in these promigahdsfrelated to magnetic hyperthermia.

4. Conclusion
We have successfully developed a way to submiterarells to a high frequency AMF under

a confocal microscope. The magnetic field frequeacg amplitude are in the range of the
ones used in classical magnetic hyperthermia exgeris and other related topics where
high-frequency AMF are used to induce biologicapanses. Using this setup, an AMF was
applied on a gel containing tumoral cells havingnot internalized MNPs, which did not

induce a global temperature increase. The factablhitdamage was seen exclusively in the

cells containing targeted MNPs validates the satugdso shows that cell damage occurs at a
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single-cell level and is dependent on both AMF presence of the MNPs in the cells. Real-
time capture of two events suspected to play ar&kyin cell death induced by the magnetic
field treatment were performed: lysosomal membrageneabilization and ROS generation.
These two phenomena are detected after 30 mn of &k&&tment only and thus occur at an
early stage in the cascade of events leading eaiytio cell death. We have also observed
that, in some cells, lysosomes having accumulat&P®could self-organize into needles
under the influence of the AMF. This novel expemta¢ approach is simple to develop and
widely opens the field of experiments which coukl indertaken to get an insight into the

cellular and molecular mechanisms occurring duAMJ- application on living cells.

4. Experimental section

Electromagnet fabricationA commercial ferrite core with an internal (extdjna
diameter of 19 (29) mm and a thickness of 7.5 mns wsed as starting point for the
electromagnet elaboration (TN29/19/7.5-3C90, Faube). A thin slit was first created using
a diamond saw, leading to a gap of approximately 4. Starting from the mid-height of
this slit, a V-shape enlargement of the gap washimad using a rotating grinding wheel.
Then, a plane at approximately 45° with respethéotore plane was polished at the gap level
to define a flat working area. A system of plasticews was added inside the ferrite core so
the planarity of the electromagnet can be adjustld. electromagnet was wounded with 12
turns of Litz wire (24x10x0.05, Connect systeme¥). adjustable capacitor was built by
replacing the capacitors of a standard decade B6X%, ELC) by high-voltage ceramic disk
capacitors (Panasonic, MDU series; Murata, DE spriepcos, B81123 series). The
electromagnet and the capacitor box were put ireseifhe high-frequency current was
produced by a voltage amplifier (HSA 4052, NP Coation) driven by a function generator
(MTX 3240, Metrix). The current in the setup wasasred with an AC current probe (3274

clamp probe, Hioki) connected to an oscilloscop®%T2022B, Tektronix). The applied
12
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voltage was measured at the output of the amplisarg the same oscilloscope. At a working
frequency of 300 kHz, the capacitor values requicetiring the electromagnet to resonance

equals 12 nF.

Magnetic field evaluationTo calculate the AMF value and its incertitude gsin
Equation (1), the following parameters were ugegd.= 3000+ 300 was extracted from the
ferrite constructor datasheehore = 75.1% 0.5 mm,Lgap = 370+ 3 um,Sypre = 412 3 mnf,
Syap=13.7£ 1.0 mnf andl = 1.5+ 0.1 A. The pick-up coil was elaborated by windthurns
of a 200 um in diameter wire on a 2.7 mm in diametdinder rod in order to form a flat
spiral. A picture of the coil is shown in Figure.Sthe peak voltage appearing at the coll

terminalse was measured using an oscilloscope (TDS 2022Bydmk). Peak magnetic field

3

HoHmax Was evaluated using the formylaH = , Wheren and &, are the number

nS,,
of turns and surface of the pick-up coil anthe magnetic field frequency. The value of the
productnS, was deduced from a calibration experiment, duvihich the pick-up coil was
used to measure a high-frequency AMF of known vatugasured using a gaussmeter (GMO08,
Hirst Magnetics). Magnetic simulations were perfednusing FEMM software. The
magnetization curve of the ferrite core was intimablinto the software using the constructor

datasheet. It has been checked that simulationtsesaakly depend on the exact geometry

and position of the coil and on the angle of thehape enlargement.

Electromagnet heatingIn preliminary experiments performed in ambient, air
temperature of medium and electromagnet during etagrield operation were measured
using an infrared camera (Thermal imager 885, Jesta@urrentl = 1.5 A was sent through
the coil, similarly to experiments under microscopkeermal images as a function of time in

these conditions are shown in Figure S3(a). Thertaeimage after one hour of magnetic

13
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field application is shown in Figure 1(d). Thernmakhge shows that electromagnet heating is
mainly localized to the wires. The evolution of fnature with time is displayed in Figure
S3(b) for three points : i) medium, ii) wires, aiijlferrite close to the gap. The temperature

difference between the ferrite near the gap andnib@ium does not exceed 1°C.

Nanoparticles synthesis and cell cultufde synthesis method and characterization of
the magnetic nanoplatform used in the presentlartiave been described in details in Ref.
[8]. The nanoplatform (DY647-MNP-gastrin) is compds of commercial iron oxide
nanoparticles coated with PEG-Amine (Gecco Dotsed®dm) and decorated with 100
molecules of a synthetic replicate of gastrin (Gabpand 20 molecules of the fluorescent
label NHS-DY647-PEG1 (Dyomics GmbH, Jena, Germaiifle size of the magnetic core
determined by transmission electron microscopy &&st 1.6 nm. The specific absorption
rate of these MNPs is 13 W/g at 275 kHz and 40 ifle glucagon-producing hamster
tumoral cell line INR1G9 stably expressing CCK2RNRILG9-RCCK2) obtained as
previously described [35] was cultured in RPMI 1648dium containing 10% fetal bovine
serum (FBS) and 100 units Tpenicillin/streptomycin (Life technologies). Cell@re grown
in a humidified atmosphere at 95% air and 5%, @037°C. 0.5x1DINR1G9-RCCK2 cells
were seeded in 6-wells plates or in 35 mm dianm@rLview dishes (Greiner Bio-One) and
grown overnight, incubated with DY647-MNP-gastri6 (ug Fe mt) for 24 hours at 37°C in
RPMI 1640 buffered with 10 mM HEPES buffer pH 7.dntaining 0.5% FBS and 100
units/ml penicillin/streptomycin (incubation mediyno allow MNPs internalization and
accumulation in lysosomes. Incubation medium wawdvawn and cells were rinsed twice
with incubation medium. At this stage, magnetic sugaments have shown that cells contain

in average 2.2 pg of iron per cell which is actywtrgeted and accumulated into lysosomes

[8].
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Protocol for electromagnet operation under micrgseo When performing
experiments on adherent cells, the planarity ofgdye is a crucial parameter and was adjusted
by putting the electromagnet on an inverted redi@dight microscope and by focusing on the
gap bottom. Screws were then adjusted so the gapgens clearly defined on a width as a
large as possible, which is a sign of its planaritge electromagnet was then put inside a
CELLview dish (Greiner Bio-One) containing attachmadls having incorporated MNPs. To
perform experiments on cells included in soft agargel, cells having or not internalized
MNPs during 24 hours were scrapped, rinsed withubation medium and mixed with
agarose at a final concentration of 0.5%, then gubumto the gap of electromagnet in a 35
mm diameter CELLview dish. After gel solidificatiothe CELLview dish was completed
with incubation medium. For all types of experingr@ELLview dish was then placed above
the heating plate of the confocal microscope amdrae-made environmental chamber was
built using a thin glass plate for the top coved @hay-dough for the walls. Small diameter
glass tubes were used as go throughs for the lifzsvinside play-dough. A thermal probe
(Reflex, Neoptix) was put inside the medium, assel@as possible from the gap. In this
configuration, applying a current of 1.5 A inside tdriving coil brought the temperature of
the medium to 34 °C. The temperature was rose t€ 3nd maintained at this temperature
by adjusting the heating power of the hot plate.FAd amplitude 53 mT and frequency 300

kHz was applied for 90 to 120 minutes.

Determination of cell damagdNR1G9-RCCK2 cells having or not internalized
DY647-MNP-gastrin were included in agarose gel aming 3 pg nif propidium iodide, and
poured into the electromagnet placed in a CELLVghish, as previously described. Cells
were exposed to the AMF (53 mT, 300 kHz) for 12@umes. After magnetic field application,
CELLview was maintained in an incubator with hurfiel atmosphere at 95% air and 5%

CO, at 37°C for 4 hours. Counting of propidium iodidéeled cells (excitation wavelength:
15
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543 nm) was carried out by analyzing confocal ndcopy images of 200-400

cells/experiments using ImageJ software.

Lysosomal membrane permeabilizatidNR1G9-RCCK2 cells having internalized
DY647-MNP-gastrin were incubated with RPMI 1640 %.5FBS containing 75 nM
LysoTraker Red (Molecular probes, excitation wangth: 543 nm) for 15 minutes, rinsed
with incubation medium, included in agarose gel padred into the gap of electromagnet, as
previously described. Different positions presemtoells having incorporated MNPs were
marked inside and outside the gap. Before and guapplication of AMF (53 mT, 300 kHz)
for 90 minutes, lysosome integrity was monitoredamalyzing the colocalization between
DY647-MNP-gastrin and LysoTraker Red labeling ohfozal microscopy images of the
marked positions using Pearson’s coefficient (Indaggetware). 20-30 cells/experiments were

analyzed of four independent experiments.

Dynamic of ROS productio.5x1¢ INR1G9-RCCK?2 cells were seeded in 35 mm
diameter CELLview dishes (Greiner), grown overnigimd incubated with DY647-MNP-
gastrin (16 pg Fe n) for 24 hours at 37°C in incubation medium. Celisre rinsed with
incubation medium, incubated with CellROX Greengexd (Molecular probes, Excitation
wavelegnth: 488 nm) in incubation medium accorditog manufacturer’s instructions.
Different positions presenting cells having incogied MNPs were marked inside and
outside the gap. Before and during application MFA(53 mT, 300 kHz) for 120 minutes,
ROS production was monitored by analyzing the isitgrof CellROX Green reagent labeling
of confocal microscopy images of the marked pos#tiausing Morpho expert software
(Explora Nova, la Rochelle, France). 2000-3000steXperiments were analyzed of four

independent experiments.

16



WILEY-VCH

Statistical analysisResults are expressed as the mean + SEM. Stdtestialysis was
performed using Studenttdest or ANOVA. Differences were considered sigraht whemnp

<0.05.

Supporting Infor mation

Supporting Information is available from the Wiléyline Library or from the author.
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Figure 1: Description of the miniaturized electromagnet. §&hematic of the setup. (b)
Magnetic field intensity map calculated using FEMbftware. Inset shows an enlargement of
the gap. (c) Magnetic field intensity as a functadrthe position inside the gap deduced from
FEMM software. The 400 um width gap zone wherectlks are located is labeled as “gap”.
The V-shape zone enlarged to avoid shadowing ofyigeis labeled as “V-shape gap”. (d)
Infrared camera picture of the electromagnet and QfELLview containing some medium
taken after one hour of AMF application.
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Figure 2: Alternating magnetic field induces specificallyngage to cells having internalized
MNPs. INR1G9-RCCK2 cells having or not internaliZed647-MNP-gastrin were included

in agarose gel containing 3 ug -

mpropidium iodide and poured in the gap of the

electromagnet. Cells were exposed to the AMF (53 80D kHz) for 120 mn. After AMF
application, CELLview was maintained in an incubatith humidified atmosphere at 37°C
for 4 hours. (a) Confocal microscopy images illasgrthe propidium iodide labeling of cells
submitted (+AMF) or not (-AMF) to the magnetic fiekells with a damaged membrane were
labeled by propidium iodide. (b) Cells having a éged membrane were counted 4 hours
after the end of AMF exposure by confocal microsc@malysis of cells labeled with
propidium iodide. The distinction is made betweelscinside and outside the gap as well as
cells having or not internalized DY647-MNP-gastriResults are mean = SEM of four
separate experiments. Statistical analysis perfonseng ANOVA, *** p < 0.001.
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Figure 3. Application of alternating magnetic field affectgdosome integrity of cells having
internalized DY647-MNP-gastrin. INR1G9-RCCK2 cellaving internalized DY647-MNP-
gastrin and accumulated LysoTraker Red were ringetijded in agarose gel and poured in
the gap of the electromagnet. Different positionsspnting cells having incorporated MNPs
were marked inside and outside the gap. (a) Cohfoteroscopy images illustrate the
lysosome integrity of cells outside (-AMF) and ohsi(+AMF) the gap of electromagnet. (b)
Before and during AMF application (53 mT, 300 kHay 90 min, lysosome integrity was
monitored by analyzing the colocalization betweef6B7-MNP-gastrin and LysoTraker Red
labeling of the confocal microscopy images of tharked positions using Pearson’s
coefficient (ImageJ software). 20-30 cells/expentsewere analyzed of four independent
experiments. Statistical analysis performed usitNOAA: in red and blackyersust=0; in
blue, insideversusouside the gap;pr< 0.05, **0.01 < p < 0.05.
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Figure 4. Applying a magnetic field on adherent cells cantey DY647-MNP-gastrin
increases ROS production. INR1G9-RCCK2 cells havirigrnalized DY647-MNP-gastrin
were rinsed and incubated with CellROX Green refadeifferent positions presenting cells
having incorporated MNPs were marked inside (+AMIRY outside (-AMF) the gap. (a)
Confocal microscopy images illustrate the ROS petidn before and at the end of AMF
treatment. (b) Before and during application of AMROS production was measured by
analyzing the intensity of CellROX Green reagebelang of confocal microscopy images of
the marked positions. Statistical analysis perfarmsing Student'stest;p < 0.05, **0.01 <

p <0.05.
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Figure 5 : Applying a magnetic field to some cells contagDY647-MNP-gastrin induces
alignment of the lysosomes. Evolution of the spaé&partition of DY647-MNP-gastrin inside
a single cell when AMF is switched on and off. Astack acquisition containing 7 or 8
pictures was taken every minute on the cell, witbtal acquisition time of 34 s. To draw this
figure, a single picture was chosen from the zkstaceensure a good visualization of DY647-
MNP-gastrin. The field is switched (a) ON (b) OFétween the first and the second picture.
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A miniaturized electromagnet makes possible the generation of a high-frequency
magnetic field under a confocal microscope. Several physical and biological events
occurring in cells containing magnetic nanoparticend submitted to such a field are
observed and quantified in real-time : cell damageactive oxygen species production,
lysosome permeabilization and nanopatrticles sakéabling.

magnetic nanoparticles, magnetic hyperthermia, confocal microscope, cell death,
reactive oxygen species
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Real-time Analysis of Magnetic Hyperthermia Experiments on Living Cells under
Confocal Microscope
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Figure S1: Picturesof the miniaturized electromagnet.
(a) Picture at the edge of the gap taken usingnagried microscope. (b) Picture of the whole
electromagnet. (c) Picture of the setup under a@ifimicroscope
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Figure S2 : Picture of the pick-up coil used to measure theFAdmplitude inside the gap of
the electromagnet.
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Figure S3 : (a) Evolution with time of the electromagnet amédium temperature when
applying the magnetic field, followed by infrarednecera. These experiments were performed
in ambient air. (b) Evolution of the temperaturethinee points of the previous pictures) (

the wire; @) the ferrite near the medium)(the medium.
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