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Magnetic nanoparticles (MNPs) Part 2: 
Biological applications 

• Introduction: why combining polymers and magnetic nanoparticles? 
 

• Magnetic polymer vesicles: tumor homing, MRI and magnetic drug-delivery 
 
• Magnetic polymer micelles: magnetic cyto-toxicity and the puzzle of “cold 

hyperthermia” → Need of analysis method at sub-cellular scales (µm, nm…)  
 

• Magnetic hyperthermia to induce bio-luminescence ↔  thermal dose 
 

• Grafting of thermosensitive polymers onto iron oxide: synthetic or 
“biomimetic” polymers (recombinant elastin-like peptides) 
 

• Use to probe temperature by the MRI (positive) contrast 
 

 



Part 2 (Biological applications): MNPs as MRI contrast agents 

• Basic principles of Magnetic Resonance Imaging 
 

• Proton relaxing properties of individual nanoparticles (USPIOs) 
 

• Proton relaxing properties of MNPs clustered by polymer chains 
(SPIONs) : Applications for magnetic guiding and MRI contrast 
enhancement 
 

• Relaxivity of more complex shapes: rodlike (magnetic ‘nanoworms’, 
magnetic nanogels, magnetic micelles or  vesicles (polymersomes)…  
 



Applications of MNPs to Magnetic Resonance Imaging 

→ NMR : Purcell et Bloch (1946) 
→ First NMR Images using gradients: 

Lauterbur & Mansfield (1973) 
→ First Human Head (1979) 
→ Nobel Prize in Medecine (2003):  
 Lauterbur & Mansfield 

“Negative” Contrast Agents 
Microscopic outer sphere theory 
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T1 : longitudinal relax. time 
T2 : transverse relax. time 
R1,2 : relaxivity (Gillis, Koenig, 

Magn. Res. Med. 1987) 



MRI enables to see inside your brain! 



MRI images originate from differences in relaxation times of protons in tissues 
Contrast depends on the RF pulses sequence (T2 vs T1-weighting) 

Magnetic Resonance Imaging 

brain 

Hiwatashi A et al. Am J Roentgenol 2003; 181: 1705–1709. 

brain 

Short T2 
iron deposition 

Short T1 

Gadolinium 

T2(*)-weighted 
TE>120ms, TR>2.5s 

T1-weighted 
TE<20ms, TR<600ms 



Magnetic NPs as MRI positive/negative contrast agents 

University of MONS (Belgium) molecular NMR and biophysics labs 
Y. Gossuin et al., WIRE Nanomed Nanobiotech. 2008, 
1, 299; S. Laurent et al. Chem. Rev. 2008, 108, 2064 
 

“Outer Sphere” model: 
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→ relaxometric experiments to predict MRI contrast 

MRI based on the spin-echo sequence: 

( )1 2/ /
MRI H 1 TR T TE TS e eρ − −∝ − ⋅

T1-weighted: TR=100 ms TE=2.8 ms flip angle =70° 
T2-weighted:TR=300 ms TE=12 ms 

𝒓𝟐 𝒓𝟏�  

T1 c.a. 

T2 c.a. 

∼ 1-2 

>10 



Signal in MRI: recall of NMR basics 

 Applied B1 radio frequency pulse at ω0 

 Energy supply creates excitation which flips 
Mz from the z-axis towards the xy-plane 

HA Sharma, Acta Neuropsychiatrica 2009: 21:200-201 

T1 relaxation 

T1 (spin–lattice) relaxation time = measure of the 
time required to regain longitudinal magnetization  

Mz 

T2 relaxation 

T2 (spin–spin) relaxation time = measure of the 
time required to regain decoherence of the 

transverse nuclear spin magnetization 

Mxy 

Longitudinal magnetization 
recovery 

Transverse magnetization decay 



Simplest MRI sequence: spin-echo 

I = 𝑀0 1 − 𝑒𝑒𝑒 −𝑇𝑇
𝑇1

 𝑒𝑒𝑒 −𝑇𝑇
𝑇2

 

SPIN ECHO 

T1-weighted image  short TR (typically < 500ms) 

T2-weighted image  long TE (typically > 60ms) 



(U)SPIOs as MRI contrast agents 
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→ relaxometric experiments to predict MRI contrast 

𝒓𝟐 𝒓𝟏�  

T1 c.a. 

T2 c.a. 

∼ 1-2 

>10 

“Outer Sphere” model: 
Signal for a spin-echo sequence: 

( )1 2/ /
MRI H 1 TR T TE TS e eρ − −∝ − ⋅

Y. Gossuin, P. Gillis, A. Hocq, Q. L Vuong, A. Roch (U Mons, 
Belgium) WIRE Nanomed. Nanobiotech. 2008, 1, 299 
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T2 relaxivity as a function of magnetic core size for USPIOs 
Collaboration with Lam Vuong & Yves Gossuin, Mons, Belgium 
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Can one predict T2 relaxivity of clustered USPIOs (SPIOs)? 



• Numerous examples of scaling law in polymer science, eg. lamellar period for 
diblock copolymers → approximate but predictive over a wide range 

Scaling laws vs. exact laws…  

y = 0.0061x0.7923
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exponent prefactor 

 Analytic solutions of equations in Physics or phenomenological (empirical) laws in 
engineering sciences → very precise but only in their validity range 
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Motor regime (rpm) 

Pierre-Gilles de GENNES (1979) 
Scaling concepts in polymer physics  

Isaac NEWTON (1687), 
Philosophiae Naturalis 
Principia Mathematica 



Correct normalization of relaxometric data 
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Building USPIOs’ assemblies by “brick and mortar” concept 

Poly(trimethylammonium  
ethylacrylate) (PTEA) 

m 

Poly(acrylamide) 
(PAM) 

n 

Berret J-F, Schonbeck N, Gazeau F, El Kharrat D, Sandre O, Airiau M, Vacher A, JACS. (2006) 128 5 1755; 
Berret J-F, Sehgal A, Morvan M, Sandre O, Vacher A, Airiau M, J. Coll. and Inter. Sci. (2006) 303 315; 
Berret J-F, Sandre O, Mauger A, Langmuir (2007) 23(6) 2993 
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Citrate, PAA2k, PAA5k… 
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Guinier’s radii (giration):  
RG=165 Å with PTEA5k-b-PAM30k 
RG=188 Å with PTEA11k-b-PAM30k 

electrostatic clusters (coacervates) with double 
hydrophilic block copolymers (DHBC) 

“one-shot” mixing  
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aggregate  50 nm 

<N> ~ 100 

J-F.Berret, N. Schonbeck, F. Gazeau, D. El Kharrat, O. Sandre, A. Vacher, M. Airiau, Controlled clustering of superparamagnetic 
nanoparticles using block copolymers: Design of new contrast agents for magnetic resonance imaging. JACS 2006. 128 1755 

Clustering of USPIOs: strong impact on T2 Relaxometry 

[Fe] mmol⋅L-1 [Fe] mmol⋅L-1 



Adsorbed state Desorbed state 

[NH4Cl] mol/L 

Fresnais J., Berret J.-F., Qui L., Chapel J.-P., Castaing J.-C., Sandre O., Frka-Petesic B., Perzynski R., Oberdisse J., Cousin F., Phys. Rev. E, 78 040401R 
(2008) 

Perfectly spherical SPIO electrostatic clusters (coavervates) 
by controlling the desalting kinetics 



T2 contrast::One master curve for all published (U)SPIOs… 

100 nm 

50 nm 

50 nm 

20 nm 

Vuong et al. Adv. Health. Mat.1 502 (2012) 



Relaxivity dependence upon USPIOs’ size 
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Optimization of MRI negative T2 contrast agents: 
Two curves for all published (U)SPIO(N)s ! 

Static Dephasing Regime (SDR) 
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∆ωτD≈10 

P. Gillis, R. Brooks, Mag. Res. Med 47 (2002) 257 



Maximum T2 relaxivities for different types of MNPs 

 

Type of contrast agent 
Mv 

A⋅m-1 

doptimal 

nm 

r2
max 

s-1⋅mM-1 

Maghemite nanoparticles 3.5×105 55 750 

Clusters of maghemite nanoparticles at a 
volume dilution of 5 

(φintra=20% v/v) 

7×104 120 750 

Iron/iron oxide core-shell particles 6.6×105 38 1200 

(Zn0.4Mn0.6)Fe2O4 nanoparticles 8.75×105 35 1860 

0

3
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τ = ∆ω⋅τD ≈ 10 

Vuong, Berret, Fresnais, Gossuin*, Sandre*, Adv. Health. Mat.1(4) 502-512 (2012) 



The scaling law fits perfectly data for γFe2O3@SiO2 particles 
“Relaxometric Studies of γ-Fe2O3@SiO2 Core Shell Nanoparticles: When the Coating Matters” Sonia L. C. 

Pinho, Sophie Laurent, Joao Rocha, Alain Roch, Marie-Helene Delville, Stéphane Mornet, Luis D. Carlos, Luce Vander 
Elst, Robert N. Muller, Carlos F. G. C. Geraldes, J. Chem. Phys. C 116 (2012) 2285 
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Fitting of T1 NMRD profiles with the Outer Sphere model 
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NMRD T1: fmax≈4 MHz, finfl≈15 MHz 
tD=R2/D=3.2⋅10-9 s → RNMR=5.57 nm 
DH2O=2⋅10-9 m2/s 
r1

max≈ 9 s-1⋅mM-1 → mS=54.1 emu/g 

M10-20 micelles 
 

NMRD T1 : fmax≈1 MHz, finfl≈4 MHz 
tD=R2/D =1.6⋅10-8 s → RNMR=10.1 nm 
DH2O=1.5⋅10-9 m2/s 
r1

max≈ 90 s-1⋅mM-1 → mS=67 emu/g 

2π finflτD≈1 2π finflτD≈1 

perfect agreement with magnetometry 

Inflection point 
at low fields 

→τNéel≈17ns 

By P. Arosio, T. Orlando, F. Orsini, and A. Lascialfari (INSTM, Milano) 
using the “Outer-Sphere” model Arosio et al, J. Mater. Chem. B, 2013,1, 5317-5328  



Use of MRI contrast to map temperature? 

A. Hannecart, D. Stanicki, L. Vander Elst, R. N. Muller, S. Lecommandoux, J. Thévenot, C. Bonduelle, A. Trotier, 
P. Massot, S. Miraux, O. Sandre, and S. Laurent, Nano-thermometers with thermo-sensitive polymer grafted 
USPIOs behaving as positive contrast agents in low-field MRI, Nanoscale, 2015. 7: 3754-3767 

http://pubs.rsc.org/en/content/articlelanding/2014/NR/C4NR07064J#!divAbstract


Use of (U)USPIOs for T1-contrast: known by radiologists 

Atherosclerotic MR-imaging in rabbits 5 days after 
the injection of 1000 μmol. Fe/kg of Ferumoxtran-10 
Left: Normal rabbit: bright blood due to the T1 effect 
of ferumoxtran-10 (AMI-227, T-10 Dextran coating)* 
Right: Atheroscleoric rabbit: note the dark signal in 
the vessel wall due to the macrophage uptake of 
ferumoxtran-10 in atherosclerotic lesions. 

Angio-MR in rabbit after the injection of 45 μmol Fe/kg 
of ferumoxtran-10 (AMI-227). Due to the blood pool 
effect, even small arteries and veins are visible 

C. Corot et al. (Guerbet) 
Advanced Drug Delivery Reviews 58 (2006) 1471–1504 

* 4-5 nm core, DH=28 nm, r2/r1=2.1 at 20MHz (Forge et al, 
Contrast Media Mol. Imaging 2010, 5 126–132 ) 



Use of (U)USPIOs for T1-contrast: chemists who know… 

T. Borase, T. Ninjbadgar, A. Kapetanakis, S. Roche, R. O’Connor, C. 
Kerskens, A. Heise, D. F. Brougham, Angew. Chem. Int.-Ed. 2013 52, 164 

U. I. Tromsdorf, O. T. Bruns, S. C. Salmen, U. Beisiegel, 
H. Weller, Nano Lett. 2009 9, 4434 

4 nm core size 

8.3±2 nm core size 



Grafting of thermo-sensitive chains onto USPIOs’ surface 

T > LCST 

T < LCST 

“Hydrophilic corona”  “Hydrophobic corona”  
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NH2

x y

R = H for (EO) of CH3 for (PO) 

Jeffamine® M-2005 : PEO5-st-PPO36 
Jeffamine® M-2070 : PEO46-st-PPO13 
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Chemical route: 
-1/silanization 
-2/amide bond formation 

LCST values: 
Jeffamine® M-2005 : 
22±1°C (DLS / NMR) 
Jeffamine® M-2070 : 
52±1°C (DLS / NMR) 

A. Hannecart, M.Sc. Thesis (UMONS, 2012) 

3-triethoxysilylpropyl succinic anhydride (TEPSA) 

1) DMF, TMAOH 

2) H2O 
 



Size distribution of magnetic cores 
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 + 8OH-
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 → Fe3O4(s)+ 4H2O 
in diethyleneglycol (170°C) 

Forge, D.; Roch, A.; Laurent, S.; Tellez, H.; 
Gossuin, Y.; Renaux, F.; Vander Elst, L.; Muller, R. 
N. J. Phys. Chem. C 2008, 112, 19178-19185 

-median: d0=8 nm 
-standard width (Ln d): σ=0.4 
-number-average: dn=8.6 nm 
-weight-average: dw=13.9 nm 
-polydispersity index: Đ=1.6 
 



Solution properties of the poly(ether)amine chains 
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Jeffamine® M-2005 : PEO5-st-PPO36 
Jeffamine® M-2070 : PEO46-st-PPO13 

LCST values: 
Jeffamine® M-2005 : 
22±1°C (DLS / NMR) 
Jeffamine® M-2070 : 
52±1°C (DLS / NMR) 

LCST       PO 

CH3

O
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NH2

x y

R = H for (EO) of CH3 for (PO) 



Colloidal behavior of the grafted USPIO nanoparticles 
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Jeffamine® M-2005 : PEO5-st-PPO36 
Jeffamine® M-2070 : PEO46-st-PPO13 

→ “weak” aggregation above  
LCST for M-2005 coated USPIOs 

→ electro-steric stabilization (TEPSA charges not 
totally screened by poly(ether) chains) 

DH ∼ Nagg 



Sample 
(coating) 

Bound 
water 

(wt. %) 

Inorganics 
=Iron oxide 

(wt. %) 

Total 
organics 
= (wt. %) 

TEPSA +  
(wt. %) 

Polymer 
(wt. %)    

TEPSA 
coated 

2.7a 87.5 a 
100 b 

12.5 a 
14.3 b 

12.5 a 
14.3b 

0 
  

M-2005 
coated 

1.4a 60.1 a 
100 b 

39.9 a 
66.4 b 

8.6 a 
14.3b 

31.3 a 
52.1 b 

  

M-2070 
coated 

1.6a 77.8 a 
100 b 

22.2 a 
28.5 b 

11.1 a 
14.3 b 

11.1 a 
14.2 b 

  

a relatively to dry matter at 120°C; b ratio to burnt matter at 600°C. 

Thermo-gravimetric study of the grafted USPIOs 

w w

w w

TEPSA polymer
TEPSA polymer

USPIO USPIO
organic wt.%

inorganic wt.%
n M n M

M M
× ×

= +

npolymer≈430 chains per USPIO 
for Jeffamine® M-2005 
(Mw

polymer=2400 g∙mol-1) 
 
npolymer≈100 chains 
for M-2070 
(Mw

polymer=2800 g∙mol-1) 

molecules per nm2 : 
-TEPSA : 2.6 
- M-2005 : 1.1 43% 
- M-2070 : 0.26 10% 

grafting 
yield: 

USPIO 3
w A USPIO

4
3

M N rρ π= × ×



Fitting of the NMRD profiles by the Outer Sphere model 

Proton Larmor frequency (MHz)

0.01 0.1 1 10 100

r 1 (
s-1

m
M

-1
)

0

20

40

60

80

 10°C
 20°C
 30°C
 40°C
 50°C

Proton Larmor frequency (MHz)

0.01 0.1 1 10 100

r 1 (
s-1

m
M

-1
)

0

20

40

60

80

 10°C
 20°C 
 30°C
 40°C
 50°C

30

35

40

45

50

55

5

5.5

6

6.5

7

7.5

5 10 15 20 25 30 35 40 45 50

O
ut

er
 S

ph
er

e 
ra

di
us

 R
N

M
R
 (n

m
) 

Temperature (°C) 

M
agnetisation M

S  (A
∙m

2∙kg
-1) T > LCST T < LCST 

Jeffamine® M-2005 coated USPIOs 

2π finflτD≈1 
2

2
NMR

D
H O

R
D

τ =

R1(fmax)∼(MS)2τD 

TEPSA control 



Relaxivities vs. temperature: at low magnetic field/freq. 
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Relaxivities vs. temperature: at high magnetic field/freq. 
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From thermo-sensitive relaxivities to positive MR contrast 
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NP-JeffM2005
(equation)

NP-TEPSA (equation)

Water (equation)

T1-weighted: 
TR=100ms TE=2.8ms flip angle =70° 

T2
*-weighted sequence: 
TR=300ms TE=12ms Low-field MRI 

(8.25 MHz) 

( )1 2/ /
MRI H 1 TR T TE TS e eρ − −∝ − ⋅



High-field MRI: negative contrast due to aggregation 
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High-field MRI  
(300 MHz, 
B0=7.05T) 

T < LCST 

T > LCST 

 
→ the aggregation effect above LCST is enhanced by 
dipolar interaction for M-2005 coated-USPIOs 

→ the TEPSA control USPIOs remains dispersed even 
under strong B0 and induces positive contrast  



Use of MRI to map temperature during magnetic hyperthermia? 

A. Hannecart, D. Stanicki, L. Vander Elst, R. N. Muller, S. Lecommandoux, 
J. Thévenot, C. Bonduelle, A. Trotier, P. Massot, S. Miraux, O. Sandre, 
and S. Laurent, Nano-thermometers with thermo-sensitive polymer 
grafted USPIOs behaving as positive contrast agents in low-field MRI, 
Nanoscale, 2015. 7: 3754-3767 

http://pubs.rsc.org/en/content/articlelanding/2014/NR/C4NR07064J#!divAbstract


High-field MRI: prevent aggregation in Matrigel™ 

High-field MRI  
(200 MHz, B0=4.7T) 
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Ferro@Jeffamine B0=4.7T (200MHz) 

r2 s-1×mMFe-1

r1 s-1×mMFe-1

r2/r1 (200MHz)

SEM image of Matrigel™ 
(10 mg/mL BD Sci.) from R. 
Poincloux et al, Journal of Cell 
Science 122, 3015-3024 
- dense protein network of 

meshsize 50-500 nm 
- Viscous liquid at 4°C 
- Gel at 37°C 

→ r2/r1 remains limited (aggregation prevented) 
but both relaxivities are significantly decreased, maybe due 
to water confinement effect like in USPIO up-taken by cells 
Cf. Ribot et al, Contrast Media Mol. Imaging 2009, 4 109–117  



J. Thévenot, H. Oliveira, O. Sandre, S. Lecomandoux, Chem. Soc. Rev. 2013, 42, 7099-7116 

Magnetic Responsive Polymer Composite Materials 

http://dx.doi.org/10.1039/c3cs60058k


J. Thévenot, H. Oliveira, O. Sandre, S. Lecomandoux, Chem. Soc. Rev. 2013, 42, 7099-7116 

Magnetic Responsive Polymer Composite Materials 

http://dx.doi.org/10.1039/c3cs60058k


Thermotherapies as old as Hippocrates ! 

1st attempt of magnetic hyperthermia by physicians (not physicists!) 
R. K. Gilchrist, R. Medal, W. D. Shorey, R. C. Hanselman, J. C. Parrot, 2386 and C. B. Taylor, J. Ann. Surg. 
146, 596 (1957). 



A broad variety range of MFH applicators  

• Lab-made setups 
• Commercial setups for other purposes than MFH research (dentistry, jewelry, soldering) 
• Commercial setups dedicated to MFH research  

• Applicators  for SAR measurements 
• Applicators for in vitro MFH (Petri dishes for cell culture) 
• Applicators for in vivo MFH (pre-clinical assays on rodents, clinical assays on humans) 

• Mono-frequency solid-state generators  vs. multi-frequencies resonant circuits 
• Open coils vs. ferrite circuits: control of field lines 
• Hollow pipe vs. multi-strand conductor (Liz wire), water-circulation vs. air-cooling… 

• Adiabatic conditions or not (need thermal loss correction) 
• Thermometry: localized T-measurement (fiber probe) vs. infrared thermometry 
• H field intensity and frequency assessment: redaction of a technical note by WG4 

 



General concepts 



a) Coil vs. b) Ferrite core 

From E. Garaio-Urabayen PhD Thesis, UPV-EHU, March 2015 

a) Air-coils sample located in the center where the H field is more homogeneous and intense 
b) Ferrite cores to concentrate the magnetic flux B inside sample, more homogeneous field 
When large usable-gaps or usable volumes are required (whole human body 
applicators), electromagnetic applicator based on ferromagnetic cores are preferred). 
However, ferrite cores implies additional power consumption, especially at high frequencies. 

𝐵(Tesla) ≈
µ0N × I 

𝐿  



In vivo applicator: clinical (human) 



NanoPlan®: 
Computer-assisted 

Injection of magnetic 
NPs in glioblastoma 

NanoActivator® 

MagForce AG, www.magforce.de 

fRF=100 kHz, Hmax=2 – 18 kA/m, Bmax=2.5 – 23 mT 

2003: Beginning of phase 1 clinical trial 
2007: End of phase 1 clinical trial 
2011: End of phase 2 clinical trial (68 patients) 
Nowadays: Authorized on market in Europe 

Pr Andreas Jordan, Charité hosp. Berlin 

g/L160tumor
OFe- 32

≈γC

Ttumor=43-50°C 

Clinical human applicator  

Picture of prototype (courtesy L. Vekas) 

NanoTherm®: 15nm 
cores, -NH2 coated 

http://www.magforce.de/


Components Of The NanoTherm® Therapy: 
Novel method for local treatment of tumors 



Components Of The NanoTherm® Therapy: 

• Magnetic field activates Neel and Brownian 
relaxation processes of iron oxide nanoparticles 
generating heat 

• Magnetic field strengths of approx. 2-15 kA/m 
• NanoActivator'" induces therapeutic treatment temperatures within the 

tumor of > 40 °. Thermotherapy effect enhances theefficacy of radio- and 
chemotherapy 

• Innovation values of NanoActivator™ 
• Can be applied to solid tumors in all body regions 
• First therapy device specifically for nanomedicine 
• Dose adjustment during therapy by regulating the magnetic field strength 
• Direct intratumoral temperature measurement during therapy for securing 

optimal therapeutic temperatures and patient safety 



In vivo applicators: pre-clinical (rodents) 



Example of lab-made in vivo setup 



control 

110 kHz – 23,8 kA/m Direct injection of nanocubes 
in the tumor (0.7 mg iron) 
 

Exposure to the alternating 
magnetic fied (3x  30 min) 

Ovarian tumors  
A431 cells 

 Heat-Generating Iron Oxide Nanocubes: Subtle “Destructurators” of the Tumoral Microenvironment  

Nanotherics magneTherm™ 

J. Kolosnjaj-Tabi et al 
ACS Nano 8, 4268, 2014 



Recommended accessory for in vivo experiments: 
Mouse restrainer / water-jacket (37°C) 

Nanotherics magneTherm™ 



2 coils Helmholtz-like configuration 

Rodrigues, Bakuzis, to appear in Physics in Medicine and Biology (IOP journal) 



DM3 from nanoScale biomagnetics 

IR camera to 
measure T 

Coil to generate 
the AMF 



Applicators for SAR measurement 



April 6th, 2006 

Current generator : 300 kHz at f= 1.1 MHz / Imax= 12 A 

Fiber optic 
thermometer 

Coil: Ø 12 mm / H=1.8 (kA⋅m-1)/A (Hmax=21.6 kA⋅m-1)  

Thermal regulation (circulation of C9H20 instead of water) 

J. Servais, MSC – Univ. Paris 7 
J-P. Fortin et al 

JACS 129, 9, 2628-2635, 2007 

Example of lab-made SAR measurement setup (Paris 97’) 



Measurements of the heat generation by ultra-small superparamagnetic iron oxide 
particles (USPIO) under AC magnetic field by calorimetry (here: non-adiabatic condition) 
 Specific Absorption Rate  (SAR) or Specific Loss Power (SLP) 

  

fRF=755 kHz, Hmax= 10.2 kA/m 

Measurement of magnetic hyperthermia efficiency 
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RF heating of USPIOs' samples at 5mg/mL in H2O at 
755kHz magnetic field, Hmax=10.2kA/m (Imax=233A) 

"8-10nm" at 100% Imax

"10-15nm" at 100% Imax

"10-15nm" at 50% Imax
SAR=9±1 W/g 

SAR=45±5 W/g 

SAR=80±5 W/g optical fiber thermometer 

inductor coil 

Ependorf tube 

4.18J needed to heat 1g of water by 1°C 
→ convert slopes ∆T/∆t into SAR values in W/g (of iron oxide) 

‘stepped heating’ N. Iacob et al, Eur. Phys. J. E (2015) 38: 57 



Experimental conditions of 120 publications over 25 years 
compared to ‘Brezovich criterion’ H0·f < 4.8 ×108 A(ms)-1 

Scatter size proportional to H0·f product 

in vivo 

in vitro 

in vivo & in vivo 

SAR measurement 

Fundamentals and advances in magnetic hyperthermia, 
E. A. Périgo,    G. Hemery,    O. Sandre, D. Ortega,    E. Garaio, F. Plazaola, F. J. Teran 
Applied Physics Reviews 2, 041302 (2015) 



Bordeaux-Bilbao collaboration on magnetic hyperthermia 

• University of Basque Country 
(Bilbao, Spain) 
Team of Fernando Plazaola (Vice-
Rector), Eneko Garaio, Jose-Angel 
Garcia (Phys.), Juan-Mari Collantes 
(Electr. Eng.), MD Javier Echevarria 
 
 
 
 

• Université de Bordeaux / CNRS 
Team of Sébastien Lecommandoux, 
Olivier Sandre (LCPO) 
Team of Etienne Duguet, Stéphane 
Mornet, Graziella Goglio (ICMCB) 
Team of Franck Couillaud (RMSB), MD 
Nicolas Grenier, MD Hugues Loiseau, 
MD Arnaud Hocquelet  

Aquitaine-Euskadi “Euro-region” 



Setups travelling between Bilbao and Bordeaux 

Bilbao’s setup (Eneko Garaio’s prototype)  
brought to Bordeaux for SAR measurements in 
Spring 2014 

LCPO’ “magnethermon” brought to Bilbao by 
Hugo Oliveira for in vitro expts at CIC biogune 
(Edurne Berra) in July 2012 
European NMP-Health-FP7” 
Leader: Gaiker (Bilbao)    www.nanother.eu 
dedicated to cancer nanotherapy (11 M€) 
In Bordeaux: LCPO, RMSB, CBMN 
In Bilbao and San Sebastian:  CIC biogune, Gaiker, Vicomtech  

http://www.nanother.eu/


Example of lab-made setup: all Bilbao’s setups 



Bordeaux’s setup improved with help of UPV-EHU 

"VASCO Flex"  by Cordouan Technologies 
(startup company nearby Bordeaux campus) 

Euskadi 

Aquitaine 

Thermal Dose & Power 
Control by Eneko Garaio 



Calorimetry vs. magnetometry to measure SAR 

- E. Garaio, J. M. Collantes, J. A. García, F. Plazaola; S. Mornet, F. Couillaud, and O. Sandre, A wide-frequency range AC magnetometer 
to measure the specific absorption rate in nanoparticles for magnetic hyperthermia. J. Mag. Mag. Materials, 2014. 368: 432-437 
- E. Garaio, O. Sandre, J-M. Collantes, J. A. Garcia, S. Mornet, and F. Plazaola, Specific absorption rate dependence on temperature in 
magnetic field hyperthermia measured by dynamic hysteresis losses (AC Magnetometry), Nanotechnology, 2015. 26: 015704 
- E. Garaio, J-M. Collantes, J. A. Garcia, F. Plazaola, and O. Sandre, Harmonic phases of the nanoparticle magnetization: an intrinsic 
temperature probe, Applied Physics Letters, 2015. 107: 123103 
- E. A. Périgo, G. Hemery, O. Sandre, D. Ortega, E. Garaio, F. Plazaola, and F. J. Teran, Fundamentals and advances in magnetic 
hyperthermia, Applied Physics Reviews, accepted, arXiv:1510.06383 

Eneko Garaio-Urabayen PhD Thesis 2015, UPV-EHU, Bilbao 

http://www.sciencedirect.com/science/article/pii/S0304885313008135
http://dx.doi.org/10.1088/0957-4484/26/1/015704
http://dx.doi.org/10.1063/1.4931457
http://arxiv.org/abs/1510.06383


- E. Garaio, O. Sandre, J-M. Collantes, J. A. Garcia, S. Mornet, and F. Plazaola, Specific absorption rate dependence on temperature in 
magnetic field hyperthermia measured by dynamic hysteresis losses (AC Magnetometry), Nanotechnology, 2015. 26: 015704 

The heating efficiency (SAR) varies with temperature 

dTEM=12.9 ± 4.6 nm for sample III 

dTEM=16.9 ± 1.7 nm for sample IV 

http://dx.doi.org/10.1088/0957-4484/26/1/015704


The forced hydrolysis route or “New Orleans synthesis” 

D. Caruntu, G. Caruntu, Y. Chen, C. J. O’Connor, G. Goloverda, 
V. L. Kolesnichenko, Chem. Mater. 2004, 16, 5527-5534 
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-2Cl
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O OH
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OH

M(OH)2 + O

HO

HO

N
OHOH

Poly(hydroxy) amine/Polyol viz. N-methyl diethanolamine / 
DEG (1:1) 

Ferrite slab for magnetic 
sedimentation 

Aspiration flask for 
washing steps 

Stirring shaft 
Reflux 

Internal T-probe 

Dry heating mantle 
(up to 250°C) 

2nd heat/stirrer for 
precursor dissolution 

• Precursor 
• Polyol composition 
• Temp/Duration 
• Water content 

• 6 mmol FeCl2 
• 12 mmol FeCl3 
• 180g DEG 
• 180g NMEDA 
• 220°C 5h 

 



Variety of Fe3O4 NP batches synthesized in DEG:NMDEA 
𝑑 = 𝑑0𝑒𝜎

2 2⁄  𝑣𝑣𝑣 𝑑 = 𝑑0
2 𝑒𝜎2 2⁄  − 1  

4FF: d=6.2±1.0 nm 23FF: d=10.5±1.9 nm 

15FF: dout=36.3±4.8 nm 

25FF: d=14.2±3.2 nm 

29FF: dout=26.6±4.2 nm 30FF: dout=41.1±8.6 nm 



Utmost importance of controlling water addition 

(f=755 kHz, H=10.2 kA⋅m-1) 
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FeCl3 
Fe(acac)3 

precursor 



Chosen nanoflower sample: FF15 
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dout=36.3±4.8 nm 
dcore=7.4±1.4 nm 

• Can be oxidized in boiling Fe(NO3)3:     Fe3O4 → γ–Fe2O3 
 

• Washed and stabilized in water at pH∼7 with citrate ligand 



DC magnetization curves of FF15 nanoflowers 

Oxidized Fe3O4 

Mspe (kA/m) 300 350 

Room temperature M(H) Field Cooled-Zero Field Cooled 

TB2 ≈ 290 K 

TB1 ≈ 200 K 

TVerwey ≈ 90 K 

Negligible coercitivity (Hc<0.5 kA/m)   → 

in Agar gel in glycerol 



Peculiar Spin-Glass Dynamics of Nanoflowers 
A. Kostopoulou, K. Brintakis, M. Vasilakaki, K. N. Trohidou, A. P. Douvalis, A. 
Lascialfari, L. Manna, A. Lappas, Nanoscale 6, 3764 (2014) 

𝜑intra = 0.46 

𝜑intra
= 0.60 

𝜑intra
= 0.72 

Different spin-dynamics / relaxation times τ 
Interplay of dipolar interactions with spin disorder 
 due to the defected surface coordination (PAA) 
 → memory effects in the high TB 

superspin-glass transition (TB) 

Tf χ ”(T) 



AC hysteresis curves of FF15 nanoflowers 
1.7 mg/mL Fe3O4 

1.0 mg/mL γ–Fe2O3 

Measurements done by Eneko Garaio (UPV-EHU Bilbao) 



SPM-FM transition depends on applied frequency! 

Magnetite Oxidized 

∝ 𝐻app2 ∝ 𝐻app2 

𝐻aniso 𝐻aniso 

plateau 

1. High f: SAR∼Happ
2 scaling consistent with SPM state 

(Néel relaxation main contribution to heating) 
 

2. Low f: weak SAR below threshold field (Hmax<Haniso) 
and scaling exponent >>2 for Hmax>Haniso followed by plateau  

→ so-called “Stoner-Wohlfarth behavior” by J. Carrey & G. Goya 

Measurements done by Eneko Garaio (UPV-EHU Bilbao) 



Modeling mag. moment dynamics by Fokker-Planck equation 

Simulation done by Eneko Garaio (UPV-EHU Bilbao) 

Two-region modelling of nanoflower: 

25 nm Core 
10 nm thick Shell 
(surface) 

10 nm 

3

0.17
2

1 0.83

Core
Core

core surface

Surface Core

total surface surface core core

d
d d

M M M

ϕ

ϕ ϕ

ϕ ϕ

 
= ≈  + 

= − ≈

= +total surface surface core coreM M Mϕ ϕ= +

→Total diameter 45 nm and volume fractions:  

Calculated 
hysteresis: 

Maghemite: 
Mspe = 300 kA/m 

Keff=8 kJ/m3 



The phase of M(H) harmonics enables measuring T ! 

- E. Garaio, J-M. Collantes, J. A. Garcia, F. Plazaola, and O. Sandre, Harmonic phases of the nanoparticle magnetization: an 
intrinsic temperature probe, Applied Physics Letters, 2015. 107: 123103  

http://dx.doi.org/10.1063/1.4931457


Magnetic hyperthermia works at macroscopic scale (tumor 
Ø∼1cm), but what about the cellular or micro-metastasis level 

(Ø∼10-100µm)? 

LMDH (univ P6, P7) 1997 

Y. Rabin: Is intracellular hyperthermia superior to 
extracellular hyperthermia in the thermal sense? 
Int. J. Hyperthermia 2002 18,194-202. 
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Cellular hyperthermia is still a very hot debate! 
r R 
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Detection of hyperthermia in micro droplets R=200µm/V=33nL 

Qoil (µL/mn)   QFF (µL/mn)   tresidence (s)   ΦFF= QFF/Qtot 

90      15           85  14.3%  

150      15           54  9.1%  

150      50           45  25%  
D. Habault et al, IEEE Transactions on Magnetism (2013) 
49 182-190, DOI: 10.1109/TMAG.2012.2221688 
 



In situ measurement  of the train of drops temperature 

GaAs crystal at tip of an optical fiber 
(www.opsens.com Canana)  

360 µm 
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0 50 100 150 200

Temperature 
(°C) 

Time (s) 

P=100; Qff=15µl/min; Qoil=100µl/min 

Bumps: 
droplets resolution 

D. Habault et al, IEEE Trans. Mag. (2013) 
49 182-190 
 



The dominant phenomenon is thermal conduction towards 
medium, here a fluorinated oil (C6F14) with koil∼kwater/10  

y = 3.03ln(x) + 6.49 
R² = 1.00 
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al, Langmuir 27, 9034 (2011) 



y = 372090x - 4E+08 
R² = 0.9987 

0.0E+00

1.0E+07

2.0E+07

3.0E+07

4.0E+07

5.0E+07

1040 1060 1080 1100 1120 1140 1160

O
ve

ra
ll 

flu
x 

[p
h/

s]
 

Integral of T vs. t above threshold [°C∙s] 

Analysis of bioluminescence vs.  
deposited thermal dose 

Detection of in vivo effects of magnetic hyperthermia: 
droplets Ø∼1mm of fluorinated MF on mice skin 
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Expts. at RMSB with S. Mornet & F. Couillaud 

LucF Hspa1b 
ADN 

+ 6h 

traduction 

Time sec 

Genes 2017 8, 61 

http://dx.doi.org/10.3390/genes8020061
http://dx.doi.org/10.3390/genes8020061
http://dx.doi.org/10.3390/genes8020061
http://dx.doi.org/10.3390/genes8020061


In vitro and in vivo studies on tumor models to determine ∆Tmax 
reachable after intra-tumor vs. intravenous injection of MNPs 

• In vitro: magnetic bio-gels in a mouse model (agar gel) 
 
 
 
 
 
 
 
 
 
 

• In vivo: magnetic bio-gels injected subcutaneously 

Undergoing experiments with S. Mornet (ICMCB), P. Durand and F. Couillaud (RMSB) 

100 µL magnetic Matrigel placed in fat 
layer (3 mm thick) below skin (1 mm) and 
above muscles and blood (2 mL). Power 
density=1 W/cm3. Tumor phantom heated 
at 45°C at center and 42°C in periphery. 

Convection in water-jacket 
(T∞=310K, h=100 W/m2/K) 

Convection in air 
(T∞=293K, h=10 W/m2/K) 

t(s) 

T(°C) 

Dose 
=200°Cs 2 3

tumor
-Fe O 17.5mg/mLCγ =

Genes 2017 8, 61 

http://dx.doi.org/10.3390/genes8020061
http://dx.doi.org/10.3390/genes8020061
http://dx.doi.org/10.3390/genes8020061
http://dx.doi.org/10.3390/genes8020061


New commercial in vivo MFH setup (nB DM3) 

IR camera 

• 146 kHz, 27.6 mT 
• 217 kHz, 26 mT 
• 344 kHz, 20.4 mT 
• 473 kHz, 16.8 mT  

“défi nano 2014” 



RF induction heating for magnetic drug release (magneto-
chemotherapy): more gentle process than pure hyperthermia 

Thermoresponsive polymer brush-
functionalized magnetic manganite 
nanoparticles for remotely triggered 
drug release  
S. Louguet.. S. Mornet, E. Duguet, S. 
Lecommandoux, C. Schatz 
Polym. Chem., 2012,3, 1408 
  

C. Sanson, O. Diou, O. Sandre, S. Lecommandoux, ACS Nano 2011, 5 1122 



Drug releasing nanoplatforms activated by alternating magnetic fields 

BBA - General Subjects 2017 
doi: 10.1016/j.bbagen.2017.02.025 

Setup for model drug release experiment through drug 
diffusion across semi-permeable membrane 
1: Solenoid and calculated magnetic field lines 
2: Dialysis bag (e.g. Spectra/Por Float-A-Lyzer™, 50000 
g⋅mol-1 MWCO, 10 mm diameter, 5 mL volume) 
3: Cylinder (50 mL) filled with aqueous buffer 
Usually the drug is titrated in the outer medium, in 
“sink” and thermostatic (37°C) conditions. 

Liu et al, Nanoscale 
2013, 5, 11464 

http://dx.doi.org/10.1016/j.bbagen.2017.02.025


Selective  
solvent 
(water) 

Good solvent 
(organic) Intra-aggregate rearrangements 

Block copolymer self-assembly 

Critical water fraction 
End of unimers diffusion 

constant Nagg 

Solvated chains ill-defined  
aggregates 

Nucleation 

Vesicle 

Growth 

Micelles 

Vs. Direct dissolution (DD) 
for low Tg blocks: PBA-b-PAA, PBD
b-PEO, PDMS-g-PEO, PEO-b-
PDMS-b-PEO … 
 
(in buffered solution at 50 °C) 

self-assembly mechanism called “nanoprecipitation” or “solvent displacement”* 

*Johnson et al. Phys. Rev. Lett. 2003 
Lince et al. J. Coll.& Interf. Sci. 2008 
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Water Controlled 
flow rate 

Nanoprecipitation, e.g. PS-
b-PEO, PLA-b-PEO, 
PCL-b-PEO… 

Organic (10 % v/v 
Water (90 % v/v) 

Preparation method of nanosized polymersomes from a rigid 
(T<Tg) or semi-crystalline (T<Tm) amphiphilic copolymer 

Sanson et al, Langmuir 26 
(2010) 2751 
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Self-assembly by “solvent displacement” method (nanoprecipitation) 

DMSO* 
(or THF/MetOH)  

+ 
copolymer 

+ 
Drug 

+  
γ-Fe2O3@Beycostat 

DI water or buffer solution 

or the reverse (DMSO→H2O) 
 
+ extended dialysis 

Sanson et al. Langmuir 26, 2751 (2010); ACS Nano 5, 1122 (2011)  * LD50 by iv: 2.5-11g/kg  (cats, dogs, monkeys, rabbits, mice, rats…)  

Co-assembly in polymersomes for dual-loading 



Magnetic micelles and vesicles self-assembled from MNPs 
and amphiphile diblock “rod-coil” copolymers 

Poly(trimethylene carbonate)-block-poly(L-glutamic acid) 
 

 Synthetic polyaminoacid  
 Bioresorbable 
 pH responsive 
   → 2ndary structure transition 

 Bioresorbable 
  Semi-crystalline for Mn 
< 12 000 g/mol : 
Melting at Tm≈ 37°C  
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 Bioresorbable 
 Stealth properties 

 Bioresorbable 
 Synthetic polyaminoacid  
 Rigid hydrophobic block 
 Rod-like (helical) structure Sanson et al. Langmuir 26, 2751 (2010); Soft Matter 6, 1722 (2010); J. 

Contr. Rel. 147, 428 (2010); ACS Nano 5, 1122 (2011) 
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PEG-b-PBLG PTMC-b-PGA 

Poly(ethylene oxide)-block-poly(γ-benzyl-L-glutamate) 
 

Vesicles 
δmb≈10nm 

2RG=DH≈200nm 

Micelles 

2RG=0.775DH 
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P. Arosio et al. J. Mater. Chem. B 
2013, 1, 5317-5328 
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CryoTEM 

A. Brisson, CBMN 

TEM 

C. Sanson et al ACS Nano 5, 1122 (2011) 

Magnetic polymer vesicles: structural study 

Chécot et al. Adv. Mat. 17, 712 (2005) 



Optical video microscopy under magnetic field gradient 

Magnetic guiding of PTMC-b-PGA vesicles under B gradient 



Optical video microscopy under magnetic field gradient 

 Experimental magnetophoretic mobility V = 1.09 μm/s  Linear drift motion: τ×yxV /

Brownian width: nm 196/sµm 11.1 2 =→== hyx RDD( ) ττσ Dyx 2/ =  Diffusion constant 

dB/dz=18.5 T/m, magnetic field B0=174 mT  δx, δy increments every τ=40ms 

h

B

6 R
TkD

ηπ
=

Stokes-Einstein 

Magnetic guiding of PTMC-b-PGA vesicles under B gradient 



Optimize SPIONs particles for all bio-related properties: MRI, 
tumor homing & hyperthermia / magnetic drug release 
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For a given batch of USPIOs (Mspe and distribution of dcore  sizes), the design of clusters of  controlled 
geometry (Φintra and d) enables to tune  both MRI contrast and guiding properties 

speintrav MΦM =

at high field: B0>0.94T 
(f>40MHz) 

3
core

2
speintra

B

0

18
dMΦ

Tk
πµχ =

at low field: B0<0.1T 
but high field gradient: ∇B0=10-100T/m 

 

Both parameters (r2 and vmag) can be measured by MRI, as in A. Ionescu et al. Nanotechnology 19 (2008) 395102: 
dcore=9.6nm, d=12µm, Φintra=0.6, Mspe=2.35×105A/m, η=10-3Pas, T2*=50µs, [Fe]=48g/L≡600mM→r2=33s-1/mMFe, B0=7T, 
∇B0=1.21T/m, vmag=5×10-4m/s  



[Fe] (μM) H2O 21 37 49 74 148 
[copo] 

(μg/mL) H2O 2.9 5 6.7 10 20 

MR detection limit: copolymer concentration at which the  
MRI signal intensity decreases to 50 % of that of pure water 

 0.6 nM vesicle concentration 
 

For comparison, threshold for PCL-b-PEG micelles loaded with 16 nm Fe3O4 NPs  
→  5 nM (Gao et coll. Adv. Mat. 2005) 
 Wt % 

SPIO 
r2  

(Fe.mM-1.s-1) 
20 85 
35 141 
50 177 
70 178 

 r2 increases with SPIO  
   loading content  

Vesicles with 70 wt % SPIO at different dilution factors Relaxation rates (r2=(1/T2)) versus 
 iron concentration  

 Good T2 contrast agent for MRI 

4.7 T 

Collaboration with RMSB: 
Line Pourtau, Sylvain Miraux, Eric Thiaudière C. Sanson et al, ACS Nano 5, 1122 (2011) 

Magnetic vesicles as negative MRI contrast agents 



Antibody-functionalized magnetic polymersomes: in vivo targeting 
and imaging of bone metastases using high resolution MRI 

L. Pourtau, H. Oliveira, J. Thévenot, Y. Wan, A. Brisson, O. Sandre, S. Miraux, E. Thiaudière, and S. 
Lecommandoux, Advanced Healthcare Materials, 2013, 2, 1420–1424 



HER2 

BT 474 

In vitro tumor targeting efficacy 

Cell internalization by FACS 
Breast cancer cell lines: 

Internalization  by targeting in 
HER2 positive cells 

MDA MB 231 

Overexpress HER2 
(Human Epidermal Growth 

Factor Receptor-2)  
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0.1 mg/mL particles 

Anti HER2 mAb- 
grafted particles 
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Anti HER2 mAb- 
grafted particles 

37°C 

Naked 
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In vitro tumor targeting efficacy 

Cell internalization by MRI 

24h incubation time 
0.2 mg/mL particles 

MDA-MB-231 BT-474 

Cells embedded into a gel and 
imaged by MRI 

washing 

HER2 + HER2 - 

Both methods (FACS and MRI) confirm the specific internalization of antibody-bearing polymersomes in 
HER2 positive cells 



Bio-distribution / Pharmacokinetics of magnetic polymersomes by MRI 

Real time 3D MR imaging at 4.7 T of the distribution of hybrid polymersomes after 
iv injection of a 100 µL bolus of contrast agent at a dose of 250 µmol Fe/kg (15 
mg/mL copolymer) injected in the mouse tail vein. 

L. Pourtau, H. Oliveira, J. Thévenot, Y. Wan, A. Brisson, O. Sandre, S. Miraux, E. Thiaudière, S. Lecommandoux, Advanced 
Healthcare Materials, 2013, 2, 1420–1424 

blood clearance, 
T1/2, AUC… 

Experiments were performed when 
tumors reached 12 – 15 µL  

Targeting of bone metastasis. 



Dual loaded polymers with the anthracycline anticancer drug 
doxorubicin (up to 30 wt%) and USPIOs (up to 70 wt%) 

Doxorubicin-loaded PTMC-b-PGA polymersomes 

❖ Optimal loading with carbonate buffer pH 10.5 

❖ Incorporation during the nanoprecipitation process (DOX in DMSO) 

M =  543.5 g/mol 
pKa = 8.3 
logP = 0.53  (DOX-NH3

+: -0.64) 

hematological cancers, carcinoma, sarcomas… 
free drug or as liposomal formulation (Doxil™) 

PTMC24-b-PGA15  
+ 6-7nm γ-Fe2O3 USPIOs 

wtdox/wtcopo (%) Dh
Contin(nm) PDI Zeta 

(mV) 
0 113 0.22 -40.8 

20 122 0.15 -42 
30 274 0.20 NA 

PTMC24-b-PGA15  
+ 50 wt% 6-7nm USPIOs 

+ DOX 

Loading content (LC) up to 70 wt% (12 
vol%) USPIOs without size change  

30 
wt% 

0 
wt% 

50 
wt% 

70 
wt% 



RF induction heating for drug release (magnetochemotherapy): 
latest assays “in cellulo” (magneto-cytotoxicity) 

37°C, B=0 

Toxicity for HeLa cells 
H. Oliveira et al, J. Contr. Rel. 2013 169(3), 165-170 

OFF ON 

Magnetic field 

Cells with internalized vesicles 

Vesicles loaded at 6±1% doxorubicin, size: 192 nm (pdi=0.1) 

H.  Oliveira (postdoc) in front of the 
“magnethermon” at CIC biogune (Bilbao) 

B=14 mT (H=11.2 kA/m) at 755 kHz 



Thank you for you attention 

o Europe 
http://cost-radiomag.eu/ 

€ 
o CNRS-MI 

 
“défi nano” (2012, 2014-2015) 

“Multifunctional Nanoparticles for Magnetic Hyperthermia and Indirect Radiation Therapy”  

“MagnetoChemoBlast” (2013-2017) 

o Agence Nationale de la Recherche 

o C’Nano GSO 

o National Science Foundation 
France/Belgium iREU in Translational Chemistry  
Louis Stokes Alliances for Minority Participation 

o Cancéropôle GSO 



EU networking: COST Action TD1402 RadioMAG  

WG 5 
Public relations 

WG 1 
Physical chemistry:  

fabrication  
 coating / targeting 

WG 3 
Radiosensitation & 

MH:  
pre-clinical / clinical aspects 

WG 4 
Instrumentation:  

thermometry & development 
of MH devices 

WG 2 
Physical MH aspects: 

 standardisation 
testing 

Management Committee 

Core Group 

“Multifunctional Nanoparticles for Magnetic 
Hyperthermia and Indirect Radiation Therapy”  

http://cost-radiomag.eu/ 

21 countries 

… 

Roadmap: 
- Better design of nanoparticles 
for in vivo hyperthermia 
- Standardize SAR measurement 
- In vivo assays: pre-clinical and 
towards clinical trials 
- Temperature mapping 
(intra-tumoural) 

http://cost-radiomag.eu/
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