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ABSTRACT  20 

Magnetic hyperthermia was reported to increase the survival of patients with recurrent glioblastoma by 7 21 

months. This promising result may potentially be further improved by using iron oxide nanoparticles, 22 

called magnetosomes, which are synthesized by magnetotactic bacteria, extracted from these bacteria, 23 

purified to remove most endotoxins and organic material, and then coated with poly-L-lysine to yield a 24 

stable and non-pyrogenic nanoparticle suspension. Due to their ferrimagnetic behavior, high crystallinity 25 

and chain arrangement, these magnetosomes coated with poly-L-lysine (M-PLL) are characterized by a 26 

higher heating power than their chemically synthesized counterparts currently used in clinical trials. M-27 

PLL-enhanced antitumor efficacy was demonstrated by administering 500 to 700 µg in iron of M-PLL to 28 

intracranial U87-Luc tumors of 1.5 mm3 and by exposing mice to 27 magnetic sessions each lasting 30 29 

minutes, during which an alternating magnetic field of 202 kHz and 27 mT was applied. Treatment 30 

conditions were adjusted to reach a typical hyperthermia temperature of 42 °C during the first magnetic 31 

session. In 100% of treated mice, bioluminescence due to living glioblastoma cells fully disappeared 68 32 

days following tumor cell implantation (D68). These mice were all still alive at D350. Histological 33 

analysis of their brain tissues revealed an absence of tumor cells, suggesting that they were fully cured. 34 

In comparison, antitumor efficacy was less pronounced in mice treated by the administration of IONP 35 

followed by 23 magnetic sessions, leading to full tumor bioluminescence disappearance in only 20% of 36 

the treated mice. 37 

KEYWORDS  38 

Magnetosomes, magnetotactic bacteria, magnetic hyperthermia, alternating magnetic field, glioblastoma, 39 

U87, magnetic hyperthermia. 40 
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1. INTRODUCTION 42 

Every year, 25,000 patients in the United States and in Europe are diagnosed with glioblastoma (GBM) 43 

[1, 2], a dreadful disease with a low 5-year survival rate of 10% with standard treatments [3, 4]. New 44 

treatments are under development to improve this poor prognosis [5-13]. Among them, different types 45 

of thermotherapies such as whole-body hyperthermia, ultrasound waves, radiofrequency microwaves, 46 

phototherapy and magnetic hyperthermia have been tested [14]. Compared with other thermotherapies, 47 

magnetic hyperthermia treatment [5-20], in which iron oxide nanoparticles are administered to tumors 48 

and heated under alternating magnetic field (AMF) application, requires lower heating temperatures of 49 

43-50 °C to be efficient. This is due to a more localized heat that improves efficacy and safety. Using 50 

chemical superparamagnetic iron oxide nanoparticles (SPION), the magnetic hyperthermia treatment of 51 

patients with GBM was associated with an increase in patient survival following the diagnosis of first 52 

tumor recurrence of 7 months compared with conventional therapies [4, 21, 22]. To improve further the 53 

efficacy of magnetic hyperthermia, magnetic nanoparticles with better heating properties than those of 54 

SPION could be used. Such properties may be achieved by stable magnetic single domain iron oxide 55 

nanoparticles, which are either doped with cobalt to increase magnetocrystalline anisotropy [23], or that 56 

possess a large size, typically between 40 and 100 nm, leading to ferrimagnetic properties. 57 

In this article, instead of introducing a toxic compound such as cobalt in nanoparticles, we use 58 

magnetotactic bacteria to synthesize large nanominerals called magnetosomes. The latter are cubo-59 

octahedric iron oxide minerals composed of magnetite or maghemite depending on their level of 60 

oxidation, which are surrounded by biological material and usually organized in chains. Compared with 61 

SPION, magnetosomes are larger and better crystallized, yielding improved magnetic properties useful 62 

in a series of different applications, including magnetic hyperthermia [24]. In addition, due to their chain 63 

arrangement, magnetosomes are not prone to aggregation and lead to homogenous tumor temperature 64 

distribution [25-30]. In previous studies, suspensions of chains of magnetosomes isolated from 65 

magnetotactic bacteria were administered to MDA-MB-231 breast tumors xeno-grafted subcutaneously 66 
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under the skin of mice and were exposed to several AMF applications, yielding more efficient antitumor 67 

efficacy than SPION [25, 26]. Despite these appealing features, magnetosomes suffer from two 68 

drawbacks that have hindered their industrial development. On the one hand, the biological material 69 

surrounding their mineral core is difficult to fully characterize and obtain reproducibly with the same 70 

composition. In addition, in the absence of a specific treatment, they contain lipopolysaccharide since 71 

magnetosomes originate from gram-negative magnetotactic bacteria. On the other hand, with most 72 

current methods of bacterial growth, magnetosome production yield is relatively low, typically below 10 73 

mg/L/day [31].  74 

In this study, we have developed a magnetosome synthesis method that uses MSR-1 magnetotactic 75 

bacteria and leads to a large amount of magnetosomes (~100 mg per liter of growth medium). In this 76 

method, magnetosomes were first isolated from magnetotactic bacteria, most biological material was 77 

removed, and the magnetosome mineral core was then stabilized with a poly-L-lysine coating, leading to 78 

nanoparticles called M-PLL. M-PLL properties such as composition, surface charge, magnetic 79 

parameters, stability, cytoxicity, pyrogenicity, and systemic and brain toxicity, were determined and 80 

compared with those of chemically synthesized iron oxide nanoparticles (IONP) currently used for 81 

magnetic hyperthermia [32, 33]. Then, we studied in vitro whether M-PLL and IONP induce U87-Luc 82 

cell death in the presence (or not) of an AMF and whether cell death occurs through an apoptotic or 83 

necrotic mechanism. 84 

The anti-tumor efficacy of M-PLL and IONP was also examined in vivo by first growing U87-Luc 85 

human GBM tumor cells inside the brain of nude mice. When tumors reached a size of ~ 1.5 mm3, 2 µl 86 

of a suspension containing 500 µg in iron of M-PLL or IONP was administered at the site of tumor cell 87 

implantation and mice were then exposed 23 or 27 times for 30 minutes to an AMF of strength 27 mT 88 

and frequency 202 kHz. When the tumors re-grew despite the magnetic treatments, we re-administered 89 

200 µg in iron of M-PLL or IONP at 47 days following tumor cell implantation (D47). To compare the 90 

efficacy of both treatments, the maximum mouse survival day reached with M-PLL and IONP was 91 
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estimated. Possible mechanisms responsible for antitumor activity were also examined and we 92 

distinguished between those taking place in heated and unheated regions. 93 

2. MATERIALS AND METHODS 94 

2.1. Classification of the different suspensions of nanoparticles as a medical device of class III 95 

Suspensions containing IONP and M-PLL were classified as medical devices of class III, since 96 

medical products containing nanomaterials, which were also activated by an external source of energy 97 

and used to treat cancer, were categorized as such [34, 35].  98 

2.2. Preparation of the M-PLL suspension 99 

2.1.1. Growth of MSR-1 magnetotactic bacteria 100 

MSR-1 magnetotactic bacteria were purchased from DSMZ (DSM-6361, Braunschweig, 101 

Germany). After cultivation in an agar gel, several colonies of these bacteria were collected and 102 

amplified in a pre-culture growth medium without iron up to an optical density measured at 565 nm 103 

(OD565) of ~ 0.5-2. Cells were then grown in a fermenter under batch fed conditions using an acid 104 

solution containing an iron source that maintained the pH of the growth medium at 6.9. During 105 

fermentation, oxygen was bubbled in the growth medium with an air compressor to promote bacterial 106 

growth while maintaining oxygen concentration below 0.1% to enable magnetosome synthesis. After 75 107 

hours, we obtained a bacterial suspension with OD565 ∼ 10-12 containing ~100 mg of magnetosomes in 108 

iron per liter of growth medium, as deduced by the iron assay. The growth protocol of magnetotactic 109 

bacteria is detailed in the supplementary information (SI). 110 

2.1.2. Preparation of uncoated magnetosome minerals, M-Uncoated 111 

Following fermentation, suspensions of bacteria were concentrated and re-suspended 112 

successively in several solvents (1 M NaOH, 1X PBS, Triton X-100 and 1% SDS, phenol, chloroform) 113 

under different sonication and temperature conditions and for various times to remove most organic 114 

material originating from the magnetotactic bacteria. The resulting suspension contained mainly the 115 
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mineral cores of the magnetosomes. The suspension was autoclaved for sterilization. The method used 116 

to prepare suspensions of M-Uncoated is detailed in SI.   117 

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

Suspensions of M-Uncoated at 20 mg/mL in iron were mixed under sterile conditions with a 119 

poly-L-lysine solution at 40 mg/mL at pH 9.5 under sonication. The supernatant containing free poly-L-120 

lysine in excess was removed. Nanoparticle suspensions were washed with sterile water. Water was 121 

removed and replaced with 5% glucose. A sterile and injectable suspension of M-PLL mixed in 5% of 122 

glucose was thus obtained. The method used to prepare suspensions of M-PLL is detailed in SI.    123 

2.3. Preparation of the IONP suspension 124 

Ferrimagnetic chemically synthesized iron oxide nanoparticles (IONP) were purchased from 125 

Micromod, reference: 10-00-102 [33]. Prior to their administration in mice and to in vitro studies, IONP 126 

suspensions were centrifuged at 14,000 rpm (12x4 g) for 30 min and were then washed 3 times with a 127 

sterile injectable solution of 5% glucose. 128 

2.4. Measurements on the different suspensions  129 

To measure iron concentrations, nanoparticle sizes, morphology, surface charge, stability, 130 

surface and core composition, and magnetic properties, we used a series of different methods based on 131 

optical absorption, transmission electron microscopy, dynamic light scattering, Fourier transform 132 

infrared (FT-IR), carbon, hydrogen, nitrogen, and sulfur (CHNS) elemental analysis, or vibrating sample 133 

magnetometry (VSM), as described in more detail in SI. 134 

2.5. Toxicity assessment of the suspensions of nanoparticles 135 

In vitro cytotoxicity of M-PLL and IONP in healthy cells was evaluated by a neutral red uptake 136 

assay (NRU). In this assay, various nanoparticle concentrations (between 16 µg/mL and 1 mg/mL in 137 

iron) were incubated with 3T3 cells for 24 hours, and the percentage of cell inhibition was measured by 138 

optical absorbance. A non-cytotoxic behavior corresponded to a percentage of inhibition, which was 139 
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below 30%. We used a nanoparticle concentration that varied between the nanoparticle concentration of 140 

6 cm2/mL, corresponding to 22 µg/mL, and the nanoparticle concentration of 1 mg/mL necessary to heat 141 

cells in vitro (see section 2.7). The endotoxin concentration of the M-PLL and IONP suspensions was 142 

measured by a Limulus Amebocyte Lysate (LAL) assay and the pyrogenicity of these suspensions was 143 

evaluated by a rabbit test.  144 

Acute systemic toxicity of IONP and M-PLL was examined by intravenously injecting 100 µL of 145 

nanoparticle suspensions at a concentration of 50 mg in iron per ml in the tails of 6-week-old C57/BL6 146 

mouse females. The brain toxicity of IONP and M-PLL was studied by injecting at brain coordinate 147 

(0.2.2) mm different concentrations in iron of M-PLL and IONP (250, 100, 50 and 20 mg/mL in iron) in 148 

the right hemisphere of 5-week-old athymic female nude mice. To evaluate systemic and brain 149 

toxicities, the mouse body weights and abnormal behaviors were followed for two weeks after 150 

administration, as described in more detail in SI. 151 

2.6. Cells used for in vitro and in vivo antitumor efficacy studies 152 

Cells used for in vitro and in vivo antitumor efficacy studies were U87-MG Luc human GBM 153 

cells transduced with a Neo-luciferase gene, U87-Luc. After thawing, U87-Luc adherent cells were 154 

cultivated at 37 °C in the presence of 5% CO2 in Dulbecco's Modified Eagle Medium (DMEM) 155 

containing 10% fetal bovine serum (FBS). Once the cells reached confluence, the culture dishes were 156 

rinsed with Hank's Balanced Salt Solution (HBSS). Cells were then detached by trypsinization for 5 157 

minutes at 37 °C in the presence of 5% CO2. The action of trypsin was stopped by addition of the 158 

medium containing FBS. The cellular concentration was determined using a Malassez cell, and the cells 159 

were then used for in vitro and in vivo antitumor efficacy studies. 160 

 161 

2.7. Apoptosis and necrosis induced by M-PLL and IONP brought into contact with U87-Luc cells 162 

in the presence (or not) of an alternating magnetic field 163 
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The in vitro antitumor efficacy of M-PLL and IONP towards U87-Luc tumor cells was 164 

determined by bringing into contact 1 mg/mL in iron of these nanoparticles with U87-Luc cells for 30 165 

minutes and by exposing (or not) these assemblies to an AMF of 202 kHz and 27 mT for 30 minutes to 166 

produce a temperature increase of 4-7 °C (Figure S-8), which was measured with an infrared camera. 167 

Following treatments, cells were incubated for 24 hours at 37 °C in the presence of 5% CO2. They were 168 

then harvested, mixed with Annexin V (apoptosis detection) and Propidium iodide (necrosis detection), 169 

and introduced in the cytometer where luminescence intensities of Annexin V and Propidium iodide 170 

were detected following excitation at 488 nm. This enabled the determination of the percentage of 171 

apoptosis and necrosis among treated U87-Luc cells, as detailed in the SI.    172 

2.8. In vivo antitumor efficacy studies of M-PLL and IONP 173 

2.8.1. Ethical considerations 174 

In vivo experiments were carried out following the ethical guidelines of the Institutional Animal 175 

Care and Use Committee (“Ethic committee Charles Darwin N° 5”). In particular, mice were fed and 176 

watered according to these guidelines and were euthanized by cervical dislocation when their weight had 177 

decreased by more than 20% relative to their initial weight before tumor cell implantation or when signs 178 

of pain, unusual posture or prostration were observed. 179 

2.8.2. Animals 180 

Pathogen-free 5-week-old athymic female nude mice of mean weight 18 g, purchased from 181 

Charles River, were used for in vivo experiments.  182 

2.8.3. Models of Intracranial U87-Luc cells in mice 183 

Before being mounted in a stereotactic frame, mice were anesthetized with a mixture of 184 

Ketamine (100 mg/kg) and Xylazine (8 mg/kg). To achieve the surgical procedure leading to cell 185 

implantation, a craniotomy was carried out and 2 µl of a suspension containing 2.105 U87-Luc cells was 186 
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injected into the right caudate nucleus putamen (relative to bregma in mm: 0.2.2) designated as (0.2.2) 187 

mm.  188 

2.8.4. In Vivo treatment groups 189 

Six groups of mice with induced tumors, as described in section 2.8.3, were subjected to 190 

different treatment protocols (Table S-4). Each group contained 9 mice. At day 0 (D0), a cell suspension 191 

containing 105 U87-Luc cells per microliter was first injected into the brains of mice. The tumor grew 192 

for 5 days between D0 and D5. At D5, 6 different groups of mice received at the tumor cell implantation 193 

coordinates, (0.2.2) mm, 2 µl of different solutions or suspensions containing either 5 % of glucose 194 

(groups I and II), 500 µg in iron of M-PLL (groups V and VI) or 500 µg in iron of IONP (groups III and 195 

IV). Groups I, III, and V were not treated further after D5, whereas groups II, IV, and VI were exposed 196 

to 15 magnetic sessions (MS) at D5, D6, D7, D12, D13, D14, D19, D20, D21, D26, D27, D28, D33, 197 

D34, D35 for group II, to 23 MS at D5, D6, D7, D12, D13, D14, D19, D20, D21, D26, D27, D28, D33, 198 

D34, D35, D40, D41, D42, D47, D48, D49, D54, D55 for group IV, to 27 MS at D5, D6, D7, D12, D13, 199 

D14, D19, D20, D21, D26, D27, D28, D33, D34, D35, D40, D41, D42, D47, D48, D49, D54, D55, 200 

D56, D61, D62, D63 for group VI. Each magnetic session included the application of an AMF with a 201 

frequency of 202 kHz and strength of 27 mT for 30 minutes. A second administration of 200 µg in iron 202 

of M-PLL or IONP was carried out at D47 due to tumor regrowth in 8 mice from group IV (M28, M29, 203 

M30, M31, M32, M33, M34, M36) and in 4 mice from group VI (M47, M52, M53, M54). 204 

2.8.5.  Estimate of tumor volume from tumor bioluminescence intensity of living GBM cells 205 

Tumor bioluminescence intensity (BLI) measurements were carried out one day before each 206 

magnetic session to follow tumor size variations using an IVIS Spectrum System (in vivo imaging 207 

system, PerkinElmer, Inc., Walther, MA). Ten minutes before BLI measurement, a suspension of 208 

luciferin was administered intraperitoneally to the mice. When luciferin reacted with the ATP of living 209 
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GBM cells, it produced oxyluciferin, which is luminescent. BLI, which is therefore proportional to the 210 

number of live GBM cells, can be used to detect the presence of live GBM cells.  211 

Furthermore, a relation between BLI and tumor volume was established (Figure S-7) by measuring at 212 

D7, D14, D21, D28 and D35 both BLI in living mice and in tumor volumes using histological analysis 213 

of tumors collected from mice euthanized on the same days. A linear relation was found between the 214 

logarithm of the tumor bioluminescence intensity, log(BLI), and the logarithm of the tumor volume 215 

expressed in mm3, log(volume(mm3)), shown in Figure S-7. A linear coefficient of 1.4 was deduced 216 

from fitting the plot of Figure S-7, a value that agrees with previously reported ones [36, 37, 38]. The 217 

average tumor volume (ATV) in the various groups of mice was measured by histological analysis at D5 218 

as ~1.5 mm3. 219 

2.8.6. Intratumor temperature measurements during treatment. 220 

Temperature distribution in the tumor was measured as a function of time during the various 221 

treatments using an infrared camera (EasIRTM-2, Optophase) placed 20 cm above the coil. Maximum 222 

temperatures within the tumor region were then deduced from each infrared image, representing spatial 223 

temperature distribution in the tumor region. They were plotted as a function of time for the various 224 

treatments. Due to the shallowness of the tumor, the temperature measured with a thermocouple 225 

microprobe (IT-18, Physitemp, Clifton, USA) in the region of nanoparticle injection was the same as 226 

that of the maximum temperature deduced from the infrared image. The distribution of heat in the tumor 227 

therefore appeared similar to that at the brain surface, which is measured with an infrared camera. 228 

2.8.7. Statistical analysis 229 

Mouse survival rates were plotted using the Kaplan-Meier model method [40, 41]. Statistical 230 

significance of survival rates in the different groups was evaluated using the log rank test. The 231 

parameters were expressed as the mean ± SD and as p-values estimated relative to group I [15]. 232 

 233 
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2.9. Estimate of nanoparticle SAR in vitro and in vivo 234 

The specific absorption rate, SAR, of the various nanoparticles, expressed in Watts per gram of 235 

nanoparticle in iron, was estimated using the formula: SAR=Cv(∆T/δt)/XFe, where Cv = 4.2 J/gK is the 236 

specific heat capacity of water, ∆T/δt is the initial slope of the temperature variation with time, 237 

estimated in °C/sec, and XFe is iron concentration in g/mL provided by the nanoparticles. The protocols 238 

used to heat the various nanoparticles in vitro and in vivo are described in sections 2.7 and 2.8.4, 239 

respectively. The values of ∆T/δt were deduced from the initial slopes of the plots of Figure S-5 for in 240 

vitro heating and of Figures 5(c) and 6(c) for in vivo heating. The values of the specific absorption rates 241 

measured in vitro and in vivo are provided in Table S-2. 242 

2.10. Histological analysis 243 

Histological studies were carried out on brains extracted from euthanized mice, which were fixed 244 

with a 4% solution of paraformaldehyde, cut into transverse slices of 2 mm thickness and included in 245 

paraffin. Sections of paraffin blocks with a 4 µm thickness were deposited on glass slides and stained 246 

with hematoxylin-eosin (H&E) to distinguish between healthy and tumor areas. Histological analysis 247 

was carried out on mice that received M-PLL at D5 and were euthanized 6 hours following M-PLL 248 

injection (Figures S-9(a) and S-9(c)) or 72 hours (Figures S-9(b) and S-9(d)); or 6 hours following M-249 

PLL injection and one MS (Figures 8(a) and 8(c)); or 72 hours following M-PLL injection and three MS 250 

(Figures 8(b) and 8(d)). The same histological analysis was done for IONP nanoparticles on mice 251 

euthanized at (i) 6 or 72 hours after IONP administration (Figures S-10(a) and S-10(b)); (ii) 6 hours 252 

following IONP injection and one MS (Figure S-10(c)); or (iii) 72 hours following IONP injection and 253 

three MS (Figure S-10(d)). 254 

3. RESULTS AND DISCUSSION 255 

To fabricate M-PLL, we first grew gram-negative MSR-1 magnetotactic bacteria. The TEM 256 

image of Figure 1(a) shows a typical magnetotactic bacterium that contains a long chain of nanoparticles 257 

called magnetosomes. The latter are used by magnetotactic bacteria as a magnetic compass to navigate 258 
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in the direction of earth’s magnetic field. Their sizes, assembly, and magnetic properties have been 259 

optimized over time by these bacteria to enable an alignment of the magnetosome magnetic moment 260 

parallel to earth’s magnetic field [42]. This leads to better magnetic properties for magnetosomes than 261 

for most chemically synthesized nanoparticles and makes magnetosomes especially appealing for 262 

medical applications [43]. However, in the absence of specific processing, the magnetosome mineral 263 

core is surrounded by potentially toxic and pyrogenic organic material, which is also difficult to 264 

characterize.  265 

3.1. Physical, chemical, and toxicity properties of uncoated magnetosome minerals (M-Uncoated) 266 

In this study, the organic material was mostly removed by isolating magnetosomes from 267 

magnetotactic bacteria and treating the extracted magnetosomes with several detergents (NaOH, phenol, 268 

chloroform, SDS) combined with heat and sonication (see SI). This led to uncoated magnetosome 269 

minerals, M-uncoated. Following these processes, the presence of a low quantity of organic material at 270 

the surface of the magnetosome mineral core was highlighted on the one hand by CHNS analysis (Figure 271 

2(c)), which revealed a low percentage of Carbon (2.4%) and Nitrogen (0.2%) in M-Uncoated, and on 272 

the other hand by FT-IR spectra that displayed two dominant bands at 609 and 673 cm-1, attributed to 273 

iron oxide, and three weaker bands at 1041 cm-1, 2933 cm-1, and 3295 cm-1, which most likely arise 274 

from NH, CH, PO and OH bonds in the organic material surrounding the magnetosome mineral core 275 

that remained after treatments (Figure 2(a)). In M-Uncoated, the composition of the magnetosome 276 

mineral core was determined to be maghemite from saturating isothermal remnant magnetization 277 

(SIRM) measurements, which did not show the Verwey transition (Figure S-2(b)). Due to their relatively 278 

large size of 45 nm (Figure 1(e)), M-Uncoated produced magnetic hysteretic behavior at room 279 

temperature with ratios between remnant and saturating magnetizations, Mr/Ms, saturating 280 

magnetization, Ms, and coercivity, Hc, of 0.24, 64 Am2/kg, and 10 mT, respectively (Figure S-2(a), 281 

Table S-1). Furthermore, suspensions of M-Uncoated contained a low endotoxin level of 10-100 282 

EU.mL-1.mg-1.  283 
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Concentrations of 15 to 1000 µg/mL of M-Uncoated brought into contact with 3T3 cells did not induce 284 

any cell inhibition, indicating that M-Uncoated were non-cytotoxic (Figure S-4(a) and section 2.5). 285 

Despite these properties, M-Uncoated tend to aggregate, as revealed by the TEM image of M-Uncoated 286 

presented in Figure S-1(a) and by the rapid decrease in optical absorption by more than 80% in 20 287 

minutes of a suspension of M-Uncoated, measured after nanoparticle homogenization (Figure S-1(b)). 288 

For medical applications, aggregation should be avoided since it can prevent thorough administration 289 

and can lead to embolism in the organism.  290 

3.2. Physical, chemical, and biocompatibility properties of magnetosome minerals coated with 291 

poly-L-lysine (M-PLL) 292 

To prevent their aggregation, improve their heating properties and enable their administration, 293 

M-uncoated were coated with a polycationic polymer, poly-L-lysine, yielding M-PLL. In M-PLL, the 294 

presence of a poly-L-lysine coating was first revealed by the TEM image of M-PLL (Figures 1(b) and 295 

1(c)), which shows seven magnetosomes with a mineral core coated with a 4- to 17-nm-thick layer of 296 

organic material. Also highlighted by the FT-IR spectrum of M-PLL presented in Figure 2(a) are bands 297 

at 1546 cm-1 and 1656 cm-1, which are not in the FT-IR spectrum of M-uncoated (Figure 2(a)) and are 298 

attributed to the NH and C=O bonds of the amide groups of poly-L-lysine. Third, CHNS analysis 299 

indicated a higher percentage of Carbon and Nitrogen in M-PLL (5 and 1%, respectively) than in M-300 

uncoated (Figure 2(c)). Fourth, the zeta potential of a M-PLL suspension was positive over a wider 301 

range of pH for M-PLL (2 < pH < 8) than for M-uncoated (pH = 2), as shown in Figure 2(b) and Table 302 

S-1, suggesting the presence of a positively charged material such as poly-L-lysine at the surface of the 303 

magnetosome mineral core in M-PLL. M-PLL also tend to form chains (Figure 1(b)), an organization 304 

that prevents aggregation and leads to well-dispersed nanoparticles, as shown in the TEM images of 305 

Figures 1(b) and 1(c). Furthermore, as for M-Uncoated, M-PLL produced magnetic hysteretic behavior 306 

at room temperature with Mr/Ms ~0.19 (Figure S-2(a)), Ms ~ 72 Am2/kg, and Hc ~ 5 mT (Table S-1). 307 

Magnetic hysteretic parameters of M-PLL differ significantly from those of M-Uncoated, possibly due 308 

to different types of nanoparticle interactions. 309 
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As for M-uncoated, M-PLL suspensions contained a low endotoxin concentration of 78 EU mL-1mg-1, as 310 

deduced by the LAL assay, leading to an absence of pyrogenicity in the rabbit test, i.e., a rabbit 311 

temperature increase of 0.38 °C following injection of 5 mg of M-PLL in its ear, which is less than the 312 

limit of 0.5 °C necessary to pass the test (see SI). Since the percentage of 3T3 cell inhibition varied 313 

between 16 µg/mL and 1 mg/mL in iron and was less than 30% when these cells were brought into 314 

contact with M-PLL at concentrations, M-PLL also appeared relatively non-cytotoxic (Figure S-4(a) and 315 

section 2.5). M-PLL also seemed slightly more cytotoxic than M-Uncoated, which may be due to M-316 

PLL internalizing cytotoxic poly-L-lysine, as expected for a transfecting agent and as observed for U87 317 

cells (Fig. 3(e)). Direct injection in the brain at (0.2.2) mm of 0.5 mg iron of M-PLL, which is 318 

equivalent to the initial administered therapeutic dose, did not induce weight loss during the two weeks 319 

following injection, indicating that such a dose was safe (Figure S-6(c)). For this same quantity and 320 

higher doses of 1 to 4 mg of M-PLL, acute systemic toxicity was not observed (Figure S-6(a)), 321 

indicating that if M-PLL was going to leak in the vascularization system after leaving the brain, this 322 

night not induce toxicity. Furthermore, the optical absorption of a M-PLL suspension decreased by less 323 

than 20% in 20 minutes (Figure S-1(b)) and M-PLL suspensions remained stable for 4 hours following 324 

their preparation (Figure S-11). M-PLL therefore appeared to be sufficiently stable and nontoxic to be 325 

safely administered in mice.     326 

3.3. Physical, chemical, and biocompatibility properties of IONP 327 

Compared with M-PLL, chemically synthesized iron oxide nanoparticles (IONP) were characterized 328 

by more irregular shapes and smaller sizes of 17 to 20 nm, as shown in the TEM image of Figure 1(d). 329 

The surface of IONP also differed from that of M-PLL, as revealed first by CHNS measurements that 330 

indicated percentages of carbon and nitrogen in IONP of 9 and 0%, respectively, and second, by the FT-331 

IR spectrum of IONP (Figure 2(a)) that displays three dominant bands attributed to iron oxide at 610 and 332 

673 cm-1 and starch polymer at 1025 cm-1 and 1150 cm-1. Furthermore, over a wide range of tested pH 333 

values (2<pH<8), the zeta potential of the IONP suspension appeared to be less positive than for M-PLL 334 
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(Figure 2(b)). IONP displayed lower values of Ms ~ 47 Am2/kg and of Mr/Ms ~ 0.15 but a higher value 335 

of Hc ~ 11 mT compared with M-PLL.  336 

Due to their chemical synthesis, IONP suspensions contained a low endotoxin concentration of 50 EU 337 

mL-1mg-1. Under similar conditions of toxicity assessment as for M-PLL, IONP appeared to be non-338 

cytotoxic towards 3T3 cells (Figure S-4(a)) and not to lead to any toxicity following administration in 339 

the brain or in the tail of mice (Figures S-6(d) and S-6(b)). In addition to being nontoxic, the IONP 340 

suspension remained stable during 20 minutes of absorption measurement, which suggests that they 341 

could safely be administered to mice (Figure S1(b)).  342 

3.4. In vitro heating and cytotoxic properties of M-PLL and IONP 343 

Next, nanoparticle heating and toxicity properties in the presence of U87-Luc cells under application 344 

(or not) of an AMF were examined. To be able to increase the temperature of an assembly of tumor cells 345 

and nanoparticles by a quantity similar to that reached in a hyperthermia treatment, i.e., by ∼ 8 °C and ∼ 346 

5 °C for M-PLL and IONP, respectively (Figure S-5), we brought into contact 1 mg/mL of IONP and M-347 

PLL with U87-Luc cells and we applied an AMF of 27 mT and a frequency of 202 kHz for 30 minutes.  348 

The percentage of cell death of these assemblies increased from 60% and 0.2% before AMF application 349 

to 90% and 8.1% after AMF application for M-PLL and IONP, respectively (Figures 3(a) to 3(d)). 350 

Overall, M-PLL appeared to be more cytotoxic than IONP both in the absence and presence of the AMF, 351 

a behavior that may be attributed to the M-PLL nanoparticle chain arrangement that could enhance 352 

nanoparticle interactions with cells, to PLL intrinsic cytotoxicity [44], or to M-PLL being more strongly 353 

internalized in U87-Luc cells than IONP (Figure 3(e)), possibly resulting in enhanced PLL intracellular 354 

interactions. Part of this behavior may also be due to the higher specific absorption rate (SAR) of M-355 

PLL (SAR = 52 W/gFe) than IONP (SAR = 39 W/gFe), as deduced from the initial slopes of the in vitro 356 

temperature variations with times of both types of nanoparticles following AMF application (Figure S-5 357 

and Table S-2). Furthermore, cell death in the presence of nanoparticles mainly appeared to be apoptotic 358 

in the presence (or not) of the AMF. Interestingly, the percentage of cell death due to apoptosis among 359 
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all dead cells increased from 43% and 50% before AMF application (Figures 3(a) and 3(c)) to 70% and 360 

99% after AMF application (Figures 3(b) and 3(d)) for M-PLL and IONP, respectively, suggesting that a 361 

moderate temperature increase of 5-8 °C (Figure S-5) strongly favors apoptosis versus necrosis [45].   362 

3.5. Antitumor efficacy in mice bearing intracranial U87-Luc tumors treated by intratumor 363 

administration of M-PLL and IONP followed by magnetic sessions  364 

To compare the antitumor efficacy of M-PLL with that of IONP in the treatment of GBM using 365 

magnetic hyperthermia, mice bearing intracranial U87-Luc tumors were treated following the protocol 366 

described in section 2.9. Five days following U87-Luc cell implantation at brain coordinate (0.2.2) mm, 367 

intracranial U87-Luc tumors had reached an average size of ~1.5 mm3. Mice were then separated into 368 

the 6 aforementioned different groups and were treated as follows. Control groups I and II received at 369 

(0.2.2) mm an intra-tumor administration of glucose without AMF application (group I) or followed by 370 

15 magnetic sessions (group II). Other mice received 500 µg in iron of M-PLL or IONP at (0.2.2) mm 371 

without any further treatment (groups III and V), or one or two administrations of 500 or 700 µg of these 372 

nanoparticles with 23 to 27 magnetic sessions (groups IV and VI). Each magnetic session consisted in 373 

the application of an AMF of 27 mT and 202 kHz for 30 minutes.  374 

Nanoparticle treatments with/without AMF application appeared to be safe because signs of toxicity 375 

(body weight loss, prostration, pain) were not observed in mice 2 weeks following administration. To 376 

follow tumor size evolution, the luminescence intensity of U87-Luc tumor cells, which was shown to be 377 

proportional to the tumor volume (Figure S-7), was measured using an in vivo imaging system (IVIS) 378 

spectrum every 7 days after tumor cell implantation. 379 

For the control groups I (G5 injection only) and II (G5 injection with MS), average tumor volumes 380 

(ATV) increased exponentially from 1.5 mm3 at D0 to 180-200 mm3 at D45 (Figure 4(a) and 4(b)). 381 

Signs of antitumor activity were not observed, and these mice had to be rapidly euthanized at D40-D54. 382 

Whereas mice belonging to group III (IONP administration) displayed a similar behavior to those of the 383 

control groups I and II, those of group V (M-PLL administration) had delayed tumor growth, leading to 384 
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longer survival by 100 days compared with control groups I and II (Figures 4(e) and 7) and indicating 385 

clear but only partial anti-tumor activity. This behavior could be attributed to M-PLL cytotoxicity and 386 

led to a median survival day (MSD) of 111, p<0.0001*, which was larger than that of 46, 387 

0.338<p<0.662 measured for groups II and III.  388 

In group VI, the administration of M-PLL followed by 27 MS strongly enhanced antitumor efficacy, 389 

leading to an ATV, initially at 1.5 mm3 at D4, which either continuously decreased in five mice (M46, 390 

M48, M49, M50 and M51) or decreased, increased, and decreased again following a second nanoparticle 391 

administration at D47 in four other mice (M47, M52, M53, and M54), as shown in Figure 4(f). These 392 

two types of behaviors are highlighted in Figures 5(a) and 5(b), which show variations in tumor volumes 393 

with corresponding BLI of brain tumors as a function of time for mice M54 (Figure 5(a)) and M51 394 

(Figure 5(b)). They led to full tumor disappearance at D30 to D68, respectively, and to 100% of mice 395 

being alive at D350 (MSD=350, p<0.0001*). The efficacy of the treatment could be attributed to 396 

magnetosomes remaining in the brain for a long period of time. M-PLL were indeed observed 72 hours 397 

after 3 MS (Figure 8(b)) and 250 days after treatment (Figure 9(b)), possibly enabling a coupling 398 

between the applied magnetic field and the magnetosomes during this time period, hence yielding 399 

persistent antitumor activity. Mice were euthanized at D350 for histological analysis of their brains, 400 

revealing the absence of tumor cells, lesions, and edema without (Figure 9(a)) or with (Figure 9(b)) 401 

nanoparticle remains. Overall, the treatment was efficient and safe. Healthy tissues surrounding the 402 

tumor appeared not to be damaged by hyperthermia (absence of edema and necrosis/apoptosis), as 403 

observed 72 hours after 3 MS in Figure 8(b) or 250 days after treatment in Figures 9(a) and 9(b).   404 

Compared with mice belonging to group VI, those of group IV (IONP administration and magnetic 405 

sessions) were prone to less significant antitumor efficacy. The AVT either increased from 1.5 mm3 at 406 

D0 to 150 mm3 at D50 in 7 mice (M28, M30, M31, M32, M33, M34 and M36) with an observed tumor 407 

growth delay compared with mice belonging to groups I, II and III or disappeared fully at D55 without 408 

tumor regrowth in 2 mice (M29 and M35). These two types of behaviors are exemplified in Figures 6(a) 409 
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for M35 and 6(b) for M29, which show that tumor volume either continuously decreased (Figure 6(a)) 410 

or increased less rapidly than in groups I to III (Figure 6(b)), yielding an MSD of 57, p<0.0001*.  411 

3.6. More intense and persistent tumor heating reached with M-PLL than with IONP  412 

Full tumor disappearance was associated with heat produced by nanoparticles in the presence of 413 

U87-Luc tumor cells, since in the absence of heating, the tumors continued to grow following 414 

nanoparticle administration (M-PLL or IONP administration without MS, Figures 4(c) and 4(e)). We 415 

therefore examined in vivo nanoparticle heating properties of mice belonging to groups IV (IONP + MS) 416 

and VI (M-PLL + MS). During the first MS, where both types of nanoparticles produced heat, the 417 

temperature increase measured over the whole MS, ∆T, and the SAR deduced from the initial slopes of 418 

the plots of Figures 5(c) and 6(c) for M-PLL and IONP, respectively, were higher for M-PLL (∆T30min = 419 

17.5 °C and SAR = 1.3 W/gFe) than for IONP (∆T30min = 8.5 °C and SAR = 0.2 W/gFe), a behavior that 420 

corroborates the heating properties observed in vitro (Figure S5). Furthermore, tumors could be heated 421 

during a larger number of MS with M-PLL than with IONP, i.e., during 16 and 1 MS following the first 422 

nanoparticle administration and during 9 and 1 MS following the second nanoparticle administration for 423 

M-PLL and IONP, respectively (Figures 5(c), 5(d), 6(c) and 6(d)). We also measured that the ratio 424 

between the surface representing the distribution in temperatures, which are more than 1 °C above 425 

mouse physiological temperature and the tumor surface, is ∼ 2% during the 20 first MS, then increases 426 

from 2 to 6% between the 20th and 25th MS for M-PLL, whereas it decreases from 1% to 0% between 427 

the first and fifth MS for IONP (Figure S-8). M-PLL could therefore be heated for a longer period of 428 

time than IONP. The higher heating power and more persistent tumor heating observed for M-PLL than 429 

IONP do not, however, seem sufficient to fully explain the enhanced M-PLL antitumor activity. Indeed, 430 

the percentages of areas within heated tumors reached with both types of nanoparticles are small, i.e., 431 

below 6% (Figure S-8), which may be attributed to the partial tumor occupation by nanoparticles, as 432 

deduced from histological analysis (Figures 8(a) and 8(b) and Figures S-10(c) and S-10(d)). We 433 

concluded from this observation that tumor destruction was not only directly induced by heat.  434 
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3.7. Possible indirect mechanisms leading to enhanced anti-tumor efficacy with M-PLL than with 435 

IONP 436 

We therefore studied the possible mechanisms involved in tumor destruction outside the heated 437 

region. As observed in vitro, M-PLL led to enhanced apoptotic cell death in the presence of AMF; i.e., 438 

63% (Figure 3(b)) compared with 8% for IONP (Figure 3(d)). In vivo U87-Luc cell death may also 439 

mainly be due to apoptosis since temperature increases, which have been suggested to be responsible for 440 

the cell death mechanism [46], were relatively similar in vitro and in vivo during the first MS at 8-17.5 441 

°C for M-PLL (Figures 5(c) and S-5) and 5-8.5 °C for IONP (Figures 6(c) and S-5). Apoptosis may 442 

induce cellular death at a certain distance from the region which is heated or contains nanoparticles 443 

through a thermal bystander effect, possibly leading to antitumor activity occurring within the whole 444 

tumor volume [47,48]. 445 

Heat may also result in stronger micro-vascular damage for M-PLL than IONP, since M-PLL were 446 

observed in the ventricles near the blood vessel for a longer time (6 and 72 hours, Figures S-9(a) to S-447 

9(d)) than IONP (6 and 72 hours, Figures S-10(c) and S-10(d). This possibly led to the enhanced 448 

destruction of the blood vessels supplying the tumor with oxygen [49] and, therefore, to stronger tumor 449 

asphyxia with M-PLL than with IONP.  450 

The immune system, although only partially activated in nude mice, may also possibly be involved in 451 

antitumor activity [50]. Indeed, polynuclear neutrophils (PNN), which were observed 6 hours following 452 

M-PLL administration (Figures 8(a), 8(c), S-9(a) and S-9(c)) may possibly target M-PLL and destroy 453 

tumor cells surrounding them. Interestingly, they did not seem to be recruited by endotoxins because the 454 

percentage of endotoxins released by M-PLL and IONP following MS was similar and low (Figure S-3), 455 

but this may have occurred due to poly-L-lysine or inflammation [51].  456 

Finally, poly-L-lysine cytotoxicity, observed in the absence of MS application (Figure S-4(b)), may be 457 

enhanced by MS due to the production of localized heat or to the detachment of poly-L-lysine from the 458 

magnetosome mineral core, as described elsewhere with pyrogenic chains of magnetosomes. Poly-L-459 
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lysine diffusion away from M-PLL may induce tumor cell destruction outside the region that was heated 460 

or contained nanoparticles.  461 

4. CONCLUSION 462 

We have presented a method for producing magnetosomes synthesized by magnetotactic bacteria 463 

in which magnetosomes are extracted from these bacteria, purified to remove most organic material and 464 

endotoxins, and then coated with poly-L-lysine to form a stable suspension of M-PLL. We have shown 465 

that M-PLL are pyrogen-free, non-toxic and that they yield in vitro and in vivo a larger amount of heat 466 

than IONP, thus enabling enhanced tumor cell destruction. 467 

Thus, when 500 to 700 µg of M-PLL in iron was administered to intracranial U-87 luc tumors of 1.5 468 

mm3 and the tumors were exposed to an alternating magnetic field of 27 mT and 202 kHz, applied 27 469 

times for 30 minutes, all of the mice were alive and apparently cured 350 days following injection. 470 

The observed antitumor activity did not appear to be solely due to the direct destruction of the tumor 471 

cells by temperature increase since the latter was only observed in a portion of the tumor. In addition, we 472 

observed full tumor destruction for M-PLL occupying part of the tumor, which is desired for GBMs that 473 

are infiltrating and can therefore hardly be fully covered by nanoparticles. We have identified four other 474 

possible mechanisms of tumor destruction in non-heated regions. These are apoptotic tumor cell death, 475 

destruction of blood vessels irrigating the tumor, recruitment of polynuclear neutrophils, and a cytotoxic 476 

effect of poly-L-lysine. 477 

Finally, compared with previous preclinical studies showing increased survival of 15-44 days in rats 478 

bearing RG-2 or T-9 glioma tumors and treated by magnetic hyperthermia at 43-47 °C [15, 19] and with 479 

IONP that resulted in 20% of mice with full tumor disappearance, M-PLL led to enhanced antitumor 480 

efficacy with full U87-Luc tumor disappearance in 100% of treated mice.  481 

ACKNOWLEDGMENTS 482 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

21

We would like to thank the Eurostars program (Nanoneck-2, E9309), subvention AIR from the region of 483 

Paris (A1401025Q), the ANRT, the ANR (Méfisto project), the French Research Tax Credit Program, 484 

Paris Biotech Santé, BPI, the University Paris 6, the University Paris XI. Research presented in this 485 

manuscript was directed by Edouard Alphandéry. Jean-Yves Delattre, Ahmed Idbaih, and Charlotte 486 

Schmitt commented on the relevance of the preclinical protocol to verify that it is clinically applicable, 487 

since this group may possibly be in charge of the clinical trials using this treatment. We thank Clovis 488 

Adam and the platform ‘Histim’ of the Cochin Institute for their help concerning histological 489 

experiments, JM Guigner for TEM and S. Morosan, O. Bregerie, B. Kane and A. Jacquet for their help 490 

concerning in vivo imaging and keeping the animals healthy. We also thank Laure Cordier for their help 491 

concerning ICP measurement. This work was supported by the IPGP multidisciplinary program PARI 492 

and by Région Ile-de-France SESAME Grant No. 12015908. 493 

Supplementary Information (SI)  494 

 Fabrication of M-Uncoated, M-PLL, and IONP, the methods used for nanoparticle characterization, 495 

cytotoxicity assessment, and in vivo efficacy and toxicity evaluation, are described.  496 
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FIGURES  498 

 499 

 500 

 501 

Figure 1 Transmission electron microscopy images of a MSR-1 Gryphiswaldense magnetotactic 502 

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

M-Uncoated, where measurements were carried out on 300 magnetosomes.  505 

506 
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 507 

 508 

 509 

Figure 2 (a), FTIR spectra of uncoated magnetosome minerals, M-Uncoated, magnetosome minerals 510 

coated with poly-L-lysine, M-PLL, and iron oxide nanoparticles, IONP. (b), Zeta potential variations as 511 

a function as pH of suspensions of M-Uncoated, M-PLL, and IONP. (c), Percentages of carbon and 512 

nitrogen, measured with a CHNS analyzer, in M-Uncoated, M-PLL, and IONP. 513 

514 
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 515 

 516 

Figure 3 Fluorescence intensity of propidium iodide (FL2-PI) as a function of the fluorescence intensity 517 

of annexin V (FL1-Annexin V) for (a) 1 mg of M-PLL brought into contact with U87-Luc cells without 518 

AMF application, M-PLL, (b) 1 mg of M-PLL brought into contact with U87-Luc cells followed by one 519 

MS, M-PLL + MS, (c) 1 mg of IONP brought into contact with U87-Luc cells without AMF application, 520 

IONP, (d) 1 mg of IONP brought into contact with U87-Luc cells followed by one MS, IONP + MS (d). 521 
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(e) Quantity of iron originating from M-PLL and IONP, which is internalized, measured in pg of iron per 522 

cell when 1 mg of IONP or M-PLL was brought into contact with U87-Luc cells, followed (or not) by 523 

one MS. Each MS consisted in the application of an AMF of 27 mT and 202 kHz applied during 30 524 

minutes. In (a) to (d), L, A and N, designate surfaces areas where each point designates a live, apoptotic, 525 

or necrotic cell, respectively. 526 

527 
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 528 

 529 

 530 

 531 

Figure 4 Variations in tumor volumes in mm3 as a function of days following U87-Luc tumor cell 532 

implantation for mice belonging to groups I (glucose injection) (a) II (glucose injection with MS), (b) III 533 

(IONP administration), (c) IV (IONP administration with MS), (d) V (M-PLL administration), (e) VI (M-534 
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PLL administration with MS) (f). 535 

536 
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 537 

 538 

Figure 5 Variation in tumor volumes in mm3 as a function of days following U87-Luc tumor cell 539 

administration for a mouse belonging to group VI with two M-PLL administrations (a) and for another 540 

mouse of group VI with one M-PLL administration (b). Images of tumor BLI are shown at D4, D32, 541 

D46, and D123 in (a), and at D4, D18, D74, and D123 in (b). In (a) and (b), the star designates the day at 542 
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which nanoparticles are administered in the tumor. Maximum temperatures deduced from the spatial 543 

temperature distribution in the tumor as a function of time during each MS, following a first M-PLL 544 

administration (MS1 to MS18) (c) or a second M-PLL administration (MS19 to MS27) (d). In (c) and 545 

(d), maximum temperatures are average values deduced from measurements carried out on each mouse 546 

belonging to group VI. 547 

548 
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 549 

 550 

Figure 6 Variation in tumor volumes in mm3 as a function of days following U87-Luc tumor cell 551 

administration for a mouse belonging to group IV with full tumor disappearance (a), and for another 552 

mouse of group IV with tumor growth delay (b). In (a) and (b), stars designate the day at which 553 

nanoparticles were administered to the tumor. Images of tumor BLI are shown at D4, D11, D60, and 554 
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D144 in (a) and at D4, D18, D32, D53 and D67 in (b). Maximum temperatures deduced from the spatial 555 

temperature distribution in the tumor as a function of time for the various MS following a first IONP 556 

administration (MS1 to MS18) (c) or a second IONP administration (MS19 to MS23) (d). In (c) and (d), 557 

maximum temperatures are average values deduced from measurements carried out on each mouse of 558 

group VI. 559 

560 
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 561 

 562 

 563 

Figure 7 Percentage of survival as a function of days following nanoparticle administration for mice of 564 

groups I (glucose), II (glucose +H), III (IONP), IV (IONP +H), V (M-PLL), and VI (M-PLL +H). The 565 

stars indicate that the p-values are lower than 10-4. 566 

 567 
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 568 

Figure 8 Histological optical microscopic images of a brain slide stained with Hematoeosin of a mouse 569 
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treated by M-PLL intratumor administration followed by one MS (M-PLL 6 h with MS) (a) or by three 570 

MS (M-PLL 72 h with 3 MS) (b). (c) and (d) are enlargements of (a) and (b), respectively. In (a) and (b), 571 

H and T designate healthy and tumor regions, respectively. The green arrow in (c) points towards 572 

polynuclear neutrophils. 573 

574 
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 575 

 576 

 577 

Figure 9 Histological optical microscopic images of a brain slide stained with Hematoeosin, collected 578 

from two mice belonging to group VI euthanized 350 days following M-PLL administration, and in 579 

some mice, showing the absence (a) or the presence (b) of M-PLL. 580 

581 
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