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Studies with transplanted tumors in animals and clinical trials have provided the proof-of-concept of

magnetic hyperthermia (MH) therapy of cancers using iron oxide nanoparticles. Interestingly, in

several studies, the application of an alternating magnetic field (AMF) to tumor cells having

internalized and accumulated magnetic nanoparticles (MNPs) into their lysosomes can induce cell

death without detectable temperature increase. To explain these results, among other hypotheses, it

was proposed that cell death could be due to the high-frequency translational motion of MNPs under

the influence of the AMF gradient generated involuntarily by most inductors. Such mechanical

actions of MNPs might cause cellular damages and participate in the induction of cell death under

MH conditions. To test this hypothesis, we developed a setup maximizing this effect. It is composed

of an anti-Helmholtz coil and two permanent magnets, which produce an AMF gradient and a super-

imposed static MF. We have measured the MNP heating power and treated tumor cells by a standard

AMF and by an AMF gradient, on which was added or not a static magnetic field. We showed that

the presence of a static magnetic field prevents MNP heating and cell death in standard MH condi-

tions. The heating power of MNPs in an AMF gradient is weak, position-dependent, and related to

the presence of a non-zero AMF. Under an AMF gradient and a static field, no MNP heating and cell

death were measured. Consequently, the hypothesis that translational motions could be involved in

cell death during MH experiments is ruled out by our experiments. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4958989]

In 1979, Gordon et al.1 proposed a novel approach of hy-

perthermia to eradicate tumors. The purpose was to inject

magnetic nanoparticles (MNPs) inside tumors and to apply a

high frequency magnetic field (MF) to achieve magnetic hy-

perthermia (MH). Because the temperature rise of a tumor

depends on its size and of MNP concentration,2 several theo-

retical studies showed that MH could reach therapeutic tem-

perature (43 �C) only for tumor with a diameter larger than

3 mm.3–5 Since, this approach was improved, particularly

thanks to therapeutic targeting, which consists in adding

chemical ligands on nanoparticle surface to target membrane

receptors overexpressed in cancer cells. Following binding to

membrane receptors, MNPs are internalized by cells and

stored inside vesicles named lysosomes.6 Finally, an alternat-

ing magnetic field (AMF) is applied leading to the death of

cancer cells containing MNPs. Surprisingly, it was recently

appreciated in several in-vitro experiments using low concen-

tration of MNPs in cell culture dishes that there is no need of

global increase in the cell temperature to induce tumor cell

death.7–13

Different hypotheses have been proposed to explain can-

cer cell death in MH. One of them is based on recent experi-

mental results showing that the temperature rises in the

immediate vicinity of the MNPs.14–17 For instance, in Ref.

17 it was shown that the local temperature increases by

several tens of degree at the MNP surface and decreases

drastically at a distance of a few nanometers from the MNP

surface. This local heating could damage the lysosomal

membrane13,18 where MNPs are stored and/or catalyze a

chemical reaction inside lysosome such as the Fenton reac-

tion.19,20 Another hypothesis lies in the possibility that the

damages caused on cells containing MNPs could be due to a

mechanical action generated by the application of the AMF.

Two kinds of MNP motions can be induced by AMF applica-

tion: rotation and translational motion.5,21,22 This study is fo-

cused on the impact on cell viability of the translational

motion of MNPs generated within MH experiment. Indeed,

as mentioned in Ref. 21, standard AMF inductors used for

MH experiments are coils composed of a few turns. Inside

these coils, the region with a uniform magnetic field is rather

narrow and a high AMF gradient is generated at both sides.

Typically, with an AMF of 50 mT at the coil center, an alter-

nating MF gradient (AMFG) of 1 T/m is reached at the coil

edge. It was shown that this MF gradient could in principle

generate translational magnetic force on MNPs, which would

then oscillate mechanically and generate ultrasound waves.21

Moreover, experimental studies at different frequencies and

gradient MF amplitudes showed that ultrasound waves are

produced by the MNPs and interact with their biological en-

vironment.23,24 Consequently, in addition to the AMF induc-

ing hyperthermia, MNPs are also exposed to an alternating

MF gradient (AMFG) generating MNP translational motion

that could cause cellular damages.
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The aim of this study was to measure the impact on cell

viability of translational motion of MNPs when a high-

frequency AMFG is applied. A MNP inside an AMFG under-

goes a magnetic force ~FM ¼ l0rH ð~l:~ezÞ~ez , where l0rH is

the magnetic field gradient amplitude oscillating at the fre-

quency f , ~l is the magnetic moment of the nanoparticle, and

~ez is the magnetic field gradient direction.21 To detect the me-

chanical effect possibly involved in MH, we have conducted

cell death experiments where the magnetic force applied to

the MNPs was maximized. Experimentally, it consisted in ex-

posing MNPs to a strong AMFG superimposed to a collinear

static MF, as suggested in Ref. 21. In addition to maximizing

translational movement, a second advantage of using a static

MF is that it prevents the heating power of the MNPs. Indeed,

the total MF undergone by MNPs is the sum of the static MF

and of the AMF. Thus, if the static MF amplitude is higher

than the AMF amplitude, the total MF never changes of orien-

tation, so magnetization reversal and heating are both strongly

suppressed. Effects of superimposing a static MF to an AMF

on MNP magnetization have already been studied theoretical-

ly.25–27 Moreover, several experimental works have shown a

heating variation of MNPs as a function of the static MF am-

plitude.25,28–30 In summary, the application of a static MF is

expected to enhance mechanical effects and to prevent tem-

perature elevation, thus permitting to discriminate between

the two mechanisms (local increase of temperature and MNP

translational motion) which have been proposed to explain

cell death in MH.

For this study, superparamagnetic iron oxide nanopar-

ticles (NIMT FeOdot PEG-Amine, Gecco Dots, Sweden)

with a core diameter of 11 nm were used. They were proven

to be effective for MH in our previous works.13,18 To gener-

ate the magnetic field in standard MH conditions, a commer-

cial generator and coil (MP12, Fives Celes, France) were

used. The coil is made of two turns generating a uniform

AMF in its center from 0 to 110 mT at 300 kHz [see Figs.

1(a) and 1(b)]. In order to produce a strong AMFG, this coil

was replaced by the custom-made anti-Helmholtz coil pre-

sented in Fig. 2(a). This latter coil consists of two contrari-

wise turns in series producing two identical and opposed

AMF at f ¼ 393 kHz. As shown in Fig. 2(b), the two AMF

cancel each other out at the coil center generating an AMFG

with an amplitude adjustable between 0 and 2.5 T/m [see

Fig. 2(c)]. The static MF was produced by two large perma-

nent magnets of strontium ferrite which are 10 cm distant

and produce a static MF (l0 HDC) of 55 6 2 mT [see Fig.

2(d)] (Y30BH, IMA, Spain). This ferrite material was chosen

because of its high electrical resistivity (>104 X m), which

permits to avoid heating of the magnet by eddy currents gen-

erated by the AMF. To superimpose a static MF to the AMF

(AMFG), the magnets were placed on both sides of the stan-

dard coil (anti-Helmholtz coil).

To check the efficiency of the static MF to prevent MH,

300 lL of the MNP solution presented above were used.

This solution was placed inside a 300 kHz uniform AMF.

Specific Absorption Rate (SAR) of the MNPs was measured,

in the presence or in the absence of a static MF. During the

experiment, the temperature increase of the sample submit-

ted to AMF for 60 s was measured using a thermal

probe (Reflex, Neoptix, Canada). The temperature of a blank

sample containing deionized water was measured in parallel

in order to take into account the contribution of the coil

warming to the temperature increase. Moreover, to evaluate

the contribution of eddy currents to the heating, the tempera-

ture of a salted water solution with the same electrical con-

ductivity as the MNP solution (rMNPs � 8:1 mS cm�1) was

also measured. Because there is no magnetic material in this

sample, MH is not able to occur and temperature rise is only

due to eddy currents. The same experimental protocol was

carried out to measure the SAR of MNPs submitted to an

AMFG in the presence or not of a static MF. SAR values

were calculated using a standard method described in Ref.

31. Dividing SAR values by the magnetic field frequency

yielded the specific losses (A), expressed in mJ/gFe. Though

salted water solution does not contain any magnetic material,

specific losses of this solution were calculated as if it was a

MNP solution. This trick allows displaying on the same

curve, heating of salted water solution and specific losses of

MNP solution in the presence or not of a static MF.

In Fig. 3, the results of SAR measurements in the pres-

ence or not of a static MF are shown. Fig. 3(a) displays SAR

data obtained under a 300 kHz uniform AMF. As expected,

the SAR of the MNPs increases as a function of the AMF

amplitude. As observed in this figure, applying a static MF

(curve: MNPs with Hdc) decreases the specific losses of

MNPs. In this case, two AMF amplitude ranges can be dis-

tinguished. First, when l0 Hmax < l0 HDC, the heating of the

salted water solution and of the MNPs is equivalent. Under

these conditions, heating of the solutions is mainly due to

eddy currents and not to the MNPs. This result confirms that,

when the AMF amplitude is lower than the static MF

FIG. 1. Magnetic characterisation of the standard coil. (a) Micrograph of the

standard coil. (b) Magnetic field amplitude (l0 Hmax) generated inside the

coil with an electric current value of 724 A.
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amplitude, no reversal magnetization of the MNPs and thus

no heating by MH occur. Secondly, when l0 Hmax > l0 HDC,

the MNP solution under a static MF heats more than salted

water. This additional heating power is due to MH. It can be

noted that the static MF completely prevented MNP heating

induced by a 30 mT AMF, which corresponds to the ampli-

tude used in cell death experiments (see below).

Similar measurements were also carried out inside the

anti-Helmholtz coil. It should be first remind that, in such a

coil, l0 Hmax is not constant: for instance, for an AMFG value

of 2.5 T/m, jl0 Hmaxj in coil center (edge) is 5 6 5 mT

(45 6 5 mT) [see Fig. 2(b)]. SAR measurements were thus

performed at two different positions: at the coil center [see

Fig. 3(b)] and at the coil edge [see Fig. 3(c)]. According to

Figs. 3(b) and 3(c), the AMF generated by the anti-Helmholtz

coil also induced heating of MNPs solution by MH, related to

the presence of a non-zero field. As expected, for the same

value of AMFG, specific losses of each solution were higher

at the coil edge than in the center. As shown in Figs. 3(b) and

3(c), applying a static MF decreases the specific losses. In par-

ticular, a static MF of 55 6 2 mT permits to completely im-

pede the heating of the MNPs, everywhere inside coil and

even for the highest AMFG values.

We further analyzed the ability of the different magnetic

fields to induce the death of tumor cells. MNPs were grafted

with a synthetic analog of gastrin peptide (gastrin-MNPs) in

order to specifically target tumor cells expressing the CCK2

receptor (CCK2R), as described in Ref. 13. The tumor cells

INR1G9-CCK2R overexpressing the CCK2R were incubated

for 24 h with 16 lgFe/ml of gastrin-MNPs enabling their bind-

ing and accumulation in cell lysosomes, as described previous-

ly.13 At this concentration, gastrin-MNPs do not present any

cytotoxicity on INR1G9-CCK2R cells.13 Cells were rinsed

and exposed during 1h30 to different magnetic field condi-

tions: either i) an AMF of 30 mT at 300 kHz, as in standard

MH experiments, or ii) an AMF of 30 mT at 300 kHz in the

presence of the static MF, or iii) an AMFG of 1.4 T/m at

393 kHz in the presence of the static MF, to maximize MNPs

translational motion and to prevent MNP heating. Because the

anti-Helmholtz coil temperature exceeds 37 �C when the

AMFG is beyond 1.4 T/m, biological tests were limited to this

value. To minimize eddy currents, the AMF and AMFG were

applied in the plane of the Cellview dish. The temperature of

the dish was controlled using a thermal probe placed in the in-

cubation medium of the cells. The temperature was main-

tained at 37.0 6 0.3 �C thanks to a home-made temperature

regulator and no global temperature rise was measured during

AMF or AMFG application. We emphasize that temperature

was measured and controlled only at dish-level, which does

not provide any information about cell or intra-cell tempera-

ture. Control samples were maintained inside a cell incubator.

At the end of the experiments, all samples were placed inside

a cell incubator for 4 h, and cells were incubated with FITC-

annexinV and/or propidium iodure (Cell Meter Annexin V ap-

optosis assay kit) which identified early apoptotic, late apopto-

tic, and necrotic cells, respectively. Cells were image analyzed

by fluorescence confocal microscopy. The effect of magnetic

field treatments on cell death was determined by counting la-

beled cells from microscopy images representing populations

of 2–3000 cells/experiment using ImageJ software. For each

condition, the number of labeled cells is expressed as a per-

centage of total cell population.

As shown in Fig. 4, the application of the AMF at 30 mT

and 300 kHz caused the death of cells having internalized

FIG. 2. Magnetic characterisation of

anti-Helmholtz coil and static MF. (a)

Micrograph of the anti-Helmholtz coil.

(b) MF amplitude (l0 Hmax) generated

inside the anti-Helmholtz coil for differ-

ent current amplitudes passing through.

“Position” axes refer to the position on

the scale shown in (a). Corresponding

MF gradients [gradðl0 HmaxÞ] calculat-

ed between positions “1 cm” and “5 cm”

are shown in (c). (d) Micrograph of the

two ferrite magnets generating a static

MF of 55 6 2 mT.
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gastrin-MNPs, in agreement with data obtained in Ref. 13.

Indeed, exposure to AMF (“AMF without Hdc,” in Fig. 4) in-

creased cell death rate of cells having internalized gastrin-

MNPs by 2.2 relative to control cells devoid of gastrin-MNPs

(% annexinV-PI labeling: 14.2% 6 2.5% vs 6.5% 6 0.8%, re-

spectively). Exposure to the AMF superimposed with a static

MF (“AMF with Hdc,” in Fig. 4), which prevents MNP heat-

ing, does not increase the death rate relative to control (%

annexinV-PI labeling: 7.2 6 1.6 vs 7.2% 6 1.7%, respective-

ly). Thus, we investigated whether translational motion of

MNPs could impact on cell viability. Cells were exposed to

an AMFG superimposed with a static MF (“AMFG with

Hdc,” in Fig. 4) which maximizes MNP translational motion

and prevents MNP heating. As shown in Fig. 4, the rate of

cell death was not significantly increased after exposure to the

AMFG superimposed with a static MF relative to control

(% annexinV-PI labeling: 5.6% 6 1.5% vs 5.1% 6 1.0%, re-

spectively). All together, these results demonstrate that the

cell death rate was not significantly increased comparatively

to control cells when a static MF is added: i) to the AMF and

ii) to the AMFG. Under these conditions, given the values of

AMF and AMFG used, the heating was expected to be negli-

gible (see Fig. 3), but any eventual translational motion maxi-

mized, especially for case ii). Thereby, our results strongly

support that translational motion of MNPs in lysosomes, even

if it is maximized by AFMG, has a negligible impact on cell

death induced by an AMF in conditions of MH.

In the introduction, two hypotheses, thermal effect or

mechanical effect, were proposed to explain cell death

caused by MH. Thermal action hypothesis concerns local

heating of MNPs which occurs at the nanoparticle or lyso-

some scale and which would trigger a cascade of events lead-

ing eventually to cell death through a lysosomal cell death

pathway.14–20 Mechanical action hypotheses concern MNP

motions �rotation and/or translational� when an AMF or an

AMFG is applied in MH experiments. Data from the current

study strongly support that the impact of translational mo-

tion of MNPs on cell viability is negligible. However, it is

important to note that the hypothesis that rotation of MNPs

could induce cell death is not tested by our experimental pro-

tocol and thus cannot be ruled out for the moment. Indeed,

during standard MH experiments, MNPs can rotate physical-

ly due to torque generated by the AMF.32 This eventual rota-

tion is blocked when a static MF is applied in addition to

AMF. Hence, in experiments combining AMF and static

MF, an eventual cell death induced by a torque would also

be suppressed. Since MNP physical rotation also drives mag-

netization reversal and is one of the microscopic mechanisms

at the origin of MNP heating, separating the thermal and me-

chanical contribution to cell death in the case of a rotation

seems to be more delicate. What could be used is the fact

that the local temperature increase is expected to be mostly

linear with the applied frequency, whereas the torque ampli-

tude is, in first approximation, frequency independent.

Careful frequency-dependant cell death experiments could

thus be used to shed light on this issue.

In summary, our objective was to test the potential im-

pact of the high-frequency MNP translational motion on cell

death observed in MH experiments using an AMFG. We

took advantage of a static magnetic field which prevents

FIG. 3. Specific losses (A) measurement

of the MNP solution with static MF

(MNPs with Hdc - red circle), without

static MF (MNPs without Hdc – black

square) and salted water solution (Salted

Water – green triangle), during AMF

(l0 Hmax) or AMFG [gradðl0 HmaxÞ] ex-

position. Results are the specific losses

mean 6 SEM of two to three separate

experiments. (a) Specific loss of MNP

and salted water solutions inside an uni-

form AMF of 300 kHz. Significant dif-

ferences between each curve are labelled

by a number of *.*0.01< p< 0.05;

***0.0001< p< 0.001. (b) and (c)

Specific loss of solutions positioned in-

side an anti-Helmholtz coil. The AMFG

had a frequency of 393 kHz. Insets illus-

trate the sample position inside the coil.

The sample was positioned at the (b)

center (c) edge of the coil.
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heating of MNPs and maximized MNPs motion when super-

imposed to AMFG. The absence of MNP heating power

when a static MF is applied, in addition to AMF, was con-

firmed experimentally. Biological experiments demonstrated

that the static MF also impedes cell death appearing in MH

experiments. Even when translational motion of MNPs was

maximized by the use of a dedicated anti-Helmholtz coil, no

decrease in cell viability was measured. Thus, the hypothesis

ascribing a part of cell death in MH experiment to MNPs

translational motion induced by an AMFG is ruled out.
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