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f ) Magnetic nanoparticles (MNPs) Part 2:
T Biological applications

e [ntroduction: why combining polymers and magnetic nanoparticles?
e Magnetic polymer vesicles: tumor homing, MRI and magnetic drug-delivery

e Magnetic polymer micelles: magnetic cyto-toxicity and the puzzle of “cold
hyperthermia” — Need of analysis method at sub-cellular scales (um, nm...)

 Magnetic hyperthermia to induce bio-luminescence <> thermal dose

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

e Use to probe temperature by the MRI (positive) contrast
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P
df"o& Part 2 (Biological applications): MNPs as MRI contrast agents

e Basic principles of Magnetic Resonance Imaging
e 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

e Relaxivity of more complex shapes: rodlike (magnetic ‘nanoworms’,
magnetic nanogels, magnetic micelles or vesicles (polymersomes)...
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d %Pﬂ 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): R .« relaxivit
Lauterbur & Mansfield 1,2 - Felaxivity
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“Negative” Contrast Agents

Microscopic outer sphere theory
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+Ry,[Conc.]

T, : longitudinal relax. time
T, : transverse relax. time

Diffusion of water molecules around magnetic particles

(Gillis, Koenig,
Magn. Res. Me?i. 1987)
Wig
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d %P e Magnetic Resonance Imaging

meéres Organiques

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

T,(*)-weighted T,-weighted
T¢>120ms, T>2.5s T<20ms, T;<600ms

Hiwatashi A et al. Am J Roentgenol 2003; 181: 1705-1709.
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d M 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:

MRI based on the spin-echo sequence:
SMRI o p, (1_e—TR/T1).e—TE/T2

T,-weighted: TR=100 ms TE=2.8 ms flip angle =70°
-weighted: TR=300 TE=12 . . .
To-weighte ms ms — relaxometric experiments to predict MRI contrast
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EP e Signal in MRI: recall of NMR basics

meéres Organiques

= Applied B, radio frequency pulse at w,

e N % L » Energy supply creates excitation which flips
>3 ‘x /i’—)’f /[—y Mz from the z-axis towards the xy-plane
X

Longitudinal magnetization
recovery

T, relaxation

g
£
N

T, (spin—spin) relaxation time = measure of the

time required to regain decoherence of the
T, (spin—lattice) relaxation time = measure of the transverse nuclear spin magnetization
time required to regain longitudinal magnetization

HA Sharma, Acta Neuropsychiatrica 2009: 211:200-201
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d fpg Simplest MRI sequence: spin-echo

90 180° 90° 180°
RF /\[2\/\ 5
t
G,
L] L | t
G, [ 4
A T ¢
(1) @ @) (6)
G, ! SPIN ECHO
0 TE/2 TE
l
' Tr

T,-weighted image = short TR (typically < 500ms)

T,-weighted image > long TE (typically > 60ms)
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N (U)SPIOs as MRI contrast agents

“Outer Sphere” model:

Signal for a spin-echo sequence:

TRIT, | 4=TE/T
SMRIOCIOH(l_e 1)'9 2

. , T
~ 23 S l',." l: 2/1"1
7 ofeem 4
- - VS T, c.a. >10
---F1" 5 | O
%G_) \ s .
A\ =T
Q. \\ - 6\
Q’%},_ AN ,/, NS
/O¢ ~ ' , p \8;\\\} \ B d2 T1 C.d. ~ 1-2
AR " 4D
A 1 (1
R =—r. f(Aw)* M ? 270 slmM 1
2 45 D ( ) Aw = 7:”03 v Fe
Aoty <1 — relaxometric experiments to predict MRI contrast

Y. Gossuin, P. Gillis, A. Hocq, Q. L Vuong, A. Roch (U Mons,
Belgium) WIRE Nanomed. Nanobiotech. 2008, 1, 299
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Eg T, relaxivity as a function of magnetic core size for USPIOs

d meéres Organiques

Collaboration with Lam Vuong & Yves Gossuin, Mons, Belgium

0.030
® particules Paris
r2 X column vs y column
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dw Can one predict T, relaxivity of clustered USPIOs (SPIOs)?

ganiques
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N Scaling laws vs. exact laws...

ganiques

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

150 -
<
N
£ 100 -
© <o
o
a 50 -
9
E R | NEWTON (1687
g 0 1000 2000 3000 4000 5000 6000 saac NEWTON (1687),
Philosophiae Naturalis
Motor regime (rpm) PrInCIpICI Mathematlca

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

prefactor _ exponent

TE de Qe 2

Pierre-Gilles de GE .NES (1979)
Scaling concepts in polymer physics

10000 100000 1000000
Molar Mass M, (g/moal)

-~ P — - université = = — —— 77'?35"::%“*1"{;\%; —
= “BORDEAUX M

-

y = 0.0119x°%9%

100 1

y = 0.0061x"79%3

Lamellar period (nm)
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in the “Motional Averaging Regime”

Correct normalization of relaxometric data

R, = ETD f(Aw)’| |AwT, <1
45
d? y M,
LTS 3
volume fraction (no unit) (a) USPIO (b)

Geometrical parameters: d and @, ,..

M
[Fe] mat = o MO0 ~1.5x10°m®-mol?
PMO -Fe,0,

[
(mmol, -L1)?

l, X Giiea 2 12 42
—2: theory d :6X1O d

M Vv

2 2
ath — 2 M Fe203 /' Mo
eory
405 PFe203 D
with D,;,,=3%10 m2-s't at 37°C
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W Building USPIOs’ assemblies by “brick and mortar” concept

electrostatic clusters (coacervates) with double

Poly(trimethylammonium ..
ethylacrylate) (PTEA) hydrophilic block copolymers (bHBC) =
PR ) . -c:{—mnp.]exes—rr
cH:2 CH 100 % % 15
™~ *H ~ & '.\'/, 18
sl _ g i T
Citrate, PAA,,, PAA... i o 8
0 o) - L ) '\\1{ e § 1
O NH, Guinier’s radii (giration): 0" %
Rg=165 A with PTEA,,-b-PAM,,, 6%1? - 5K-30K ."
5 I" i R.=188 A with PTEA,,,-b-PAM,,, PV i i il o il il
oly(acrylamide) 0.0010.01 0.1 1 10 100 1000
H, - 100 mixing ratio X
‘ E 0.01
~ s
e % 0.001
2 2 0.0001
g h
= & T1K.30K
0.001 0.01 0.1 1 10 100 1000
HP
S S R A X-[Fe203]/[Ponmer]
e — “one-shot” mixing

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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d&ﬁ’ mie Clustering of USPIOs: strong impact T, Relaxometry

meres Organiques

Longitudinal Transverse
200 | | | | | 1000 | | | | |
- —@— no polymer . - —@— no polymer ]
160 | 80 Polym. 5K =
~ @ Polym.5K - i Polym.11K ]
‘T'w 120 7@— Polym.11K i ‘—Iim 600 |
\':' i i \-; slope = 177.9 s"*ammol? i
S 80 - | t 400 - slope = 103.4 s"tammol!
L J — L
40 | slope = 23.74 s*ammol* | 200 | |
slope = 21.73 s*4mmol* , slobe = 51.74 sL4mmol’
| slope = 18.13 slammol* | ope TR ts |
2 3 4 5 6 7 1 2 3 4 5 6 7
[Fe] mmol-L* 3§ [Fe] mmol-L2 |
N=1 <N>~20 | <N>~ 100
A
- — t- I - ""ﬁ i « large »
single nanoparticle L =
« small » aggregate aggregate

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. 128 175\%/
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N Perfectly spherical SPIO electrostatic clusters (coavervates)
R by controlling the desalting kinetics

1000
- Adsorbed state Desorbed state a

copolymers

mixing at dialysis or ||

1M NH,CI dilution B &

| I Ynggy
e “rion
1-Fe,0,-PAA,, +
.

\__—Fazo,-wmZK
0 0,2 0,4 0,6 0.8 1

Lol vl o ol ool oimnd 8
10" 104 10 102 10" 10° 10
dly/dt (Ms™)

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)
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- 1, contrast: One master curve for all published (U)SPIOs...

to
d meé ganiques

N

79 92 W07 124 14
Diameter (nm)

Particles in OS regime,
Particles in OS regime, literature

Forge et al.
Martina et al.
Sanson et al.
Cheong et al.
Beaune et al.
Pinho et al.
Particles out of OS regime, this study
Particles out of OS regime, literature
Beaune et al.

Berret et al.

Xie et al.

Aietal.

cietng et al. 1
Paquet et al. O
Jungetal. AMI25 O @
Lim et al. O

Particles out of OS regime, with
70000 < Mv < 100000

1e-10 T

' E— 1 10
—————————\fuong-etal-Adv. Health. Mat.1 502 (2012)

7nm(5nm) 40 nm (8 nm)

*9OOPeOOSCrEDIIRROIDNFOO

size (nm)

20 nim
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W Relaxivity dependence upon USPIOs’ size

ganiques

1000
This study (USPIOs)
Jung et al. AMI227
Koenig et al. MION46-L O
Forge et al.
7 Martina et al.
Sanson et al. A
i Cheong et al.
Beaune et al. (REV)
h Pinho et al.
(a) (b)

Lartigue et al.

Wang et al. RESOVIST
Wang et al.

Tromsdorf et al.
Taboada et al.

Lartigue et al.

Cheong et al. ..; O
Regression .'

- %zuﬁxlo—” d’

\Y

100

DA EEOODEEOOEEOCOODOEN

r, (s'mM™)

(d)

10 LI | ! ! LA L | ! ! LA | ! ! LA |

le+12 le+13 le+14 le+15

2 2 _ 2 2
|VIV xd /¢|ntra_ mS xd” x ¢|ntra

Vuong, Berret, Fresnais, Gossuin, Sandre, Adv. Health. Mat.1(4) 502-512 (2012)
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W Optimization of MRI negative T, contrast agents:
e Two curves for all published (U)SPIO(N)s !

Static Dephasing Regime (SDR)
1000 5
Aw7,=10 B Simulations 2000 A m™<M,<10000 A m™'
=3 Simulations 10000 A m”'<M_<30000 A m’
100 ;W o p 4
] O 0] [ Simulations 30000 A m~'<M,<100000 A m
L 2 1000
=
TE 10 A -— T —o—
2, 100 - /07:0 - r% . we
© /o + .
5 H
< S N
x - 5 AT
N 1 L a # N
*~ P e
5< Awr, < 20 \i\\x
1 —
0,1 e x-\i
ak e
rrrr T LI L R L LI AL L Tt Trrr L L L L L 0.1 | | : |
50 100 150 200 250 300 350 10°¢ 10 10 10 102 101 100 10
Size [nm] o)
_ . P. Gillis, R. Brooks, Mag. Res. Med 47 (2002) 257
Vuong, Berret, Fresnais, Gossuin®, Sandre*, Adv.
Health. Mat.1(4) 502-512 (2012) *
r* _ R2 _ 272'7/,Ll0VmatMV ~ T
2 _ ~ 12
[Fe] 943
e - B
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EP me Maximum T, relaxivities for different types of MNPs

meéres Organiques

Ao =TH "y M,
3
d 2
Tp =——= Aw-15,= 10
4D
|vlv doptimal rzmax
Type of contrast agent A-m? nm stmm-t
Maghemite nanoparticles 3.5x10° 55 750
Clusters of maghemite nanoparticles at a 7x10% 120 750
volume dilution of 5
(@ntra=20% V/V)
Iron/iron oxide core-shell particles 6.6x10° 38 1200
(Zny ;Mn, ;)Fe,0, nanoparticles 8.75x10° 35 1860

Vuong, Berret, Fresnais, Gossuin*, Sandre*, Adv. Health. Mat.1(4) 502-512 (2012)
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The scaling law fits perfectly data for yFe,O,@SiO, particles

“Relaxometric Studies of y-Fe203@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

FF
FF@SiO, 1
FF@SiO, 2
FF@SiO, 3
FF@SiO, 4
FE@SiO, §
FF@SiO, 6
FF@SiO, 7

bare particle

(Dintra = d
coated particle

|

calculated M,,, calculated M.,
TEM diameter magneto metric =~ NMRD  NMRD (A m’/kg TEM
r, (20 MHz, s ' mM ™) (nm) diameter (nm) diameter (nm)  of particle)” (A m®/kg of particle)”
129.25 & 3.88 96+ 13 109=%0.12 13.6 £ 0.1 51.1 51.1
114.18 £+ 3.43 1124+ 17 11.3+0.12 16.1 0.1 39.4 40.4
96.16 + 2.89 247 £ 32 11.0%0.12 21.8 £ 0.1 21.3 6.2
85.89 4 2.58 464 =80 11.1+£0.12 276 02 11.9 1.00
50.25 £+ 1.51 738 £81 112+4+0.12 38+0.3 4.94 0.25
39.78 = 1.19 949 +£7.0 1124014 40+ 08 4.27 0.12
40.57 = 1.22 11424+ 127 112+0.12 36 = 0.6 5.76 0.07
39.i§03t 1.18 1529 =131 11.1+£0.12 43809 3.29 0.03
o0 y = 0.0004x1-9859
N /g R?=0.9959
; 10 —% & fintra*r2 60MHz
g O fintra*r2 20MHz
< - = / = to0p  —— Puissance (fintra*r2 60MH2)
01 = Aot agbp 4.90 X dyy’
0.01 ,/’/ : " 490 X dip”® + 2.2 X (deoat” — dbp’)

S\

"M, (Am?/kg) x dgp, (nM)
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Fitting of T1 NMRD profiles with the Outer Sphere model

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

11 - 100
10:
9. 80
8 1
] ! 272' a1 =]

" | 27 finn ~1 0 Fino
6 I 8!

S .1 Inflection point | =

zZ . ! Z 404
41 atlow fields I
* 9 TNée|z17ns i 204
24 __. NTOO4 :
1 1
0-""I T T rrrrrrg T T T 1T 111r| T T I:lllll| T T T T 11T 1 0 W | T T W | A LA |

0.01 0.1 1 10 100 0.01 0.1 1 10 100
MHz MHz
MG6-5 micelles M10-20 micelles
NMRD T1: f,,=4 MHz, f,.4=15 MHz NMRD T1:f__ =1 MHz, f, s~4 MHz
ty=R%/D=3.2-10° s - Ryyr=5.57 nm t,=R?/D =1.6:10% s > Ryz=10.1 nm
D,50=2-10 m?/s D,50=1.5-10° m?/s
r,™®= 9 st.mM?* - mg=54.1 emu/g r,™= 90 s1.mM1 > m=67 emu/g
perfect agreement with magnetometry
I—. ] | VS = — \l/ =
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iP i Use of MRI contrast to map temperature?

meéres Orfganiques

1500 -

1000 -

500

T>LCST

10 15 20 25 30
time / min

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

%PoﬂUse of (U)USPIOs for T,-contrast: known by radiologists

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

Atherosclerotic MR-imaging in rabbits 5 days after
the injection of 1000 umol. 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 umol Fe/kg
of ferumoxtran-10 (AMI-227). Due to the blood pool
effect, even small arteries and veins are visible

* 4-5 nm core, D,;=28 nm, r,/r,=2.1 at 20MHz (Forge et al,

Contrast Media Mol. Imaging 2010, 5 126-132 )
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EP - Use of (U)USPIOs for T,-contrast: chemists who know...

a) 50— 10
4 nm core size 401 — ]
8 4 1 g
B
| o | 3 o
6
T )
£ N —— 20 L
T b . - o -
: AN
al ) - 10 .
'y T ] 0 . " u
; | 4
(R . . . —0 Fl 0 - - - -
0.01 o 1 10 100 (:5 PEG350 PEG550 PEG 1100 PEG 2000
'H Larmor Frequency / MHz — _[.;_ 8
150 . i
b) 8.3+2 nm core size - PEG 350
120} 64
T
2 90} Sy
iy N 4 4
C
60 |-
PEC 3% peG 2000
24
a0l PEG 1100
A 5 10 15 20 25 30  3F
0.5 1.0 1.5 2.0 dhyd / nm
o [Fe]/ mm _ U. I. Tromsdorf, O. T. Bruns, S. C. Salmen, U. Beisiegel,
T. Borase, T. Ninjbadgar, A. Kapetanakis, S. Roche, R. O’Connor, C. H. Weller. Nano Lett. 2009 9 4434

Kerskens, A. Heise, D. F. Brougham, Angew. Chem. Int.-Ed. 2013 52, 164
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d w Grafting of thermo-sensitive chains onto USPIOs’ surface

ganiques

Jeffamine® M-2005 : PEO.-st-PPO,,

o NH,
ch/( \/i{\o/ﬁ%/ Jeffamine® M-2070 : PEO,-st-PPO,,
R / \

R = H for (EO) of CH, for (PO)
T<LCST
LCST values:
R T>LCST
Jeffamine” M-2005 : pd §
22+1°C (DLS / NMR)
Jeffamine® M-2070 : “Hydrophilic corona” “Hydrophobic corona”
52+1°C (DLS / NMR) \ /
HaC
) .
Ho 4" A 1) DMF, TMAOH
HZ’ o+ e o\ o >
oH O 0 2) H20
Chemical route: < o

-1/silanization
-2/amide bond formation
(] 0]

o 10 EDC - w_rn A Hannecart, M.Sc. Thesis (UMONS, 2012)
15 R-NH,

- ., - - ) ) - ) ) &@é N o 7
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3-triethoxysilylpropyl succinic anhydride (TEPSA)




e do Chnie Size distribution of magnetic cores

d me ganiques
0.16
0.14 -
Fe2+(20|_) + 2F93+(6C|—) + 80H " gna+) 012 "u. pata
(]
in diethyleneglycol (170°C) 0.08 O g ..
7 we
N
Ny
.l
....!!!E!==-=EEEE=:=H
5 10 15 20 25

Diameter by TEM (nm)

-median: d,=8 nm
-standard width (Ln d): 0=0.4
-number-average: d =8.6 nm
-weight-average: d,=13.9 nm
-polydispersity index: D=1.6

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
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/% Ow\é "
H;C O
3 X y
R

R = H for (EO) of CH, for (PO)

Jeffamine® M-2005 : PEO-st-PPO,
Jeffamine® M-2070 : PEO¢-st-PPO;

'H NMR or DLS signal
(arbitrary unit)
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Solution properties of the poly(ether)amine chains

|

© o o
~N o ©

0.6

© o0 o0 o o
P N W R o

o

5 15 25 35 45 55 65 75 85
Temperature (°C)

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




d 3'? e Colloidal behavior of the grafted USPIO nanoparticles

meres Organiques

T=LCST

7

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

60 -

40 H

20 +

T=LCST

Dy~ Nogg

90 - -

—e— USPIO

—&— USPIO-TEPSA

—A— USPIO-TEPSA-JeffamineM-2005

Hydrodynamic diameter D,, (nm)

45

15 20 25 30 35 40 45 50 55 60 65
Temperature (°C)

2700
2400
2100
1800
1500
1200
900
600
300
0

, Jeffamine® M-2005 : PEO.-st-PPO5,

Zeta potential (mV)
o

-20 4

-40 4

-60 -

12 Jeffamine® M-2070 : PEOQ,-st-PPO;

— electro-steric stabilization (TEPSA charges not

totally screened by poly(ether) chains)
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o do Phric Thermo-gravimetric study of the grafted USPIOs

d meé ganiques
Sample Bound Inorganics Total TEPSA+  Polymer
(coating) water =lron oxide  organics (Wt. %) (Wt. %)
(wt. %) (wt. %) = (wt. %) |
TEPSA 2.72 87.52 12.5a 12.5a 0 organicwt.%  Nygpsa X M TEPSA Nogiymer X \/] Polymer
coated b b b = o + o
100 14.3 14.3 . - 5 USPIO USPIO
M-2005 1.4 60.12 39.92 8.6 31.32 Inorganic wt.% M M
coated 100° 66.4" 1430 52.1b
M-2070 1.62 77.82 22,22 11.12 11.12 USPIO 4 3
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Fitting of the NMRD profiles by the Outer Sphere model

Jeffamine® M-2005 coated USPIOs
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E e Relaxivities vs. temperature: at low magnetic field/freq.

c——-—---

20

30
Temperature (°C)

50

20 MHz (0.47T)

60

€}
o
L

[o2}
o
L

Temperature (°C)

20

d méres Organiques
70 : 50
|
601 ° : *]
F; [ ° : ‘T"-\ 40
o
50 | 2
“"i =l . w'E 35 |
~ ! . 2 301
r § 407 " . T
= ! ° S
TS ) 1 L] o 25 b
(\! 30 I = N
®, I ., = 20 A
T 20 ' :
| 15 4
|
10 — T T T 10
10 20 30 40 50 60 0
Temperature (°C)
8.25 MHz (0.2 T) B NP-JeffamineM2005
® NP
200 i 160
|
180 - . "
140 -
4 160 . ~
IE Im F'|
E 140 L . 2120
1 1 \—I|
r £ 120 1 I )
N : . ~ 100
s 100 H ° " I
n e 1 ° =
80 ° o
© ' . om N
& 60 : e o = =
40 1 '
|
20 — . . . 40
10 20 30 40 50 60
Temperature (°C)
s ———SSS— | 1} -1 | I
—— “BORDEAUX

40

50

Wiy

— Bordeaux INP e
ENSCEP l\\\ =




toire de
d meéres

Relaxivities vs. temperature: at high magnetic field/freq.
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EE imie From thermo-sensitive relaxivities to positive MR contrast
d
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T,-weighted: T, -weighted sequence:
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O  NP-TEPSA (experiment)
—@— NP-TEPSA (equation)
O NP-JeffM2005 (experiment)
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Time experiment (s)

— the TEPSA control USPIOs remains dispersed even
under strong B, and induces positive contrast

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

High-field MRI: negative contrast due to aggregation

T < LCST
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Future Developments

9

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

Low-field MRI is a fallow-lying field. For decades, the technical developments
mainly addressed MRI with higher field strength. Very few attempts have been
made, to transfer this progress to systems with a field strength below 0.5 T.

To activate our fantasy, let us have a look on possible developments specifically
for low-field MRI systems.

9.1  Technical Improvements

9.1.1 Magnet Design
There have been a lot of innovative designs. Toshiba developed the OPART, a 0.35 T
system with a high-temperature superconducting magnet.

The four poles of the magnet enabled wide open access at a high mechanic
stability, This system is no longer available,

The C-arm concept is most frequently used for permanent magnet systems.
Mainly Hitachi and Siemens pursue this design (Fig. 9.1).

A variation of the C-arm concept is a tiltable magnet, realized by Esaote. The
G-scan magnet can be tilted, to enable weight-bearing examinations, which are of
importance in musculoskeletal imaging (Fig. 9.2).

Another innovative approach has been proposed by FONAR, with one magnet on
the ceiling and one on the ground, resulting in a 360° open magnet. The MRI is
installed as work in progress in Oxford/GB (Fig. 9.3).

The FONAR Upright MRI is an open 0.6 T system with a resistive electromagnet
for functional imaging. It fills a small, but important market segment (Fig. 9.4).
PARAMED Inc./Italy has combined an upright imaging concept with tiltable table/
seat, providing new application options.

A very innovative approach is the development of single-sided MRI. It is used
for the so-called magnetic particle imaging (MPI). In MRI, the influence of tissue
substance on the relaxation properties of protons is measured. In MPI, the
© Springer International Publishing Switzerland 2016 143
H.-M. Klein, Clinical Low Field Strength Magnetic Resonance Imaging: A Practical
Guide 1o Accessible MRI, DOIL 10.1007/978-3-319-16516-5_9
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144 9  Future Developments

i -

Fig. 9.1 Open C-arm Magnets: Lefi Siemens Magnetom C! 0.35 T. Right: Hitachi Aperto 0.4 T

Fig. 9.2 Esaote G-scan Brio with a field strength of 0.25 T

magnetization of the magnetic particles (magnetites, ultrasmall particles of iron
oxide USPIO) is measured directly.

This method can produce extremely high-resoluted images in low magnetic
fields (0.164 T) using the T1 relaxation time shortening. A vertical resolution of up
to 20 pm is possible (Rossler et al. 2014). The magnetite particles are thermosensi-
tive and can be used as nanothermometers, behaving as positive contrast agents in
low-field MRI (Hannecart et al. 2015) (Fig. 9.5).

These different magnet designs give an impression of the variability of applica-
tions. Innovative magnet design is facilitated by low-field concepts.
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http://pubs.rsc.org/en/content/articlelanding/2014/NR/C4NR07064J#!divAbstract

SEM image of Matrigel™
(10 mg/mL BD Sci.) from R.
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Poincloux et al, Journal of Cell .,

Science 122, 3015-3024
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High-field MRI: prevent aggregation in Matrigel™

High-field MRI
(200 MHz, B,=4.7T)

®r2/r1 (200MHz) — 1,/r, remains limited (aggregation prevented)
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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
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* Magnetic Responsive Polymer Composite Materials
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J. Thévenot, H. Oliveira, O. Sandre, S. Lecomandoux, Chem. Soc. Rev. 2013, 42, 7099-7116
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http://dx.doi.org/10.1039/c3cs60058k

w Magnetic Responsive Polymer Composite Materials

Magnetic fillers
+ + +
Elastomeric polymers Biocompatible polymers Thermoresponsive polymers

Deformation of soft Magnetically guided Magnetically actuated
objects in magnetic field objects thermoresponsive
A) D) materials and objects

H dc
e

—>» H dc

Nanoparticle guidance

| E)
Contraction VH
m -
e >

H de Cell guidance

Deflection o
C)

Controlled drug delivery

H)

H ac

¢ & lede
b ( © ‘ ‘ Shape memory polymer
‘ materials
e " )

Orientation Molecule separation

J. Thévenot, H. Oliveira, O. Sandre, S. Lecomandoux, Chem. Soc. Rev. 2013, 42, 7099-7116
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15t attempt of magnetic hyperthermia by physicians (not physicists!)

Thermotherapies as old as Hippocrates !

1

Dilts prechlein faget
ons uott allen pabets
ie ud natur hafs fein

3] 18g) FE
i |

M.H. Seegenschmiedt and C.C. Vernon

which dates back to about 3000 w.c. (Breasren
1930). Therein a clinical report is presented of a
woman suffering from a (malignam?) breast
tumor. In this case it was recommended that the
tumor be treated by means of the so-called fire
drill, which was clearly meant 1o be a local caustic
therapy. Subsequently, such local heat treatments
were described in numerous other reports by
Greek and Roman physicians. This ancient con-
fidence in the application of local heat is unders-
cored by one of the famous aphorisms of the
Greek physician Hippocrates, who stated (trans-
lated in Latin words. according 10 OVERGAARD
1985):

uae meduwamenta non sanant, ferum samed
Cluae ferum nown wanes, Ignis sonar
Quae vere ignis non samal, nsanobilia reportar oportel.

which means:

Those who cannot be cured by medicine can be cured by
Surgery

Those who cannot be cured by surgery can be cured by
heat

Those who cannit be cured by heat are to be considered
incurable

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).
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W A broad variety range of MFH applicators

—

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

 Applicators for SAR measurements
— ¢ Applicators for in vitro MFH (Petri dishes for cell culture)
e 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...

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

B iad Wig.
e - S—— L D A S 1 — = —————————— e
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a)

Sample

B(Tesla) =

a) Coil vs. b) Ferrite core

b) Ferromagnetic Core

Sample
I hd

AC

T -

Air-gap

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

WoN X |
L

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.

" N
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In vivo applicator: clinical (human)
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W Clinical human applicator

Pr Andreas Jordan, Charité hosp. Berlin

MagForce AG, www.magforce.de

NanoActivator® Toumor=43-50°C
fr=100 kHz, H__=2 — 18 kA/m, B

NanoTherm®™ AS1

=2.5-23 mT

max

NanoPlan®: NanoTherm®: 15nm

Computer-assisted cores, -NH, coated
Injection of magnetic rmor
NPs in glioblastoma C, .o, #160g/L

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
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http://www.magforce.de/

roeier- Components Of The NanoTherm® Therapy:

Novel method for local treatment of tumors
THERAPY PLAN

Iron oxide nanoparticles are injected directly into the tumor using

conventional methods following therapy planning

NanoTherm® is a colloidal dispersion of superparamagnetic iron oxide
nanoparticles with a diameter of approx. 15 nm and a coating of aminosi-
lane. The iron concentration of the dispersion is 112 mg/ml (or 335 mg/ml)

NanoTherm® is injected directly into the tumor
in an intraoperative procedure

NanoTherm™ AS1

Due to their special coating, the nanoparticles remain
at the injection site

2. TUMOR TEMPERATURE SIMULATION [ Treatment temperatures and corresponding magnetic field

strengths are defined by the physician before the start of therapy
(Post Implantation Analysis, PIA)

| The software NanoPlan® simulates temperature distribution in the treat-
| ment area and suggests magnetic field strength for NanoTherm® therapy

The basis of the treatment plan is the concentratian and position
of the nanoparticles in the tumor measured by postoperative CT and
temperature maxima defined by the physician



N Components Of The NanoTherm® Therapy:

AN ALTERNATING MAGNETIC
FIELD, WHICH CHANGES ITS
POLARITY 100,000 TIMES PER
SECOND, ACTIVATES THE
NANOPARTICLES

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

e 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- a|'

chemotherapy
* Innovation values of NanoActivator™ s ,’

e Can be applied to solid tumors in all body regions

e First therapy device specifically for nanomedicine

e Dose adjustment during therapy by regulating the magnetic field strength _

. Direct intratumoral temperature measurement during therapy for securing g

optimal therapeutlc temperatures and patient safety N
- : _ _ — umverSlte = = —_——————— S ———
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In vivo applicators: pre-clinical (rodents)
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e Nanotherics magneTherm™
Heat-Generating Iron Oxide Nanocubes: Subtle “Destructurators” of the Tumoral Microenvironment

Direct injection of nanocubes  Exposure to the alternating

in the tumor (0.7 mg iron) magnetic fied (3x 30 min) §
' control

110 kHz — 23,8 kA/m

Ovarian tumors
A431 cells

© @]

control tumor injected tumor

injected tumor
rectal

36 —control tumor
——skin

&

AT tumor/skin (*C)
-2

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

tlme-[mml ) . ) o \l{)
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a“"‘ﬂ Nanotherics magneTherm™

Recommended accessory for in vivo experiments:
Mouse restrainer / water-jacket (37°C)
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W 2 coils Helmholtz-like configuration

(a) 6.7 mm t__ 3 ' il g . = S (c). T !. l 420.0

' 308.0

D Cf
o b <18 <10 4 0D 08 L0 L ZD 2% 14{].{}

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

-

DM3 from nanoScale biomagnetics

™

20 mm

Coil’s chambers

9,001=-001
§.502=-001
&.00E=-001
¥ SC2=-001
700001
6,503=-001
G.004=-001
3. 5042-001
5.005=-001
45062001
4.008=-001
3. 207001
3007001
2.507=-001
2.008=-001
1.509=-001

9.501=-001 ¢
' 9.501e-001
1 9.001e-001
» 8.802e-001
! 8.002e-001
' 7.502e-001
¢ 7.002e-001
; 0.303e-001
» G.004e-001
1 5.504e-001
' 5.005e-001
¢ 4.508e-001
; 4.000e-001
» 3.307e-001
P A.007e-001
1 2.507e-001
¢ 2.00Be-001
1.009e-001 ©
3.0552-002 |
<1.000e-003 5 095=2-00.2

Density PO [B], Tesla

=1,000=-4-000
IR camera to
measure T

Coil to generate
the AMF

1.30%e-001
1.00%e-001
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Applicators for SAR measurement
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d Mmple of lab-made SAR measurement setup (Paris 97’)

max

Current generator : 300 kHz at f=1.1 MHz /| __ =12 A
J. Servais, MSC = Univ. Paris 7 — ‘l , | |

J-P. Fortin et al
JACS 129, 9, 2628-2635, 2007

Fiber optic
thermometer

Thermal regulation (circulation of C4H,, instead of water)

Coil: @ 12 mm / H=1.8 (kA-m1)/A (H__=21.6 kA-m™)

A
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d W Measurement of magnetic hyperthermia efficiency

ganiques

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)

RF heating of USPIOs' samples at 5mg/mL in H,0 at
755kHz magnetic field, H,,,,=10.2kA/m (/,,,,=233A)

iy o

| 39
optical fiber thermometer 37 SARE8045 W/g
\. | - 3 I[ ——"8-10nm" at 100% Imax
o /‘
. RS S~ S AR=A5ES W/
: 5 / P PARTAPEP W/ ="10-15nm" at 100% Imax
N - o/
=y A——, g 31
pv S < = / e "10-15nm" at 50% Imax
] £ SAR=941 W/g
h ’ : ' = 2 \. 'ﬂ_) 29 g
inductor coil SAR = d
b 25 Myp lalle=
Ependorftube /S 0 60 120 180 240 300 360 420 480 540 600
Time (s)

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

4.18J) needed to heat 1g of water by 1°C
— convert slopes AT/At into SAR values in W/g (of iron oxide)

far=755 kHz, H__ = 10.2 kA/m

e — E——— TV TR S jf’?@ﬁ:&ﬂ*!"%;;
“*BORDEAUX M



W Experimental conditions of 120 publications over 25 years
Lirwoanae:  coOmpared to ‘Brezovich criterion’ H,f < 4.8 x10% A(ms)*

Scatter size proportional to H,-f product

6o
L

f"\

se,y | g

40 3
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in vivo A\l
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in vivo & in vivo
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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) e
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%E -.  Bordeaux-Bilbao collaboration on magnetic hyperthermia
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~_ kxz e« 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

universite
*BORDEAUX

sl UPV EHU

e Université de Bordeaux / CNRS

Team of Sébastien Lecommandoux,
Olivier Sandre (LCPO)

o Uimoges
/R Simgses.

eman ta zabal zazu

Team of Etienne Duguet, Stéphane

:adr'-'-d} . Mornet, Graziella Goglio (ICMCB)
N Castell ,

" dala D\ Team of Franck Couillaud (RMSB), MD
Aquitaine-Euskadi “Euro-region” Nicolas Grenier, MD Hugues Loiseau,

MD Arnaud Hocquelet
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W Setups travelling between Bilbao and Bordeaux

LCPO’ “magnethermon” brought to Bilbao by
Hugo Oliveira for in vitro expts at CIC biogune

(Edurne Berra) in July 2012 *

European NMP-Health-FP7” OOf‘IOthGI’
Leader: Gaiker (Bilbao) www.nanother.eu

dedicated to cancer nanotherapy (11 M€) W
In Bordeaux: LCPO, RMSB, CBMN 2007 - 2013
In Bilbao and San Sebastian: CIC biogune, Gaiker, Vicomtech

Bilbao’s setup (Eneko Garaio’s prototype)
brought to Bordeaux for SAR measurements in
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http://www.nanother.eu/

LBsee..  Example of lab-made setup: all Bilbao’s setups
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N Bordeaux’s setup improved with help of UPV-EHU

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

ThermalDosePow
erCaontrol3.0

Thermal Dose & Power
Control by Eneko Garaio

UPV EHU

universite S — Bmue;%}ul?’%” =
——— - N “BORDEAUX I\ —



meéres Orfganiques

d iP e Calorimetry vs. magnetometry to measure SAR
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- E. Garaio, J. M. Collantes, J. A. Garcia, 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
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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

HP . The heating efficiency (SAR) varies with temperature
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- 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
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http://dx.doi.org/10.1088/0957-4484/26/1/015704
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d N 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

o/ \o 2Cl

_ _ )

Poly(hydroxy) amine/Polyol viz. N-methyl diethanolamine /
DEG (1:1) ‘
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~. Variety of Fe;O, NP batches synthesized in DEG:NMDEA

ganiques (d) _ doeo' /2 var(d) = doz(e
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d % . Utmost importance of controlling water addition

meéres Organiques

- \Université ' T~

E ffect Water Has on SAR values (f=755 kHz, H=10.2 kA-m-1)
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W Chosen nanoflower sample: FF15

ganiques

d._ =7.4+1.4 nm

d

out

-36.3+4.8nm |

Outer diameter (nm) Core diameter (nm)

e Can be oxidized in boiling Fe(NO;);:  Fe;0, — y—Fe,O,

e Washed and stabilized in water at pH~7 with citrate ligand
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%P e DC magnetization curves of FF15 nanoflowers

meéres Organiques
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d W Peculiar Spin-Glass Dynamics of Nanoflowers

A. Kostopoulou, K. Brintakis, M. Vasilakaki, K. N. Trohidou, A. P. Douvalls A.

Lasaalfan L. Manna A. Lappas, Nanoscale 6, 3764 (2014)
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d gp e AC hysteresis curves of FF15 nanoflowers

meéres Orfganiques
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Measurements done by Eneko Garaio (UPV-EHU Bilbao)
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%P ~.  SPM-FM transition depends on applied frequency!

meéres Organiques

Magnetite Oxidized
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1. High f: SAR~HaW2 scaling consistent with SPM state
(Néel relaxation main contribution to heating)

2. Low f: weak SAR below threshold field (H__ <H_ .. )
and scaling exponent >>2 for H__ >H__. followed by plateau
— so-called “Stoner-Wohlfarth behavior” by J. Carrey & G. Goya

Measurements done by Eneko Garaio (UPV-EHU Bilbao)
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d 38 . Modeling mag. moment dynamics by Fokker-Planck equation

meéres Orfganiques
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%Pﬁ The phase of M(H) harmonics enables measuring T !
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- 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
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http://dx.doi.org/10.1063/1.4931457

W. Magnetic hyperthermia works at macroscopic scale (tumor
Meomae  @~1cm), but what about the cellular or micro-metastasis level

(2~10-100pm)? @

~

Y. Rabin: Is intracellular hyperthermia superior to
extracellular hyperthermia in the thermal sense?

H-Halbreicl-»,, A — Int. J. Hyperthermia 2002 18,194-202. =
LMDH (univ P6, P7) 1997 ii{kwrza_T}P:pcwa_T_} AT =P R
r* or or P ot kWR
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.--Cellular hyperthermia is still a very hot debate!
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Validating subcellular thermal changes
revealed by fluorescent thermosensors

To the Editor: In their recent Commentary arguing that a single
cell cannot substantially raise its temperature by endogenous
thermogenesis, Baffou ef al. raised a critical issue' concerning
the observations of temperature rise of AT in single cells and
of subcellular thermal heterogeneities” %, They argue that the
observed AT (1-2 K) of a whole cell?? would be much larger than
the theoretical AT estimated from the relation
AT =i (1)
&L

where x is conductivity, L is the diameter of the heat source and
Pis power.

This is derived from the macroscopic heat diffusion equation for
continua

e T(r,t)xV'T (r,t)=p(r,e) @

where c is volumetric heat capacity and T(r, ) and p(r, f) are temper-
ature and heat source density as a function of position rand time f.

We believe that the issue requires a deeper examination regarding
the values of the parameters used in the calculation of AT from the
relation (1) and the validity of the basic equation (2) for cellular
systems.

Baffou et al. estimated AT within a cell to be around 10~° K,
assuming that the heat source size is 10 um and that the average
heat production per hour based on glucose production is 100 pW
(360 n] h™!). Considering the transience and localization of actual
heat production within intracellular organelles, they further
estimated the energy required to increase 1 K over a 1-um?
volume during 1 s to be 1 uJ, which is still one or two orders of
magnitude higher than the maximum energy produced by the
total glucose contained within a cell'. In their estimation, they
adopted x=1 W m~! K-}, representing a watery environment, for
the medium surrounding the heat source. However, the interior
of a cell is far different from a watery environment. For example,
proteins, water and lipids all possess different « values (0.6 and
0.1-0.2 W m~! K-! for water and proteins, respectively’). In
addition, the typical size of the heat source in mitochondria is
less than 100 nm.

Taking I = 100 nm and x = 0.1 W m~! K~! to reflect the high
concentration of the intracellular proteins, we reestimate the
heat required for an increase of 1 K over the volume of the heat
source within mitochondria (10-* pm?) during 1 s to be 10 n],
in contrast to the 1 uJ calculated by Baffou et al. Notably, our
value agrees well with the heat production of 3-5 nJ 5! in brown
adipocytes obtained using microcalorimetry®”. We also note that
the heterogeneity in the conductivity of intracellular components

CORRESPONDENCE |

= SAR.Cdop

AT Fe,05 k

max
medium

2
A Firop

and the complexity of the membrane structures in intracellular
organelles could contribute to the uneven temperature
distribution. The complex and highly organized structure of the
cells also strongly affects heat capacity c and may further elicit
emergent behaviors (frequently described as “the whole is greater
than the sum of the parts™), which disallow a simple adoption of
equation (2}, in subcellular heat diffusion. Therefore, we believe
one must carefully consider this fact before employing equation (1)
based upon steady-state and uniformity to interpret thermal
properties of a real cell.

Additionally, we believe that the underlying assumption
guaranteeing the validity of the macroscopic equation (2) may not
hold for the actual conditions inside cells. Equation (2) assumes that
the local equilibrium is preserved at every ‘point’ (in a macroscopic
sense) in the surrounding medium under consideration, and
therefore the point should correspond to a real volume of the order
of 1 um?, according to ref. 8 (we interpret this reference to state that
the threshold of applicability is true not only for the gas phase but
also for liquid and solid phases). We also interpret ref. 8 to state that
the size L of the heat source must be much larger than 1 wm for this
equation to be applicable. Fluctuations of thermodynamic quantities
will be significant and will violate the prerequisite homogeneity in
small (<1 pm) systems, whereas they become completely immaterial
at a larger length scale. The actual sizes of the heat sources, namely
protein complexes and intracellular organelles, are 10-100 nm in size.
Additionally, several heat sources exist in cells in a discontinuous
manner. Therefore, we believe that it is necessary to adopt a heat
diffusion equation with additional parameters.

‘We note that the active ion transport and the accompanying heat
transport in CaZ*-ATPase, or a temperature difference between the
cytosol and endoplasmic reticulum (ER) and the corresponding heat
flux across ER lumen, have been simulated by using the theory of
mesoscopic nonequilibrium thermodynamics®19. A similar approach
may help interpret cellular thermal changes. We believe that equation
(2) with appropriate values of xand ¢ is still valid for a nonuniform
system such as a cell if the system may be properly represented by a
coarse-grained continuum characterized simply by xand c.

Furthermore, our experimental observations using tsGFP1-mito
or tsGFP1-ER, targeted to the mitochondria or ER, respectively,
clearly revealed the temperature changes in HeLa cells, brown
adipocytes and differentiated myotubes, in contrast to tsGFP1
expressed throughout the cytosol®. This difference hetween tsGFP
constructs supports the view that the generated heat was transferred
directly to organelle-targeted tsGFP1s in the same compartment, for
compartment sizes less than 100 nm, but reached the cytosolic tsGFP1
only after being diffused. This also might be the case in the observed
higher temperature of the nucleus compared with the cytosol using
fluorescent palymeric thermometers within the same compartment?.
Inhibiting various biochemical processes in the nucleus should
confirm this finding. We believe it will be critical to assess the effects
of different subcellular environments through precise evaluation of
the fluorescence properties of targeted thermosensors.
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The 105 gap issue between calculation
and measurement in single-cell
thermometry

To the Editor: In their recent Commentary, Baffou et al.!
questioned the results of microscopy-based techniques for
measuring endogenous heat production in single cells. First,
following our and others’ discussions on the ‘10° gap issue’ (the
difference between the measured temperature increase of 1 K
in a single cell using cellular thermometry as compared to the
theoretically calculated increase limit of 10~° K)2-*, they reached
the same conclusion that the temperature of water with the same
volume as a single cell delivering a power 100 pW is unlikely to
have a temperature increase of 1 K in a water bath. In this regard,
we agree with Baffou et al.

However, according to microcalorimetry studies, the
amount of heat production varies among cell types. For
example, brown adipocytes that are specialized in nonshivering
thermogenesis can produce heat equivalent to ~1.6 nW
per cell (ref. 5), which is 10" times larger than the 100 pW
assumed in Baffou et al.’s calculation. Additionally, cells
under stimulation and those without stimulation show
substantial metabolic differences. Further explanations
are needed for the gap pertaining to unstimulated cells
(Supplementary Discussion and Supplementary Table 1).
Although the 10° gap can be filled by one order of magnitude
depending on the cell types and stimulation conditions, it is still
insufficient to bridge the entire gap.

Site-specific nanothermometry (by positioning intracellular
thermosensors at defined locations within a cell) has the potential
to unmask the identities and quantities of the heat sources and fill
the gap by another one or two orders of magnitude. Equation (2)
in ref. 1 addresses temperature profile in relation to distance from

802 | VOL.12 NO.9 | SEPTEMBER 2015 | NATURE METHODS

the center of the heat source, L (units in meters) (Supplementary
Discussion), and is as follows:

AT =Lt
KL

where AT represents the temperature difference (in kelvin),
P represents the power of the heat source (in watts) and x represents
the thermal conductivity of the medium surrounding the heat source
(in W m~! K-!). Yang ef al.? argued that the deviation of measured
AT originated from the distribution of L. In accordance with this
idea, we detected no notable distribution in AT when our molecular
thermometers targeted the endoplasmic reticulum (zero distance)—
which is considered the major heat source in calcium shock
measurements—without distribution of L (ref. 6 and Supplementary
Discussion).

Second, Baffou et al. concluded that it is unlikely that the
temperature of water with volume of 1 um® can be sustained at
1 K higher than the surrounding medium for longer than a few
seconds by means of the oxidation of stored glucose. However,
most thermosensors used in intracellular thermometry are smaller
than 1 pm? by two or more orders of magnitude (Supplementary
Discussion). Also, Baffou ef al. appear to have ignored glucose uptake
in stimulated cells (Supplementary Discussion). Furthermore,
their argument relies on general well-established equilibrium
thermodynamics (historically developed for large steam engines) that
do not take into consideration the realistic boundary conditions of
heat transfer at the micro- or nanoscale in a cell. Thus, we believe that
their argument does not necessarily invalidate the reported transient
temperature dynamics.

Baffou et al.’s third point is that a single lipid bilayer is deficient in
the thermal resistivity needed to result in a higher temperature value
in an organelle than in cytosol'. Again, temperature discontinuity was
calculated by assuming bulk-type heat flow. But we believe that this
does not match the reality of the complex intracellular structure of a
cell (Supplementary Discussion).

Finally, we agree with Baffou ef al. that it is important to test
the robustness of intracellular thermosensors with respect to
environmental parameters other than temperature changes.
Environmental impacts (inhomogeneous in space and time) need to
be controlled in order to make progress in temperature imaging in
single cells. Most studies cited by Baffou et al. have noted the utmost
importance of deciphering potential sources of error in measurements
(Supplementary Table 1). We therefore do not believe that all the data
measured by means of completely different kinds of thermosensors
can be attributed to factors other than temperature changes.

‘We expect that once the aforementioned uncertainties of variable
heat sources in stimulated cells (10*), length scales (10'~107), and
micro- and nanoscale thermal parameters (10'-10) are clarified, the
10° gap issue may disappear. We envisage that these unknowns will be
the next targets for investigation in this field.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper (doi:10. 1038/ nmeth.3551).

ACKNOWLEDGMENTS

The authors acknowledge support from a Grant-in-Aid for Scientific Research on
Innovative Areas (no. 2306) and Scientific Research (C) (to M.S.), Young Scientist
(A) (to K.0.) and Spedially Promoted Research and Scientific Research (S) (to 5.1.)
from the Ministry of Education, Culture, Sports, Science and Technology of Japan.

— — Bordeaux INP

_  universitE =

“BORDEAUX

/ —_—
ENSCBP ”\

\



d N Detection of hyperthermia in micro droplets R=200um/V=33nL

ganiques

O~oi| (U'L/mn) O~FF (uL/mn) 1:residence (S) CI)FF= O~FF/O~tot

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
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w In situ measurement of the train of drops temperature

aniques
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W. The dominant phenomenon is thermal conduction towards
Lo medium, here a fluorinated oil (CgF,,) with K,y ~K ater/10
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Analysis of bioluminescence vs.
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Detection of in vivo effects of magnetic hyperthermia:
droplets @~1mm of fluorinated MF on mice skin
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P In vitro and In vivo studies on tumor models to determine AT

maxX
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~eonaes Fegchable after intra-tumor vs. intravenous injection of MNPs
Genes 20178, 61

e Invitro: magnetic bio-gels in a mouse model (agar gel)

Tumor phantom

3.175e+H002 1 =3,182=H002
3.167eH02 1 3,175=H002
3.15%=+H002 1 3,167=H002
3.152+H002 : 3,155%=+H002
3144 H002 : 3,152 H002
3.136H002 : 3, 1444002
3.12%9+002 : 3, 136=H102
3.121eH02 : 3, 12%+002

3.1132H02 1 3.121=+02 O »
3, 106eH02 ¢ 3, 113=+H002 !

3,058e+002 : 3, 1062402 A
3.090=+002 1 3.088=H02 ’ ]
B

1.l|‘lh

#%\? |

3.075eH02 : 3.063e+102 ,'r_“
3.0672+02 ¢ 3,075=+H02

3.060+002 ¢ 3.0672H02 ;
3.052e+02 ¢ 3.060e+H02
3.0842H02 ¢ 3,0522H02
3.0372+02 1 3, (4=+02
<3, 029+02 : 3.037=+H02

DensityFot Temperatre (K)

l
3.083e+002 ; 3,050e+H002 - '
-
-

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

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

* Invivo: magnetic bio-gels injected subcutaneously

Convection in air
(T=293K, h=10 W/m?/K)

-

100 pL 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.
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W New commercial in vivo MFH setup (nB DM3)

9.501e-001 : >1.000e+000

9.001e-001 : 9,501e-001

Density Plot: |B|, Tesla
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e 146 kHz, 27.6 mT ‘ n B i

* 217 kHz, 26 mT  nanoscale
e 344KHz, 204 mT  Biomagnetics ..o
* 473 kHz,16.8 mT

nbnanoscale.come
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2 RFinduction heating for magnetic drug release (magneto-
= chemotherapy): more gentle process than pure hyperthermia

Bl

%, "
%”,'ﬂ‘ \
| \
‘\‘?ﬁ— )
— if

=]

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

DOX loaded
PTMC,,-b-PGA,, s

3

F '_._‘,I-' o) ;‘:.,.
N@'%‘“& . Sanson, O. Diou, O. Sandre, S. Lecommandoux, ACS Nano 2011, 5 llzi
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BBA - General Subjects 2017
doi: 10.1016/j.bbagen.2017.02.025

Thermosensitive
mechanisms
| LCST |
Glass/melting Tg/Tm i
" Thermolabile bonds
Designed b >
nanoheaters i F‘I'-"'"‘U"“fto_ﬂ ‘.
- polymer grafting
Shap;:;il::tropy \ Self-assembly ‘

Dipolar interactions Sol-gels /

=

Drug release

nanoplatforms
/ |
Multimodality / .
Magnetic hyperthermia In vivo
Drug release ~ controlled release
MRI, optical imaging y
) = A
,-/ In vitro h

controlled release
Continuous
vs pulsatile release

Drug releasing nanoplatforms activated by alternating magnetic fields

|

Setup for model drug release experiment through drug
diffusion across semi-permeable membrane

Liu et al, Nanoscale
2013, 5, 11464

1: Solenoid and calculated magnetic field lines

2: Dialysis bag (e.g. Spectra/Por Float-A-Lyzer™, 50000
g-molt 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. i

wi .’Prs[té -  Bordeaux |NP-'\._._\"7
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P Preparation method of nanosized polymersomes from a rigid

toire de Chimie

@ Gome - (T<T,) or semi-crystalline (T<T,,) amphiphilic copolymer

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

Water B

-

<:|["]|C0ntr0”ed Vs. Direct dissolution (DD)
flowrate 11 low T, blocks: PBA-b-PAA, PBD
b-PEO, PDMS-g-PEO, PEO-b-

Organic (10 % v/v PDMS-b-PEO ...

Water (90 % v/v)
Organic (in buffered solution at 50 °C)
Solvent

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

Solvated chains , ill-defined . Micelles / : Block copolymer self-assembly

aggregates
RN -l B

constant N,

\ : :
P : :

e . Vesicle Selective

Good solvent : : solvent
. Nucleation Growth : Intra-aggregate rearrangements
(organic) : : (water)
*Johnson et al. Phys. Rev. Lett. 2003 Critical water fraction Sanson et al, Langmuir 26
Lince et al. J. Coll.& Interf. Sci. 2008 End of unimers diffusion (2010) 2751 "
/-

gy V 1/ {1 ' e
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% ¥ Co-assembly in polymersomes for dual-loading

Self-assembly by “solvent displacement” method (nanoprecipitation)

DI water or buffer solution

o — il

DMSO*
(or THF/MetOH)
+
copolymer /[ )
+ / @ @ or the reverse (DMSO->H,0)
Drug L —
+ S + extended dialysis
Y-Fe,0;@Beycostat CTH,qA\f\{:;)—O —{-CH—CH—0 5 U—- OH
OH
* LDso by iv: 2.5-11g/kg (cats, dogs, monkeys, rabbits, mice, rats..) Sanson et al. Langmuir 26, 2751 (2010); ACS Nano 5, 1122 (2011)
Sl

Is———————— ] [ |\ T{ [T - - L —
— “BORDEAUX R



Magnetic micelles and vesicles self-assembled from MNPs

to imie
q ) . . . . “ 1
e g oeriaues and amphiphile diblock “rod-coil” copolymers
Poly(ethylene oxide)-block-poly(y-benzyl-L-glutamate) Poly(trimethylene carbonate)-block-poly(L-glutamic acid)
0 0 Q
HaC /6\/0 NH, H NH
o MNH ] s \<O/\/\O)§O/\/\6NH . ’
3 n
g
PEG-b-PBLG -
0” Yo £ PTMC-b-PGA . o
= Bioresorbable
= Stealth properties = Bioresorbable = Synthetic polyaminoacid
= Semi-crystalline for M,, = Bioresorbable
= Bioresorbable <12 000 g/mol : = pH responsive
* Synthetic polyaminoacid Melting at T,,= 37°C - 2ndary structure transition

= 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)

Micelles

R

Vesicles
o

g

3
usrio[ 2R
gDintra = N /object (—GJ

DUSPIO

| 2R.=0.775D,,

P. Arosio et al. J. Mater. Chem. B
2013, 1, 5317-5328
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Creddehmi Magnetic polymer vesicles: structural study
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011)

1000
© Sintra(q)
RH:45nm (PDI=0.35) 8=9nm
100 | Qe P e ————— .
\  SANS data on PAXY
(CEA-Saclay)
— 10 Ry oovemeeseeseeeeneees o 8
=) : :
n- P R U W W ,,,,,,,,,,,,,,,,,,,,,,,,,,,, i
| -
\*® @
0.1 [ ——————————————————— @@@O ——————————————— -
0.01 ‘ ‘
01001 0.01 O.1 1 20 40 60 80 100 120
q (Angstrom™) Chécot et al. Adv. Mat. 17, 712 (2005) A. Brisson, CBMN
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Magnetic guiding of PTMC-b-PGA vesicles under B gradient

Optical video microscopy under magnetic field gradient
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Magnetic guiding of PTMC-b-PGA vesicles under B gradient

to imie
d meé ganiques
Optical video microscopy under magnetic field gradient
o G
o 3000 — 150 g i S e
| ; g
g 4 2
1] h L] =1
= F &
= 200 | :‘ . . 100 o
: A :
% . oAy E
1504 = "
2 7/ F A\ X :
£ ) e &
g oo o 1 : 50 g
[ ! DAY §
T se| S e 2
B . f , A E
'E o b : W g ;‘
E £ 46 4 2 @ a4 & B

Step in number of pixels

. dB/dz=18.5 T/m, magnetic field B,=174 mT
X, oy increments every =40ms / / e ¢

Brownian width:

Linear drift motion:

Vv

X

/yxT
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- 6z nR,

Stokes-Einstein

2 Experimental magnetophoretic mobility V = 1.09 um/s

M

— — Bordeaux INP s o
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O'X,y(r)z V2Dt 2 Diffusion constant D, =D, =1.11pm?*/s —— R, =196 nm



) E" ) SPIONs particles for all bio-related properties: MR,
e tumor homing & hyperthermia / magnetic drug release

T, relaxivity Magnetophoretic mobility

I, & — R2 _ 2 MFezOs 72#02M3d2
2 Flintra [Fe] 405 PFe;0s D

F,=37ndv Fo = 1o 2 V(3 Hg) £ d°
IvlvchintraMspe My T M2 d3
. . X = Qintra spe “core
at high field: B,>0.94T 18kgT
(f>40MHz) at low field: B,<0.1T
but high field gradient: VB,=10-100T/m

_12 2 12 Vimag rdg 2 42
r2 =11.6x10 62(% BOZ) — (18)27;0;8_'_ jSntraMsped

\ 4
For a given batch of USPIOs (M, and distribution of d . sizes), the design of clusters of controlled
geometry (@ .., and d) enables to tune both MRI contrast and guiding properties

Both parameters (r, and v,,,.) can be measured by MRI, as in A. lonescu et al. Nanotechnology 19 (2008) 395102:
deore=9.6nNmM, d=12um, @, .=0.6, M,.=2.35x10°A/m, 7=107Pas, T,*=50us, [Fe]=48g/L.=600mM—>r,=33s1/mM¢,, B,=7T,
VBy=1.21T/m, v,,,,=5%10*m/s
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iP e Magnetic vesicles as negative MRI contrast agents

meres Organiques

Relaxation rates (r2=(1/T2)) versus

iron concentration
* [Fe](uM) | H,0 21 37 49 74 148

Vesicles with 70 wt % SPIO at different dilution factors

e [copo]
| | wermy | PO |29 5 6.7 10 20

F.’;
:N 15
10
MR detection limit: copolymer concentration at which the
5 MRI signal intensity decreases to 50 % of that of pure water
. < 0.6 nM vesicle concentration
0 0.05 0.1 0.15 0.2
C_, (mM)
° For comparison, threshold for PCL-b-PEG micelles loaded with 16 nm Fe;O, NPs
- 5nM (Gao et coll. Adv. Mat. 2005)
Wt % r2 '
SPIO | (Fe.mM1s?)
20 85 . _ !
35 121 <r2 |T|creases with SPIO
50 177 loading content
70 178

2 Good T2 contrast agent for MRI

Collaboration with RMSB:
C. Sanson et al, ACS Nano 5, 1122 (2011) Line Pourtau, Sylvain Miraux, Eric Thiaudiére
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- @ @O —— unijversite ) —————— danltag ==+
—— “BORDEAUX A\




Antibody-functionalized magnetic polymersomes: in vivo targeting

LP--=om=  gand imaging of bone metastases using high resolution MRI
A Targeted contrast agent system B Bone metastatic cancer model

“Tea PTMC-b-PGA

BT-474 cell line
‘ SPION (overexpressing HER-2)

\r Trastuzumab

Intravenous
administration

In vivo i ‘plantation
(mouse femur)

[ Naked polymersomes
C Naked Targeted D Il Targeted polymersomes
polymersomes polymersome 100
s
pivcrsdvnamic 180 14 165 +18 o 807
diameter (nm) §
60+
Polydispersity 0.230.03 0.200.04 2
‘@
Q 404 :
T 3341 3543 a . :
=S Negative Targeted
20 control polymersomes
Estimation of Ab Naked
number per Np - nn polymersomes
M —

MDA-MB-231 cells BT-474 cells

L. Pourtau, H. Oliveira, J. Thévenot, Y. Wan, A. Brisson, O. Sandre, S. Miraux, E. Thiaudiere, and S.
Lecommandoux, Advanced Healthcare Materials, 2013, 2, 1420-1424
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N In vitro tumor targeting efficacy

Cell internalization by FACS

Breast cancer cell lines:

90 - m MDA MB 231 mBT474 ..
80 - MDA MB 231
70 - :

3h30 incubation time HER2

60 - 0.1 mg/mL particles

T

Overexpress HER2
(Human Epidermal Growth
Factor Receptor-2)

FITC positive cells (%)

Negative control Naked Anti HER2 mAb-
(buffer) particles grafted particles
37°C 37°C

Internalization @ by targeting in
HER2 positive cells

j itad N I - ) ) ’éﬁ ——
== ) o o . o - N o N - Un]verSlte a o o o o o o - Eﬂgia’uxlyp\§ri —
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&EP e In vitro tumor targeting efficacy

meres Organiques

. m HER2 - HER2 +
Cell internalization by MRI

24h incubation time
0.2 mg/mL particles

washing

Cells embedded into a gel and
imaged by MRI

+ NP + NP-Her

:> Both methods (FACS and MRI) confirm the specific internalization of antibody-bearing polymersomes in

HER2 positive cells
W
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L. Pourtau, H. Oliveira, J. Thévenot, Y. Wan, A. Brisson, O. Sandre, S. Miraux, E. Thiaudiere, S. Lecommandqwg, Advanced
Healthcare Materials, 2013, 2, 1420-1424

A
A
8 E
5
T8
=5
|_N ©
B
blood clearance,
— Blood
25" : T1/2’ AUC---
201 | A — Muscle
< 151 I‘
<10] | s
|
54
0" J " fﬂ_\\/‘\/ﬂ -\v/n\'\f\ /\/\/’\/\4 /\/\/\ Y R \f"\ /4\‘;_,.\”;\‘_. I\ \/
M ' )
Mnjection 10 min 20 mil

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

e

Naked polymersomes

_ Targ

toiredegBio-distribution / Pharmacokinetics of magnetic polymersomes by MRI

12

Tumor volume (pl)

eting of bone metastasis.
I
2
o | r
4 Experiments were performed when
® 5 {
® 6 tumors reached 12 + 15 ulL
e 7 i D I
e 8 L
N
/ [ ]
o/
/
C f r
B . ]
\Y. 4.
s o?
J— L "_1*___.:.;—,:.'5'0" =
I | I I I 1
20 40 60 80 100 120
Days post injection
\l/
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&E’ 2 Dual loaded polymers with the anthracycline anticancer drug
“@hre@eree doxorubicin (up to 30 wt%) and USPIOs (up to 70 wt%)

Doxorubicin-loaded PTMC-b-PGA polymersomes

% Incorporation during the nanoprecipitation process (DOX in DMSO)

+ Optimal loading with carbonate buffer pH 10.5

+ 6-7/nm y-Fe,O5; USPIOs

0 30 50 70
wt%  wt% wit% Wt%J

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

I ———————————— | ;| T, - |
— “BORDEAUX

-

s

pKa=28.3

O OH

O OH

M = 543.5 g/mol

QP 0.53 (DOX-NH;*:-0.64)

\

OH

NH /

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

+ 50 wt% 6-7nm USPIOs

+ DOX
Zeta
Wtdox/Wtcopo (%) D Contln(nm) (mV)
0 113 0.22 | -40.8
20 122 [015[ -42
—_— "‘l\fé




N RF induction heating for drug release (magnetochemotherapy):

=raes Jatest assays “in cellulo” (magneto-cytotoxicity)
H. Oliveira et al, J. Contr. Rel. 2013 169(3), 165-170

&
J VR, o o o .
A (R PTMES-PGA Toxicity for Hela cells
@ Doxorubicin 120 -©- Np-Fe
. -5 Np-Fe-DOX 120m [ Control
@ vusrio & 100 -4~ Free DOX Bl Magnetic field
© { 5 >
- € FiTc - 5 2] |
. < 604
: ¥ > “E 60~
. 2 40- o
’ 5 £ 40
. © 209 . S
c "f l._l L) ] L] ] L] 'T‘ 1
Vesicles loaded at 6£1% doxorubicin, size: 192 nm (pdi=0.1) 0 5 10 15 20 25 30 35 40 4 O LT o T ok
Doxorubicin concentration (ug/mL)
197 - Control B=14 mT (H=11.2 kA/m) at 755 kHz
80- -5~ Magnetic field l l l —

1601e-002 : 1.650=-002
1.512e-002 : 1.601=-002
1.4232-002 : 1.512=-002
13342002 ; 1.423=-002
1,245e-002 ; 1.334=-002
1.1562-002 : 1.2452-002
1.067e-002 : 1.156=-002
9.7852-003 : 1.0672-002
B.5952-003 : 9.785=-003
E.006-003 : 8835003
7.1162-003 : 8.006e-003
6.227e-003 : 7.116e-003
5.3372-003 : 6.227=-003
4.4482-003 : 5337003
3.5582-003 : 4.448e-003
2.6652-003 : 3.558e-003
1.779e-003 : 2.6692-003
B.B95=-004 : 1L7792-003
<0.000=+000 : 8,835=-004

reity Plck: |B], Tesla

W

Cumulative release (%)

37°C, B=0

L]
0 24 48 72
Time (hrs)

¥

Ns with | : o H. Oliveira (postdoc) in front of the
CRls with fternalized vegicles=rr= “magnethermon” at CIC biogune (Bilbag)
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Thank you for yow attention

O CNRS-MI' Mission interdisciplinarité

Centre national de la recherche scientifique
“défi nano” (2012, 2014-2015) € O National Science Foundation @(
O Canceropole GSO France/Belgium iREU in Translational Chemistry

T B

Louis Stokes Alliances for Minority Participation

‘ CaﬂCéfopﬁle O Agence Nationale de la Recherche

Grand Sud-Ouest O Europe

“MagnetoChemoBlast” (2013-2017) http://cost-radiomag.eu/

Bordeaux Limoges @ Montpellier Nimes @ Toulouse
AGENCE NATIONALE DE LA RECHERCHE

0 C’Nano GSO
‘:. =1
Nonosc?ences @ TD1402 - RADIOMAG

GRAND SUD - QUEST

“Multifunctional Nanoparticles for Magnetic Hyperthermia and Indirect Radiation Therapy”
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&EP e EU networking: COST Action TD1402 RadioMAG

Management Committee

Core Group

“Multifunctional Nanoparticles for Magnetic
Hyperthermia and Indirect Radiation Therapy”

http://cost-radiomag.eu/

WG 1

fabrication
coating / targeting

WG 3

MH:

pre-clinical / clinical aspects

Physical chemistry: | |

WG 2
Physical MH aspects:

standardisation
testing

Radiosensitation & | «

WG 4

Instrumentation:
thermometry & development
of MH devices

s ———SSS— | 1} -1 | I
— “BORDEAUX

21 countries

ifil=_ il
I =

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)
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