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ABSTRACT

Magnetic hyperthermia was reported to increasetineval of patients with recurrent glioblastomary
months. This promising result may potentially betHfar improved by using iron oxide nanoparticles,
called magnetosomes, which are synthesized by natgoBc bacteria, extracted from these bacteria,
purified to remove most endotoxins and organic nmedfeand then coated with poly-L-lysine to yield a
stable and non-pyrogenic nanoparticle suspensioa.t®their ferrimagnetic behavior, high crystatiin
and chain arrangement, these magnetosomes codtegaly-L-lysine (M-PLL) are characterized by a
higher heating power than their chemically synthesicounterparts currently used in clinical tridis.
PLL-enhanced antitumor efficacy was demonstrateddoginistering 500 to 700 pg in iron of M-PLL to
intracranial U87-Luc tumors of 1.5 nirand by exposing mice to 27 magnetic sessions leathg 30
minutes, during which an alternating magnetic fiefd202 kHz and 27 mT was applied. Treatment
conditions were adjusted to reach a typical hygentiia temperature of 42 °C during the first magneti
session. In 100% of treated mice, bioluminescemeetd living glioblastoma cells fully disappeare®l 6
days following tumor cell implantation (D68). Thesgce were all still alive at D350. Histological
analysis of their brain tissues revealed an absehtiemor cells, suggesting that they were fullyezis

In comparison, antitumor efficacy was less pronednm mice treated by the administration of IONP
followed by 23 magnetic sessions, leading to futhor bioluminescence disappearance in only 20% of

the treated mice.
KEYWORDS

Magnetosomes, magnetotactic bacteria, magnetiatngrenia, alternating magnetic field, glioblastoma,

U87, magnetic hyperthermia.
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1. INTRODUCTION

Every year, 25,000 patients in the United StatesiarEurope are diagnosed with glioblastoma (GBM)
[1, 2], a dreadful disease with a low 5-year swualirate of 10% with standard treatments [3, 4]. New
treatments are under development to improve this poognosis [5-13]. Among them, different types
of thermotherapies such as whole-body hypertherolteasound waves, radiofrequency microwaves,
phototherapy and magnetic hyperthermia have bested¢14]. Compared with other thermotherapies,
magnetic hyperthermia treatment [5-20], in whiabniloxide nanoparticles are administered to tumors
and heated under alternating magnetic field (AMbpli@ation, requires lower heating temperatures of
43-50 °C to be efficient. This is due to a morealed heat that improves efficacy and safety. gsin
chemical superparamagnetic iron oxide nanopart{@€3ON), the magnetic hyperthermia treatment of
patients with GBM was associated with an increaspaitient survival following the diagnosis of first
tumor recurrence of 7 months compared with conweatitherapies [4, 21, 22]. To improve further the
efficacy of magnetic hyperthermia, magnetic nanglas with better heating properties than those of
SPION could be used. Such properties may be adahibyestable magnetic single domain iron oxide
nanoparticles, which are either doped with colmalhtrease magnetocrystalline anisotropy [23] hat t

possess a large size, typically between 40 andhr@eading to ferrimagnetic properties.

In this article, instead of introducing a toxic gommund such as cobalt in nanoparticles, we use
magnetotactic bacteria to synthesize large nanoalgxealled magnetosomes. The latter are cubo-
octahedric iron oxide minerals composed of magmetit maghemite depending on their level of
oxidation, which are surrounded by biological miaeand usually organized in chains. Compared with
SPION, magnetosomes are larger and better crystd]liyielding improved magnetic properties useful
in a series of different applications, includinggnatic hyperthermia [24]. In addition, due to th&hain

arrangement, magnetosomes are not prone to aggre@aid lead to homogenous tumor temperature
distribution [25-30]. In previous studies, suspensi of chains of magnetosomes isolated from

magnetotactic bacteria were administered to MDA-RE- breast tumors xeno-grafted subcutaneously

3
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under the skin of mice and were exposed to se¥dvid applications, yielding more efficient antitumor

efficacy than SPION [25, 26]. Despite these appealieatures, magnetosomes suffer from two
drawbacks that have hindered their industrial dgwalent. On the one hand, the biological material
surrounding their mineral core is difficult to fulcharacterize and obtain reproducibly with the sam
composition. In addition, in the absence of a detieatment, they contain lipopolysaccharide sinc

magnetosomes originate from gram-negative magrettotbacteria. On the other hand, with most
current methods of bacterial growth, magnetosorodymtion yield is relatively low, typically below01

mg/L/day [31].

In this study, we have developed a magnetosomehesist method that uses MSR-1 magnetotactic
bacteria and leads to a large amount of magnetas¢ri®0 mg per liter of growth medium). In this
method, magnetosomes were first isolated from ntatpic bacteria, most biological material was
removed, and the magnetosome mineral core wassthbiized with a poly-L-lysine coating, leading to
nanoparticles called M-PLL. M-PLL properties suck eomposition, surface charge, magnetic
parameters, stability, cytoxicity, pyrogenicity,dasystemic and brain toxicity, were determined and
compared with those of chemically synthesized ioxide nanoparticles (IONP) currently used for
magnetic hyperthermia [32, 33]. Then, we studiediiro whether M-PLL and IONP induce U87-Luc
cell death in the presence (or not) of an AMF argtiver cell death occurs through an apoptotic or

necrotic mechanism.

The anti-tumor efficacy of M-PLL and IONP was alswamined in vivo by first growing U87-Luc
human GBM tumor cells inside the brain of nude mit#en tumors reached a size of ~ 1.5%n2rul

of a suspension containing 500 pg in iron of M-RELONP was administered at the site of tumor cell
implantation and mice were then exposed 23 orr2édifor 30 minutes to an AMF of strength 27 mT
and frequency 202 kHz. When the tumors re-grewitkefipe magnetic treatments, we re-administered
200 pg in iron of M-PLL or IONP at 47 days followittumor cell implantation (D47). To compare the

efficacy of both treatments, the maximum mouse igsalwday reached with M-PLL and IONP was

4
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estimated. Possible mechanisms responsible fotuamdr activity were also examined and we

distinguished between those taking place in heateldunheated regions.

2. MATERIALSAND METHODS

2.1. Classification of the different suspensions of nanoparticles asa medical device of class|11
Suspensions containing IONP and M-PLL were classiis medical devices of class lll, since
medical products containing nanomaterials, whichewadso activated by an external source of energy

and used to treat cancer, were categorized ag34icB5].

2.2. Preparation of the M-PLL suspension

2.1.1. Growth of MSR-1 magnetotactic bacteria

MSR-1 magnetotactic bacteria were purchased fromMDSDSM-6361, Braunschweig,
Germany). After cultivation in an agar gel, sevetalonies of these bacteria were collected and
amplified in a pre-culture growth medium withoubnrup to an optical density measured at 565 nm
(ODsgs) of ~ 0.5-2. Cells were then grown in a fermentader batch fed conditions using an acid
solution containing an iron source that maintairtied pH of the growth medium at 6.9. During
fermentation, oxygen was bubbled in the growth maedwith an air compressor to promote bacterial
growth while maintaining oxygen concentration beld% to enable magnetosome synthesis. After 75
hours, we obtained a bacterial suspension withs©D10-12 containing ~100 mg of magnetosomes in
iron per liter of growth medium, as deduced by itlo& assay. The growth protocol of magnetotactic

bacteria is detailed in the supplementary inforara(SI).

2.1.2. Preparation of uncoated magnetosome minerals, M-Uncoated

Following fermentation, suspensions of bacteria ewesoncentrated and re-suspended
successively in several solvents (1 M NaOH, 1X PB8pn X-100 and 1% SDS, phenol, chloroform)
under different sonication and temperature condtiand for various times to remove most organic

material originating from the magnetotactic baeteffhe resulting suspension contained mainly the
5



116 mineral cores of the magnetosomes. The suspensisrautoclaved for sterilization. The method used

117 to prepare suspensions of M-Uncoated is detail&l.in

118 2.1.3. Preparation of suspensions of magnetosome minerals coated with poly-L-lysine, M-PLL

119 Suspensions of M-Uncoated at 20 mg/mL in iron waiged under sterile conditions with a
120 poly-L-lysine solution at 40 mg/mL at pH 9.5 undenication. The supernatant containing free poly-L-
121 lysine in excess was removed. Nanoparticle suspessvere washed with sterile water. Water was
122 removed and replaced with 5% glucose. A sterile iajettable suspension of M-PLL mixed in 5% of

123 glucose was thus obtained. The method used to rgrepapensions of M-PLL is detailed in Sl.

124 2.3. Preparation of the |ONP suspension

125 Ferrimagnetic chemically synthesized iron oxide apaticles (IONP) were purchased from
126  Micromod, reference: 10-00-102 [33]. Prior to theiiministration in mice and fa vitro studies, IONP
127 suspensions were centrifuged at 14,000 rpm (12X%4érg30 min and were then washed 3 times with a

128 sterile injectable solution of 5% glucose.

129 2.4. Measurements on the different suspensions

130 To measure iron concentrations, nanoparticle simesiphology, surface charge, stability,
131 surface and core composition, and magnetic prgsnve used a series of different methods based on
132 optical absorption, transmission electron microgcogynamic light scattering, Fourier transform
133 infrared (FT-IR), carbon, hydrogen, nitrogen, aotius (CHNS) elemental analysis, or vibrating saenpl

134 magnetometry (VSM), as described in more detaslin

135 2.5. Toxicity assessment of the suspensions of nanoparticles

136 In vitro cytotoxicity of M-PLL and IONP in healthy cells wavaluated by a neutral red uptake
137 assay (NRU). In this assay, various nanoparticlecentrations (between 16 pg/mL and 1 mg/mL in
138 iron) were incubated with 3T3 cells for 24 hounsg @he percentage of cell inhibition was measused b

139 optical absorbance. A non-cytotoxic behavior cqroegled to a percentage of inhibition, which was
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below 30%. We used a nanopatrticle concentrationvidigded between the nanoparticle concentration of
6 cnf/mL, corresponding to 22 pg/mL, and the nanoparticincentration of 1 mg/mL necessary to heat
cellsin vitro (see section 2.7). The endotoxin concentratiorhefM-PLL and IONP suspensions was

measured by a Limulus Amebocyte Lysate (LAL) assag the pyrogenicity of these suspensions was

evaluated by a rabbit test.

Acute systemic toxicity of IONP and M-PLL was exaed by intravenously injecting 100 pL of
nanoparticle suspensions at a concentration of @nron per ml in the tails of 6-week-old C57/BL6
mouse females. The brain toxicity of IONP and M-Plas studied by injecting at brain coordinate
(0.2.2) mm different concentrations in iron of Mi{Pand IONP (250, 100, 50 and 20 mg/mL in iron) in
the right hemisphere of 5-week-old athymic femaleden mice. To evaluate systemic and brain
toxicities, the mouse body weights and abnormalabieins were followed for two weeks after

administration, as described in more detail in SI.

2.6. Cellsused for in vitro and in vivo antitumor efficacy studies

Cells used foiin vitro andin vivo antitumor efficacy studies were U87-MG Luc humaBMNG
cells transduced with a Neo-luciferase gene, U8@-lAfter thawing, U87-Luc adherent cells were
cultivated at 37 °C in the presence of 5% ,0® Dulbecco's Modified Eagle Medium (DMEM)
containing 10% fetal bovine serum (FBS). Once thiésaeached confluence, the culture dishes were
rinsed with Hank's Balanced Salt Solution (HBSSglIsCwere then detached by trypsinization for 5
minutes at 37 °C in the presence of 5%,CThe action of trypsin was stopped by additionthod
medium containing FBS. The cellular concentratias wetermined using a Malassez cell, and the cells

were then used fan vitro andin vivo antitumor efficacy studies.

2.7. Apoptosis and necrosisinduced by M-PLL and ONP brought into contact with U87-Luc cells

in the presence (or not) of an alternating magnetic field
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The in vitro antitumor efficacy of M-PLL and IONP towards U87d.uumor cells was
determined by bringing into contact 1 mg/mL in irohthese nanoparticles with U87-Luc cells for 30
minutes and by exposing (or not) these assemldias tAMF of 202 kHz and 27 mT for 30 minutes to
produce a temperature increase of 4-7 °C (Figug, $¢hich was measured with an infrared camera.
Following treatments, cells were incubated for &dis at 37 °C in the presence of 5% Clhey were
then harvested, mixed with Annexin V (apoptosiedi&bn) and Propidium iodide (necrosis detection),
and introduced in the cytometer where luminescentnsities of Annexin V and Propidium iodide
were detected following excitation at 488 nm. Thigbled the determination of the percentage of

apoptosis and necrosis among treated U87-Luc ealldetailed in the Sl.

2.8. In vivo antitumor efficacy studies of M-PLL and |ONP

2.8.1. Ethical considerations

In vivo experiments were carried out following the ethiaidelines of the Institutional Animal
Care and Use Committee (“Ethic committee CharlesmMdaN° 5”). In particular, mice were fed and
watered according to these guidelines and wereaai#tbd by cervical dislocation when their weighd ha
decreased by more than 20% relative to their inteight before tumor cell implantation or whenrsg

of pain, unusual posture or prostration were olesgrv
2.8.2. Animals

Pathogen-free 5-week-old athymic female nude micenean weight 18 g, purchased from

Charles River, were used forvivo experiments.
2.8.3. Models of Intracranial U87-Luc cellsin mice

Before being mounted in a stereotactic frame, miege anesthetized with a mixture of
Ketamine (100 mg/kg) and Xylazine (8 mg/kg). To iagb the surgical procedure leading to cell

implantation, a craniotomy was carried out and 2fid suspension containing 2>1087-Luc cells was
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injected into the right caudate nucleus putamelat{ive to bregma in mm: 0.2.2) designated as (9.2.2

mm.
2.8.4. In Vivo treatment groups

Six groups of mice with induced tumors, as desdriloe section 2.8.3, were subjected to
different treatment protocols (Table S-4). Eachugroontained 9 mice. At day 0 (D0), a cell suspamnsi
containing 10 U87-Luc cells per microliter was first injecteddrthe brains of mice. The tumor grew
for 5 days between DO and D5. At D5, 6 differerdugrs of mice received at the tumor cell implantatio
coordinates, (0.2.2) mm, 2 pl of different solusoor suspensions containing either 5 % of glucose
(groups I and 11), 500 pg in iron of M-PLL (groupsand VI) or 500 pg in iron of IONP (groups Ill and
IV). Groups |, lll, and V were not treated furtredter D5, whereas groups I, IV, and VI were exmbse
to 15 magnetic sessions (MS) at D5, D6, D7, D123,0114, D19, D20, D21, D26, D27, D28, D33,
D34, D35 for group Il, to 23 MS at D5, D6, D7, DI213, D14, D19, D20, D21, D26, D27, D28, D33,
D34, D35, D40, D41, D42, D47, D48, D49, D54, D56dooup 1V, to 27 MS at D5, D6, D7, D12, D13,
D14, D19, D20, D21, D26, D27, D28, D33, D34, D35(0D D41, D42, D47, D48, D49, D54, D55,
D56, D61, D62, D63 for group VI. Each magnetic sms$ncluded the application of an AMF with a
frequency of 202 kHz and strength of 27 mT for 3@utes. A second administration of 200 pg in iron
of M-PLL or IONP was carried out at D47 due to tumegrowth in 8 mice from group IV (M28, M29,

M30, M31, M32, M33, M34, M36) and in 4 mice fromogip VI (M47, M52, M53, M54).
2.8.5. Estimate of tumor volume from tumor bioluminescence intensity of living GBM cells

Tumor bioluminescence intensity (BLI) measurememé&e carried out one day before each
magnetic session to follow tumor size variationgwgisan IVIS Spectrum System (in vivo imaging
system, PerkinElmer, Inc., Walther, MA). Ten mirsuteefore BLI measurement, a suspension of

luciferin was administered intraperitoneally to thece. When luciferin reacted with the ATP of ligin
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GBM cells, it produced oxyluciferin, which is lun@scent. BLI, which is therefore proportional to the

number of live GBM cells, can be used to detectpifesence of live GBM cells.

Furthermore, a relation between BLI and tumor vawvas established (Figure S-7) by measuring at
D7, D14, D21, D28 and D35 both BLI in living micadain tumor volumes using histological analysis
of tumors collected from mice euthanized on theesaays. A linear relation was found between the
logarithm of the tumor bioluminescence intensiyg(BLI), and the logarithm of the tumor volume
expressed in mi log(volume(mm)), shown in Figure S-7. A linear coefficient of4lwas deduced
from fitting the plot of Figure S-7, a value thajrees with previously reported ones [36, 37, 38 T
average tumor volume (ATV) in the various groupsnide was measured by histological analysis at D5

as ~1.5 mm
2.8.6. Intratumor temperature measurements during treatment.

Temperature distribution in the tumor was measw@a®d function of time during the various
treatments using an infrared camera (EasIRTM-2pfise) placed 20 cm above the coil. Maximum
temperatures within the tumor region were then dedurom each infrared image, representing spatial
temperature distribution in the tumor region. Thegre plotted as a function of time for the various
treatments. Due to the shallowness of the tumag, tdmperature measured with a thermocouple
microprobe (IT-18, Physitemp, Clifton, USA) in tihegion of nanoparticle injection was the same as
that of the maximum temperature deduced from tfrared image. The distribution of heat in the tumor

therefore appeared similar to that at the braifasar which is measured with an infrared camera.
2.8.7. Satidtical analysis

Mouse survival rates were plotted using the Kapleer model method [40, 41]. Statistical
significance of survival rates in the different gps was evaluated using the log rank test. The

parameters were expressed as the mean + SD andahseg estimated relative to group | [15].
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2.9. Estimate of nanoparticle SAR in vitro and in vivo

The specific absorption rate, SAR, of the varioasapatrticles, expressed in Watts per gram of
nanopatrticle in iron, was estimated using the fdan8AR=G,(AT/dt)/ Xk, Where G = 4.2 J/gK is the
specific heat capacity of wateAT/dt is the initial slope of the temperature variatiafith time,
estimated irfC/sec, and X is iron concentration in g/mL provided by the npaxicles. The protocols
used to heat the various nanopartidlesvitro andin vivo are described in sections 2.7 and 2.8.4,
respectively. The values &fT/dt were deduced from the initial slopes of the plft&igure S-5 foiin

vitro heating and of Figures 5(c) and 6(c) fiovivo heating. The values of the specific absorptioagat

measuredn vitro andin vivo are provided in Table S-2.

2.10. Histological analysis

Histological studies were carried out on braingsasted from euthanized mice, which were fixed
with a 4% solution of paraformaldehyde, cut intangverse slices of 2 mm thickness and included in
paraffin. Sections of paraffin blocks with a 4 pinickness were deposited on glass slides and stained
with hematoxylin-eosin (H&E) to distinguish betwebaalthy and tumor areas. Histological analysis
was carried out on mice that received M-PLL at D&l avere euthanized 6 hours following M-PLL
injection (Figures S-9(a) and S-9(c)) or 72 hotrigfres S-9(b) and S-9(d)); or 6 hours following M-
PLL injection and one MS (Figures 8(a) and 8(c})7® hours following M-PLL injection and three MS
(Figures 8(b) and 8(d)). The same histological ysialwas done for IONP nanoparticles on mice
euthanized at (i) 6 or 72 hours after IONP admiatgin (Figures S-10(a) and S-10(b)); (ii) 6 hours
following IONP injection and one MS (Figure S-1Q(r (iii) 72 hours following IONP injection and

three MS (Figure S-10(d)).

3. RESULTSAND DISCUSSION

To fabricate M-PLL, we first grew gram-negative M3Rmagnetotactic bacteria. The TEM
image of Figure 1(a) shows a typical magnetotdsditterium that contains a long chain of nanopasdicl

called magnetosomes. The latter are used by magngtobacteria as a magnetic compass to navigate
11
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in the direction of earth’s magnetic field. Theizes, assembly, and magnetic properties have been
optimized over time by these bacteria to enablalggnment of the magnetosome magnetic moment
parallel to earth’s magnetic field [42]. This leadsbetter magnetic properties for magnetosomeas tha

for most chemically synthesized nanoparticles armkes magnetosomes especially appealing for
medical applications [43]. However, in the abseotspecific processing, the magnetosome mineral

core is surrounded by potentially toxic and pyrageorganic material, which is also difficult to

characterize.

3.1. Physical, chemical, and toxicity properties of uncoated magnetosome minerals (M-Uncoated)

In this study, the organic material was mostly reetb by isolating magnetosomes from
magnetotactic bacteria and treating the extractagnetosomes with several detergents (NaOH, phenol,
chloroform, SDS) combined with heat and sonicatisee Sl). This led to uncoated magnetosome
minerals, M-uncoated. Following these process&sptlsence of a low quantity of organic material at
the surface of the magnetosome mineral core waddifgiiged on the one hand by CHNS analysis (Figure
2(c)), which revealed a low percentage of Carbod%} and Nitrogen (0.2%) in M-Uncoated, and on
the other hand by FT-IR spectra that displayed deminant bands at 609 and 673 %rattributed to
iron oxide, and three weaker bands at 1041',c2933 crit, and 3295 ci, which most likely arise
from NH, CH, PO and OH bonds in the organic matesisrounding the magnetosome mineral core
that remained after treatments (Figure 2(a)). IfUMoated, the composition of the magnetosome
mineral core was determined to be maghemite frotarang isothermal remnant magnetization
(SIRM) measurements, which did not show the Vertkaysition (Figure S-2(b)). Due to their relatively
large size of 45 nm (Figure 1(e)), M-Uncoated prmtl magnetic hysteretic behavior at room
temperature with ratios between remnant and satgramagnetizations, MM saturating
magnetization, M and coercivity, | of 0.24, 64 Arffkg, and 10 mT, respectively (Figure S-2(a),
Table S-1). Furthermore, suspensions of M-Uncoatedtained a low endotoxin level of 10-100

EU.mLY.mg™.
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Concentrations of 15 to 1000 pg/mL of M-Uncoatedught into contact with 3T3 cells did not induce
any cell inhibition, indicating that M-Uncoated \eenon-cytotoxic (Figure S-4(a) and section 2.5).
Despite these properties, M-Uncoated tend to agtge@s revealed by the TEM image of M-Uncoated
presented in Figure S-1(a) and by the rapid deerga®ptical absorption by more than 80% in 20
minutes of a suspension of M-Uncoated, measured ainoparticle homogenization (Figure S-1(b)).
For medical applications, aggregation should badmebsince it can prevent thorough administration

and can lead to embolism in the organism.

3.2. Physical, chemical, and biocompatibility properties of magnetosome minerals coated with
poly-L-lysine (M-PLL)

To prevent their aggregation, improve their heaggperties and enable their administration,
M-uncoated were coated with a polycationic polynmply-L-lysine, yielding M-PLL. In M-PLL, the
presence of a poly-L-lysine coating was first réeddy the TEM image of M-PLL (Figures 1(b) and
1(c)), which shows seven magnetosomes with a nlicera coated with a 4- to 17-nm-thick layer of
organic material. Also highlighted by the FT-IR spam of M-PLL presented in Figure 2(a) are bands
at 1546 crit and 1656 cm, which are not in the FT-IR spectrum of M-uncoatEijure 2(a)) and are
attributed to the NH and C=0 bonds of the amideugsoof poly-L-lysine. Third, CHNS analysis
indicated a higher percentage of Carbon and NitrageM-PLL (5 and 1%, respectively) than in M-
uncoated (Figure 2(c)). Fourth, the zeta poterfah M-PLL suspension was positive over a wider
range of pH for M-PLL (2 < pH < 8) than for M-unded (pH = 2), as shown in Figure 2(b) and Table
S-1, suggesting the presence of a positively cldanggterial such as poly-L-lysine at the surfacéhef
magnetosome mineral core in M-PLL. M-PLL also teadorm chains (Figure 1(b)), an organization
that prevents aggregation and leads to well-diggersanoparticles, as shown in the TEM images of
Figures 1(b) and 1(c). Furthermore, as for M-UnedaM-PLL produced magnetic hysteretic behavior
at room temperature with #s ~0.19 (Figure S-2(a)), M~ 72 Anf/kg, and H ~ 5 mT (Table S-1).
Magnetic hysteretic parameters of M-PLL differ sfgrantly from those of M-Uncoated, possibly due

to different types of nanopatrticle interactions.
13



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

As for M-uncoated, M-PLL suspensions containedvagéndotoxin concentration of 78 EU ming®, as
deduced by the LAL assay, leading to an absencpyadgenicity in the rabbit test,e, a rabbit
temperature increase of 0.38 °C following injectadrb mg of M-PLL in its ear, which is less thareth
limit of 0.5 °C necessary to pass the test (see Sice the percentage of 3T3 cell inhibition vdrie
between 16 pg/mL and 1 mg/mL in iron and was léss t30% when these cells were brought into
contact with M-PLL at concentrations, M-PLL alsapred relatively non-cytotoxic (Figure S-4(a) and
section 2.5). M-PLL also seemed slightly more aytat than M-Uncoated, which may be due to M-
PLL internalizing cytotoxic poly-L-lysine, as exped for a transfecting agent and as observed far U8
cells (Fig. 3(e)). Direct injection in the brain €@.2.2) mm of 0.5 mg iron of M-PLL, which is
equivalent to the initial administered therapedise, did not induce weight loss during the twoksee
following injection, indicating that such a dosesasafe (Figure S-6(c)). For this same quantity and
higher doses of 1 to 4 mg of M-PLL, acute systemaixicity was not observed (Figure S-6(a)),
indicating that if M-PLL was going to leak in thascularization system after leaving the brain, this
night not induce toxicity. Furthermore, the optieslsorption of a M-PLL suspension decreased by less
than 20% in 20 minutes (Figure S-1(b)) and M-PLEmnsions remained stable for 4 hours following
their preparation (Figure S-11). M-PLL thereforg@ared to be sufficiently stable and nontoxic to be

safely administered in mice.

3.3. Physical, chemical, and biocompatibility properties of | ONP

Compared with M-PLL, chemically synthesized irondexnanoparticles (IONP) were characterized
by more irregular shapes and smaller sizes of 20tom, as shown in the TEM image of Figure 1(d).
The surface of IONP also differed from that of MiRlas revealed first by CHNS measurements that
indicated percentages of carbon and nitrogen inR@N9 and 0%, respectively, and second, by the FT-
IR spectrum of IONP (Figure 2(a)) that displaysthdominant bands attributed to iron oxide at 6&D a
673 cm'® and starch polymer at 1025 ¢mand 1150 ci. Furthermore, over a wide range of tested pH

values (2<pH<8), the zeta potential of the IONFpsusion appeared to be less positive than for M-PLL

14



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

(Figure 2(b)). IONP displayed lower values of M47 Anf/kg and of M/Ms ~ 0.15 but a higher value

of Hc ~ 11 mT compared with M-PLL.

Due to their chemical synthesis, IONP suspensionsamned a low endotoxin concentration of 50 EU
mL™*mg*. Under similar conditions of toxicity assessmesitfar M-PLL, IONP appeared to be non-
cytotoxic towards 3T3 cells (Figure S-4(a)) and twtead to any toxicity following administration i
the brain or in the tail of mice (Figures S-6(dda®-6(b)). In addition to being nontoxic, the IONP
suspension remained stable during 20 minutes afrptlsn measurement, which suggests that they

could safely be administered to mice (Figure S1(b))

3.4. In vitro heating and cytotoxic properties of M-PLL and | ONP

Next, nanoparticleheating and toxicity properties in the presence®7-Luc cells under application
(or not) of an AMF were examined. To be able toeéase the temperature of an assembly of tumor cells
and nanoparticles by a quantity similar to thathea in a hyperthermia treatmeng,, by 18 °C and
5 °C for M-PLL and IONP, respectively (Figure S-5), im®ught into contact 1 mg/mL of IONP and M-

PLL with U87-Luc cells and we applied an AMF of @ and a frequency of 202 kHz for 30 minutes.

The percentage of cell death of these assembliesased from 60% and 0.2% before AMF application
to 90% and 8.1% after AMF application for M-PLL aidNP, respectively (Figures 3(a) to 3(d)).
Overall, M-PLL appeared to be more cytotoxic th@NP both in the absence and presence of the AMF,
a behavior that may be attributed to the M-PLL meawrticle chain arrangement that could enhance
nanoparticle interactions with cells, to PLL insia cytotoxicity [44], or to M-PLL being more strghy
internalized in U87-Luc cells than IONP (Figure)3(@ossibly resulting in enhanced PLL intracelfula
interactions. Part of this behavior may also be wuthe higher specific absorption rate (SAR) of M-
PLL (SAR = 52 W/ge than IONP (SAR = 39 W/g), as deduced from the initial slopes of theitro
temperature variations with times of both typesafoparticles following AMF application (Figure S-5
and Table S-2). Furthermore, cell death in theges of nanoparticles mainly appeared to be agoptot

in the presence (or not) of the AMF. Interestinghg percentage of cell death due to apoptosis gmon
15
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all dead cells increased from 43% and 50% beford=Aldplication (Figures 3(a) and 3(c)) to 70% and
99% after AMF application (Figures 3(b) and 3(a)) M-PLL and IONP, respectively, suggesting that a

moderate temperature increase of 5-8 °C (Figurg s3réngly favors apoptosis versus necrosis [45].

3.5. Antitumor efficacy in mice bearing intracranial U87-Luc tumors treated by intratumor
administration of M-PLL and | ONP followed by magnetic sessions

To compare the antitumor efficacy of M-PLL with thaf IONP in the treatment of GBM using
magnetic hyperthermia, mice bearing intracraniaVl8c tumors were treated following the protocol
described in section 2.9. Five days following U8¥lcell implantation at brain coordinate (0.2.2) mm
intracranial U87-Luc tumors had reached an avesare of ~1.5 mm Mice were then separated into
the 6 aforementioned different groups and wereaedceas follows. Control groups | and Il received at
(0.2.2) mm an intra-tumor administration of glucegeéhout AMF application (group 1) or followed by
15 magnetic sessions (group Il). Other mice rece®@0 pg in iron of M-PLL or IONP at (0.2.2) mm
without any further treatment (groups Ill and Vi),ame or two administrations of 500 or 700 pg @&fstn
nanoparticles with 23 to 27 magnetic sessions (gdyv and VI). Each magnetic session consisted in

the application of an AMF of 27 mT and 202 kHz 3@ minutes.

Nanoparticle treatments with/without AMF applicatiappeared to be safe because signs of toxicity
(body weight loss, prostration, pain) were not obse in mice 2 weeks following administration. To
follow tumor size evolution, the luminescence isignof U87-Luc tumor cells, which was shown to be
proportional to the tumor volume (Figure S-7), vasasured using an in vivo imaging system (IVIS)

spectrum every 7 days after tumor cell implantation

For the control groups | (G5 injection only) and(@5 injection with MS), average tumor volumes
(ATV) increased exponentially from 1.5 mirat DO to 180-200 mrhat D45 (Figure 4(a) and 4(b)).
Signs of antitumor activity were not observed, #mese mice had to be rapidly euthanized at D40-D54.
Whereas mice belonging to group Il (IONP admir@stn) displayed a similar behavior to those of the

control groups | and I, those of group V (M-PLLnaihistration) had delayed tumor growth, leading to
16



385 longer survival by 100 days compared with contm@ugps | and Il (Figures 4(e) and 7) and indicating
386 clear but only partial anti-tumor activity. ThisHsvior could be attributed to M-PLL cytotoxicity &n
387 led to a median survival day (MSD) of 111, p<0.000Which was larger than that of 46,

388 0.338<p<0.662 measured for groups Il and lII.

389 In group VI, the administration of M-PLL followedy®27 MS strongly enhanced antitumor efficacy,
390 leading to an ATV, initially at 1.5 mfrat D4, which either continuously decreased in fiviee (M46,
391 M48, M49, M50 and M51) or decreased, increased datdeased again following a second nanopatrticle
392 administration at D47 in four other mice (M47, M3253, and M54), as shown in Figure 4(f). These
393 two types of behaviors are highlighted in Figurés) &nd 5(b), which show variations in tumor voleme
394 with corresponding BLI of brain tumors as a funatiof time for mice M54 (Figure 5(a)) and M51
395 (Figure 5(b)). They led to full tumor disappearaated30 to D68, respectively, and to 100% of mice
396 Dbeing alive at D350 (MSD=350, p<0.0001*). The edfig of the treatment could be attributed to
397 magnetosomes remaining in the brain for a longopleoif time. M-PLL were indeed observed 72 hours
398 after 3 MS (Figure 8(b)) and 250 days after treatm@igure 9(b)), possibly enabling a coupling
399 between the applied magnetic field and the magoetes during this time period, hence yielding
400 persistent antitumor activity. Mice were euthanizdD350 for histological analysis of their brains,
401 revealing the absence of tumor cells, lesions, esheina without (Figure 9(a)) or with (Figure 9(b))
402 nanoparticle remains. Overall, the treatment wéisieft and safe. Healthy tissues surrounding the
403 tumor appeared not to be damaged by hyperthernbse(@e of edema and necrosis/apoptosis), as

404 observed 72 hours after 3 MS in Figure 8(b) or @& after treatment in Figures 9(a) and 9(b).

405 Compared with mice belonging to group VI, thosegodup IV (IONP administration and magnetic
406 sessions) were prone to less significant antituefficacy. The AVT either increased from 1.5 rhat

407 DO to 150 mmat D50 in 7 mice (M28, M30, M31, M32, M33, M34 akt86) with an observed tumor
408 growth delay compared with mice belonging to groygkand Ill or disappeared fully at D55 without

409 tumor regrowth in 2 mice (M29 and M35). These tyes of behaviors are exemplified in Figures 6(a)
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for M35 and 6(b) for M29, which show that tumor wwle either continuously decreased (Figure 6(a))

or increased less rapidly than in groups | toRlg(re 6(b)), yielding an MSD of 57, p<0.0001*.

3.6. More intense and persistent tumor heating reached with M-PLL than with |ONP

Full tumor disappearance was associated with healuped by nanoparticles in the presence of
U87-Luc tumor cells, since in the absence of hegatithe tumors continued to grow following
nanoparticle administration (M-PLL or IONP admingion without MS, Figures 4(c) and 4(e)). We
therefore examineih vivo nanopatrticle heating properties of mice belongmgroups IV (IONP + MS)
and VI (M-PLL + MS). During the first MS, where lbotypes of nanoparticles produced heat, the
temperature increase measured over the wholeAWlSand the SAR deduced from the initial slopes of
the plots of Figures 5(c) and 6(c) for M-PLL andNIB, respectively, were higher for M-PLAT30min =
17.5 °C and SAR = 1.3 W{g than for IONP AT3zomin = 8.5 °C and SAR = 0.2 W¥g, a behavior that
corroborates the heating properties obsemedtro (Figure S5). Furthermore, tumors could be heated
during a larger number of MS with M-PLL than witBNIP,i.e., during 16 and 1 MS following the first
nanoparticle administration and during 9 and 1 Mi®Wwing the second nanoparticle administration for
M-PLL and IONP, respectively (Figures 5(c), 5(dfc)6and 6(d)). We also measured that the ratio
between the surface representing the distributtoremperatures, which are more than 1 °C above
mouse physiological temperature and the tumor seyfis[12% during the 20 first MS, then increases
from 2 to 6% between the Y@Gnd 28' MS for M-PLL, whereas it decreases from 1% to O8tween
the first and fifth MS for IONP (Figure S-8). M-PLtould therefore be heated for a longer period of
time than IONP. The higher heating power and mersiptent tumor heating observed for M-PLL than
IONP do not, however, seem sufficient to fully eplthe enhanced M-PLL antitumor activity. Indeed,
the percentages of areas within heated tumors edasfith both types of nanoparticles are smiadl,
below 6% (Figure S-8), which may be attributed e partial tumor occupation by nanopatrticles, as
deduced from histological analysis (Figures 8(ayl &ib) and Figures S-10(c) and S-10(d)). We

concluded from this observation that tumor destoncivas not only directly induced by heat.
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3.7. Possible indirect mechanisms leading to enhanced anti-tumor efficacy with M-PLL than with
IONP

We therefore studied the possible mechanisms iedoim tumor destruction outside the heated
region. As observeth vitro, M-PLL led to enhanced apoptotic cell death in phesence of AMFi.e,
63% (Figure 3(b)) compared with 8% for IONP (Fig@d@l)). In vivo U87-Luc cell death may also
mainly be due to apoptosis since temperature iseggavhich have been suggested to be responsible fo
the cell death mechanism [46], were relatively Emnin vitro andin vivo during the first MS at 8-17.5
°C for M-PLL (Figures 5(c) and S-5) and 5-8.5 °C fONP (Figures 6(c) and S-5). Apoptosis may
induce cellular death at a certain distance from région which is heated or contains nanoparticles
through a thermal bystander effect, possibly legdm antitumor activity occurring within the whole

tumor volume [47,48].

Heat may also result in stronger micro-vascular aganfor M-PLL than IONP, since M-PLL were
observed in the ventricles near the blood vesseh flonger time (6 and 72 hours, Figures S-9(eB-to
9(d)) than IONP (6 and 72 hours, Figures S-10(c) 8A10(d). This possibly led to the enhanced
destruction of the blood vessels supplying the tuwith oxygen [49] and, therefore, to stronger tumo

asphyxia with M-PLL than with IONP.

The immune system, although only partially actidaite nude mice, may also possibly be involved in
antitumor activity [50]. Indeed, polynuclear neythds (PNN), which were observed 6 hours following
M-PLL administration (Figures 8(a), 8(c), S-9(a)da®-9(c)) may possibly target M-PLL and destroy
tumor cells surrounding them. Interestingly, thé&y ot seem to be recruited by endotoxins becdwse t
percentage of endotoxins released by M-PLL and I@MBwing MS was similar and low (Figure S-3),

but this may have occurred due to poly-L-lysinenflammation [51].

Finally, poly-L-lysine cytotoxicity, observed ind¢habsence of MS application (Figure S-4(b)), may be
enhanced by MS due to the production of localizeat lor to the detachment of poly-L-lysine from the

magnetosome mineral core, as described elsewhdnepyiogenic chains of magnetosomes. Poly-L-
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lysine diffusion away from M-PLL may induce tumagllcdestruction outside the region that was heated

or contained nanoparticles.
4. CONCLUSION

We have presented a method for producing magneessymthesized by magnetotactic bacteria
in which magnetosomes are extracted from thesefiacpurified to remove most organic material and
endotoxins, and then coated with poly-L-lysinedoi a stable suspension of M-PLL. We have shown
that M-PLL are pyrogen-free, non-toxic and thatytieeld in vitro andin vivo a larger amount of heat

than IONP, thus enabling enhanced tumor cell detsbmt

Thus, when 500 to 700g of M-PLL in iron was administered to intracranidd87 luc tumors of 1.5
mm® and the tumors were exposed to an alternating etiagfield of 27 mT and 202 kHz, applied 27

times for 30 minutes, all of the mice were alivel apparently cured 350 days following injection.

The observed antitumor activity did not appear ¢osblely due to the direct destruction of the tumor
cells by temperature increase since the latteromgsobserved in a portion of the tumor. In addhtiave
observed full tumor destruction for M-PLL occupyipgrt of the tumor, which is desired for GBMs that
are infiltrating and can therefore hardly be fudyvered by nanoparticles. We have identified fateo
possible mechanisms of tumor destruction in noridteeegions. These are apoptotic tumor cell death,
destruction of blood vessels irrigating the tunmecruitment of polynuclear neutrophils, and a aytat

effect of poly-L-lysine.

Finally, compared with previous preclinical stud&sowing increased survival of 15-44 days in rats
bearing RG-2 or T-9 glioma tumors and treated bgme#ic hyperthermia at 43-47 °C [15, 19] and with
IONP that resulted in 20% of mice with full tumoisappearance, M-PLL led to enhanced antitumor

efficacy with full U87-Luc tumor disappearance 0% of treated mice.
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502 Figure 1 Transmission electron microscopy images of a MSB¢yphiswaldense magnetotactic

503 bacterium (a) of magnetosome minerals coated vatirlp-lysine organized in chains, M-PLL, (b), (c),
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504 and of IONP (d). (e) Histogram representing the sistribution of uncoated magnetosome minerals,

505 M-Uncoated, where measurements were carried 0806rmagnetosomes.
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Figure 2 (a), FTIR spectra of uncoated magnetosome minekéldncoated, magnetosome minerals
coated with poly-L-lysine, M-PLL, and iron oxidenm@particles, IONP. (b), Zeta potential variatioss a
a function as pH of suspensions of M-Uncoated, NI;Pand IONP. (c), Percentages of carbon and

nitrogen, measured with a CHNS analyzer, in M-UtedaM-PLL, and IONP.
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Figure 3 Fluorescence intensity of propidium iodide (FL2-& a function of the fluorescence intensity
of annexin V (FL1-Annexin V) for (a) 1 mg of M-PUbrought into contact with U87-Luc cells without
AMF application, M-PLL, (b) 1 mg of M-PLL broughtntio contact with U87-Luc cells followed by one
MS, M-PLL + MS, (c) 1 mg of IONP brought into coantavith U87-Luc cells without AMF application,

IONP, (d) 1 mg of IONP brought into contact with TJBuc cells followed by one MS, IONP + MS (d).
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522 (e) Quantity of iron originating from M-PLL and IGNwhich is internalized, measured in pg of iron pe
523 cell when 1 mg of IONP or M-PLL was brought intontact with U87-Luc cells, followed (or not) by

524 one MS. Each MS consisted in the application oAMF of 27 mT and 202 kHz applied during 30
525 minutes. In (a) to (d), L, A and N, designate stefaareas where each point designates a live,&mopt

526  or necrotic cell, respectively.
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532 Figure 4 Variations in tumor volumes in mias a function of days following U87-Luc tumor cell
533 implantation for mice belonging to groups | (glueasjection) (a) Il (glucose injection with MS),)(bI
534  (IONP administration), (c) IV (IONP administratiovith MS), (d) V (M-PLL administration), (e) VI (M-
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Figure 5 Variation in tumor volumes in minas a function of days following U87-Luc tumor cell

administration for a mouse belonging to group Vihatwo M-PLL administrations (a) and for another

mouse of group VI with one M-PLL administration .(nages of tumor BLI are shown at D4, D32,

D46, and D123 in (a), and at D4, D18, D74, and Dib2®). In (a) and (b), the star designates theada
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543 which nanoparticles are administered in the turMaximum temperatures deduced from the spatial
544  temperature distribution in the tumor as a functidrtime during each MS, following a first M-PLL
545 administration (MS1 to MS18) (c) or a second M-Rddministration (MS19 to MS27) (d). In (c) and
546 (d), maximum temperatures are average values dédum® measurements carried out on each mouse
547  belonging to group VI.
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Figure 6 Variation in tumor volumes in minas a function of days following U87-Luc tumor cell
administration for a mouse belonging to group IMhwiull tumor disappearance (a), and for another
mouse of group IV with tumor growth delay (b). la) (and (b), stars designate the day at which

nanoparticles were administered to the tumor. Imagetumor BLI are shown at D4, D11, D60, and
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555 D144 in (a) and at D4, D18, D32, D53 and D67 in [Bximum temperatures deduced from the spatial
556 temperature distribution in the tumor as a functdriime for the various MS following a first IONP
557 administration (MS1 to MS18) (c) or a second IONBaistration (MS19 to MS23) (d). In (c) and (d),
558 maximum temperatures are average values deducednfireasurements carried out on each mouse of
559 group VI.

560

32



561

100 e

ki ——Glucose
L]
LY

0
o
il

i : 1
P —IONP
li - IONP +H

N8
o
an

209 b b S ———

Survival rate (%)
»
o

o
L

0O 50 100 150 200 250 300 350
Time (days)

562

563

564 Figure 7 Percentage of survival as a function of days Wil nanoparticle administration for mice of
565 groups I (glucose), Il (glucose +H), 1l (IONP), INONP +H), V (M-PLL), and VI (M-PLL +H). The
566 stars indicate that the p-values are lower thah 10
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(a) M-PLL 6 h with MS

i,

(b) M-PLL 72 h with 3 MS

H .

Figure 8
568
569 Figure 8 Histological optical microscopic images of a bralide stained with Hematoeosin of a mouse
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570 treated by M-PLL intratumor administration followeg one MS (M-PLL 6 h with MS) (a) or by three
571 MS (M-PLL 72 h with 3 MS) (b). (c) and (d) are engjaments of (a) and (b), respectively. In (a) d)d (
572 H and T designate healthy and tumor regions, réisec The green arrow in (c) points towards
573 polynuclear neutrophils.
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575

576

577

578 Figure 9 Histological optical microscopic images of a bralide stained with Hematoeosin, collected
579 from two mice belonging to group VI euthanized 3#ys following M-PLL administration, and in
580 some mice, showing the absence (a) or the pregbhoé M-PLL.
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