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Fluorescent

biocompatibility

functionalization

Coating Polymers

doYor

Poly(ethylene glycol) (PEG) Chitosan
Polymer Types

End-grafted Polymers Surface Adsorption Polymers

Chitosan, Dextran, PEI

Iron Oxide
Nanoparticle Core

H
Poly(ethylenimine) (PEI)

Phospholipids CoPolymers

%

PVA-PEG, Chitosan-PEG



A single |-~ i - nano-object
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Before injection




Forces on a magnetic nanoparticle:
Fm i (m 2 W B
F,=V, Ay V(%B-H)
Hydrodynamic drag force:

Fy,=6 1N R, 4v
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1——M'—' % Endothelial cell

’ Cancer cell

JO abelling of stem c@ 1

Stem Cell Treatment of Atherosclerosis

Prototype:

In vitro labelling of Ntera2 DAB-enhanced Prussian
stem cells with red blue staining for iron
fluorescent-conjugated following in vitro labelling
Bangs particles with Endorem

250 ml water with 5.6 mg/ml Endorem pumped at ... O Use Of magnetlc fleld gr
60 ml/h for 3 h in the presence of a permanent magnet for d]_‘ug delivery ‘
. s sifITEIT




Magnetic Fluid Hyperth
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application of AT magnetic fleld
via activation I//1 [ 5 directly
implanted in the tumour mass at
high doses (ca. 50 mg/cm?)

Typically in clinics: v ~ 100 kHz,
amplitude 10 kA /m
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.\ Minor side effects
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Heating - kill tumour cells
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e[ANDROCOWVIBL: Complining Flaclron Therapy

Wiy MagneL ¢ Blyperthermia

lllustration of MFH concept
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Sentinel lymphnodes

Technique (e.g. breast

cancer surgery

Key features and benefits of Sienna+":

Particle size optimised for filtration and retention by sentinel lymph nodes

Simple storage and handling procedure, and significantly improved workflow compared with
radioactive tracers

Localisation can start after only 20 minutes following injection’

Natural dark brown colour eliminates the need for separate dye injections
Non-toxic, agueous suspension dissipates naturally in the body

Long shelf life

Uniquely designed and calibrated for use with Sentimag®

Compatible with Sysmex's One-Step Nucleic Acid Amplification (OSNA) assay
(http/Mwww sysmex-lifescience.com/OSNA-assay-for-lymph-nodes-175-2.html)




Tomographic imaging using the nonlinear response
of magnetic particles
L E T T E R S Bernhard Gleich'" & Jargen Weizenecker'” Vd-4$}33:1une 2005|doi10.1038/nature03808
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Typical MRI apparatus for
clinical use -> H =1.5 Tesla

without CA with CA Note : MNPs also as T;-positive

agents (see e.g. Mn-ferrites)
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MRI signal is s(t) = N(H) e THT2 (1-e-TR/T1)

) thus depends on :
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Viestiystisedimodels clear relaxation in function of - -
ted SP-NPs)

20<d 1_1‘0/50 nm amsoﬁropy
. Roch et al (clusters)
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Slow magnetic fluctuations

d<20/nn el > 350 nm



low field relaxation
rate: depends on th
anisotropy energy

Low field disper —
an indication of i ' 1/T,=(327/135000) u2,? (N,C/RD)
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Fitted parameters: r = 4 nm, Mg = 53 A.m*Kg '
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Crucial : dist. min approach, magn. anisotropy, 1y, M,, Tp, Langevin,.....



1P Purcasrs;
3. Fhyps: Couredere, Dutier 35 (2013 066308 Sp)

54 K g " Innocenti’,
NMR-D study of the local spin dynamics ' Fante ' Sangregorio™®, M F Casula’, L Lartigue®

and magnetic anisotropy in different i¥, M Corti**, P Arosi
nearly monodispersed ferrite
nanoparticles

', ] Larionova®,

0 5-MaghW 1 (4.1 am)

£ B-Maghe 2 (8.7 nm)

O 5-MagiW 3 (18,2 nm)
o P-MagAW 1 {55 nm)
& P-Magh® 2 (80 nm)
O P-Magh® 3 (12,0 nm)
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JOURNAL OF APPLIED PHYSICS 119, 134301 (2016)

On the magnetic anisotropy and nuclear relaxivity effects of Co and Ni

doping in iron oxide nanoparticles

T. Orlando,">® M. Albino,? F. Orsini,* C. Innocenti,” M, Basini,*% P. Arosio,*
C. Sangregerio,™® M. Corti," and A. Lascialfari*®
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THE JOURNAL OF CHEMICAL PHYSICS 146, 034703 (2017)
Local spin dynamics of iron oxide magnetic nanoparticles dispersed

in different solvents with variable size and shape: A "TH NMR study

M. Basinl,' T. Orlando.2 P. Aroslo,' M. F. Casula,® D. Espa,® S. Murgia,?
C. Sangregorio, C. Innocenti.’ and A. Lascialfari'®
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A Universal Scaling Law to Predict the Efficiency
of Magnetic Nanoparticles as MRI T2-Contrast Agents

- . ' . e s
Quoc L. Vuong, Jean-Frangois Berret, férbme Fresnais, Yoes Gossuin,* L

and Olivier Sandre*

This study (USP0s)
Jung et al. AMI227
Koenig et al. MIONAS-L
Forge et al,

Martina et al

Sanson et al.

Cheong et al.

Beaune et al (REV)
Pinho et al,

Lartigue et al.

Wang et al. RESOVIST
Wang et al,

Tromsdorf et al.
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RSC Advances cie this: Rsc adv, 2017, 7, 15500

Superparamagnetic iron oxide nanoparticles
functionalized by peptide nucleic acids}

Marco Galli,” Andrea Guerrini,” Silvis Cauteruccio,” Pramod Thakare,” Davide Dova,
Francesco Orsini. Paolo Arosio,” Claudio Carrara,® Claudio Sangregorio,™®

Alessandro Lascialfari,“® Daniela Maggioni*®® and Emanuela Licandro**®
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* MDA-MB-231 human breast cancer
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(B Crosshark imaging an r ing of human breast cancer PTX
(@/ ;AeFl{ls wi?h f‘;:j:»lartn;::I ctiaecgoergtsd r:ar:mpartiglt:.?si':c ‘ ° GE TZ*W

Endorem

NPs with folic acid NDPs without folic acid



d>10 l is ok ( for MFH),
the size l lication -> reclucible?

Sjtisizld S otik/elo by aei /@it effects to be clarified

interparticle interacti(! ? Theore’tically manageable ?
nwith drugs, fluo molecules,

Control % 1 effect and :1 /0 ¢| (except specific cases)

Poor sp tumor tissue vrovecl Percentage enough for ....7
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nd sy siiion

Crucial passage for new systems is from in-vitro fo in-vivo !l
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Comparison of different kinds of Hyperthermia | -

CSN5 -26/9/16

LECCE

Heating by microwave and radiofrequency sources

- good localization at shallow depths

- Weaknesses : (i) cannot become selective; (ii) high temperature also all around in normal
tissues; (iii) at greater tumor depths, even with lowered frequency, the localization is much
poorer; (iv) invasivity of the implant; (v) many repeated treatments (thermo-tolerance)

Heating by ultrasound sources (and HiFUS)
- g00d penetration and temperature can be achieved in soft tissues

- Weaknesses : (i) cannot become selective; (ii) high temperature also all around in normal
tissues (MRI confirms); (iii) the presence of bone or air cavities causes distortions of the
heating pattern; (iv) many repeated treatments (thermo-tolerance)

Magnetic Fluid Hyperthermia

- Advantages of MFH : (i) Innovation : joint to Hadron-therapy first time (in literature, in
combination just with radiotherapy); (ii) local temperature increase/control, normal tissues
negligibly affected; (iii) no implant invasivity; (iv) less theoretical limitation vs kind of
tumour; (v) single injection also for repeated treatments; (vi) tumor reachable at greater
depth; (vii) in perspective the magnetic nanoparticles can carry a drug or antibodies,
peptides, etc. (MFH can become selective)

« - Weaknesses : high MNPs doses (from literature no short/ medium-term major side effects),
inhomegeneity of MNPs spatial distribution




gyecitic Apgurotion Rate (SAR)
SAR: the at which is by the body when exposed to a
(RF) (generally 100 kHz+ 1 GHz).
It is also called SLP (Spcific Loss Power)
It is defined as the absorbed per of (W/kg).
SAR can be calculated from the or the within the tissue as:
o a(r)|E(r)]? , T 11 an (SAR = Ppy,)
SAR = / e dr Py, = U, f EpH dM
where o is the sample , E is the electric field, H the
magnetic field, f the of H, M the , p is the sample
In eeizionietic niyperitiermiz is expressed in W/ g of nanoparticles:

(i) SAR = Af (hysteresis losses) Or (11)
(ii) SAR oc f y” ( { ) ng (relaxation losses, Brownian /Neel)

where A = area of the hysteresis loop and f = frequency of the rf magnetic field.
In the case of MNP, dependsonK, V, T, f, H, c
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Nanoparticles used in drug delivery
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Nuclear Medicine: Optical Imaging MRI
* Poor spatial resolution

-

- Non-invasive

* Good spatial resolution

Poor spatial resolution * Poor temporal resolution

Poor temporal resolution | - high sensitivity * Good temporal resolution

* Reporters: luminescent probes

High sensitivity * Low sensitivity

Reporters: radionuclides

////

X-Ray (CT):
* Good spatial resolution

» Good temporal resolution

- Low sensitivity
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I “tumour (disease) tiargeting” at the level of clinical
applications is actually almost prohi bifive,
y and clinicians

Still obtaining a “small” non-specific CA,
with well controllable synthesis and
with efficiency (relaxivity) higher than
actual ones (lower costs, lower doses)

BUT SAFE '

des’” the h about: controlling the
ysnccﬂ me Jf“ruﬁb‘f parameters

clear relaxation




_‘ Journal of Magnetism and Magnetic Materinls 293 (2005) 532-539 [~
FHLE JOUENAL OF ¥
PHYSICAL CHEMISTRY Superparamagnetic colloid suspensions: Water magnetic
Revisiting MRI Contrast Properties of Nanoparticles: relaxation and clustering
Beyond the Superparamagnetic Regime

Michael Levy, Florence Gazeau, Claire Wilhelm, Sophie Neveu, Martin Devaud, and Pierre Levitz Alain Roch®, Yves Gossuin®, Robert N. Muller®, Pierre Gillis™*
J. Phys. Chem. C, Just Accepted Manuscript - DOI: 10.1021/jp404199f » Publication Date (Web): 25 Jun 2013
Downleaded from http:ifpubs.acs_org on July 3, 2013
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Cokez 04 I Fig 2. Theoretical longitudinal NMRD profiles from Eq. (14).
The parameters charactenzing the elementary grans are given
in the text.

Figure I: Experimental NMRD profiles and theoretical fits (solid lines) of suspensions of (a)
~Fes0y and (b) ColesQy NPs (iron concentration [Fe|= I mM). The fits are obtained as
explained in the text using T — 208 K, 5 = 0.80 x 1077 Pas and M, the bulk value {412
kA .m™ for yFeyOg and 398 kA m™! for CoFe;0y). The adjustable parameters used for each
sample are the following. For FeOl: K=9000 Jm™2, m=6x10%s, a =011 and § = 1.8
nm. For FeO2: K=6000 Jm2, m =5 x10% s, a = 0.19 and 4 = 1.4 nm. For CoFel:
& = 1.5 nm. For CoFe2: 4 = 0.5 nm. Insets show the normalized magnetization curves fitted
with polydisperse Langevin functions (solid lines) to determine the characteristic diameter dy
and polydispersity oy of the NP log-normal size distributions. We found: for FeO1: dy = 9.2
nm, ag = 0.22; for FeO2: dy = 7 nm, o = 0.2; for CoFel: dy = 7.9 nm, og = 0.32 and for
ColFe2: dy =62 nm, oy = 04.




JOURNAL OF MAGNETIC RESONANCE IMAGING 37:1476-14749 (2013)

Clinical Note

Ferumoxytol in Clinical Practice:
Implications for MRI

Brendan J. McCullough, MD, PhD," Orpheus Kolokythas, MD,
Jeffrey H. Maki, MD, PhD, and Douglas E. Green, MD

Figure 1. T1 shortening from ferumox-
ytol results in blood pool hyperinten-
sity. obscuring enhancement from
GBCA. Axial T1-weighted image prior to
GBCA administration (a) and postcon-
trast images during arterial (b), portal
venous (c), and equilibrium phases (d)
show unchanged enhancement. Note is
made of small esophageal varices
(arrowheads).

Figure 2. Renal cortical enhancement
confirms appropriate administration of
GBCA. Axial Tl-weighted image dem-
onstrates homogenous signal intensity
of the Kidneys before administration of
GECA (a). Fallowing injection of GBCA
(arterial phase), there is perceptible

enhancement of the renal cortex (b).

s Figure 3. Axial T2-weighted single-shot image through the

. liver and spleen demonstrates hypointensity in the spleen
due to the T2 shortening effect from iron accumulation. Fer-
umoxytol is taken up by the reticuloendothelial system. pre-
sumably resulting in the observed iron accumulation.

Figure 4. Axial ont-of-phase image [TE 2.3 mser). prior to GECA administration. shows T'1 hyperintensity in the blood pool
(a). Axial in-phase image (IE 4.6 msec) shows pronounced signal dropout in the spleen due to the T2* effect from iron accu
mulation, presumably from farumoxytol uptake (b). No significant signal loss is observed in the liver on the in phase image,
indicating little or no ferumoxytol uptake.




DIAGNOSTICS

oneof -~ examples of non-specific CA
MRI with Co-ferrites (Colorobbia)

liver of normal rats, at 1 day from the bolus injection

Endorem
VS
Co-ferrites

Even just our group collaborated with several researchers synthesizing
VINIESWitiTiigh transverse relaxivity (i.e. efficiency in MRI image contrast)

until 8 times the (ex-)commercial compound Endorem

Ol A
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Water-Dispersible Ferrimagnetic Iron Oxide Nanocubes with
Extremely High r, Relaxivity for Highly Sensitive in Vivo MRI of
Tumors

Nohyun Lee, "8 Yoonseok Choi ™ Youjin Lee,’ Mihyun Parl, Woo Kyung Moon,* Seung Hong Choi,=*
and Taeghwan Hyeen""‘r

Review

Raceivad: 11 Octobar 2014 Ravisad: 30 January 2015, Accepted: & Fabruary 20135, Fublishad anline in wiky Qnline Library: 16 April 2005

lwrileyanlinelibrary com) GOl 1010020 mi 1638

Superparamagnetic iron oxide nanoparticles
for in vivo molecular and cellular imaging
Shahriar Sharifi*", Hajar Seyednejadbr, Sophie Laurent™®#, Fatemeh Atyabi®,
Amir Ata Saei®f and Morteza Mahmoudi®%"

* Nude mouse with melanoma

ScFVEGFR-IO

Post S hr

Post 30 hr
Pancreatic
tumor

Figure 4. In vivo MR Images of the tumor ste before {2) and 1 h after
(b) intravenous injection of WFIONs {arrows indicate the tumor
dtes). After administration of WFIONS, the MR signal of the tumor is

sgnificantly attenuated.




Naked polymersomes B Targeted polymersomes

©  Before administration >

After administration

m

Signal change

“TlTs PTMC-b-PGA

Figure 3. Bone BT474 tumor targeting a5 assessed from high resolution 30 TrueFisp MRI.
Extracted axial views and calor mapof relative signalchangein percent brought by the injection
of naled {A) or targeted (B) polymersomes. Longitudinal views before (C D) and after (E, F)
injection of naled (C, E) and targeted (D, F) polymersomes. Red srrcwvs denote tumer tissue.
White arrewvs dencte contrast varistions on tumeor bound aries. Experiments were performed
when the tumaors reached 2 volume of 12 ta 15 pl.
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Antibody-Functionalized Magnetic Polymersomes: In vivo
Targeting and Imaging of Bone Metastases using High
Resolution MRI

Line Pourtau, Hugo Oliveira, julie Thevenot, Yali Wan, Alain R. Brisson, Olivier Sandre,
Sylvain Miraux, Evic Thiaudiere,* and Sébastien Lecommandoux*

A Targeted contrast agent system B Bone metastatic cancer model

BT-474 cell line
[overexpraslng HER-2)

‘e" -(@5

19(9 h
In vivo |mplantanon 4',"
(mouse femur]

Intravenous
administration
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ent approach

old for MNDPs

C 4-2B post-injaction

C4-2B pre-injection

Ghosh et al.

DU4S pre-injection DUI45 past-injection

DU145
(negative
control)

respectively, with M13-SBP-MNP. ¢,d, MR scans of DU145 control tumours (circled) pre-injection and 24 h post-injection with probe, respectively. Note the
maintenance of the bright image of the tumour (circled) in DU145 pre- to post-injection, whereas a post-injection dark contrast against the pre-injection
formed subcutaneously in athymic nude mice and were imaged using a 7 T small animal MR

o -




damental physics
NMR TECHINI@OUE)

Nuclei | T1,, |Electrons
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In MRI and relaxometry, sensitivity to

spin dynamics and molecular “motion”




Mechanisms
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Spring 2016

Colloidal assemblies of oriented maghemite
nanocrystals and their NMR relaxometric

Cite this: Oalton T

8335 - pl‘OpEI‘tiEST

Athanasia Kostopoulou,® Sabareesh K. P Velu,? Kalaivani Thangaw
Francesco Orsini,® Konstantinos Bri i3, Stylianos Psyck

Lorenze Bordonali,® Alexandros Lappas*® and Alessandro Lascialfari*®

External Magnetic Field, H (T)
1E-3 0,01 0,1

0,1 1 10
Proton Larmor Frequency (MHz)




€- MRS

Spring 2016

Protein corona affects the relaxivity and MRI contrast
efficiency of magnetic nanoparticlest

Cita this: Marnoccake, 2013, 5, 8656

Houshang Amiri,*® Lorenzo Bordonali,® Alessandro Lascialfani,®" Sha Wan
Marco P. Monopoli,? lseult L\_.rnch,:f“b Sophie Laurent? and Morteza Mahmoudi*™
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Theranostics 2012, 2(1)

P T —— GPLOS o R T heranostics

Design Maps for the Hyperthermic Treatment of Tumors e

with Superparamagnetic Nanoparticles Magnelic Nanopariicle-Based Hyperthermia ior Head & Neck Caneer in
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Tahle 1 Patient characteristics (n —

Efficacy and safety of intratumoral thermotherapy using magnetic
iron-oxide nanoparticles combined with external beam
radiotherapy on patients with recurrent glioblastoma multiforme

First-line therapy
Resection
Radiotherapy

Khaus Maler Huuff + Fruok Ulrich « Dirk Nestler - Chemotherapy
Hendrik Niehoff * Peter Wust * Burghard Thiesen * Patients with prior treatment following
Helmut Orawa * Volker Budach + Andreus Jordan tumer recurrence but before study entry

Resection

Radiotherapy

Chemotherapy
KPS & study entry—median (range)

Survival probability
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in vivo protocol

INSTM-COLORITA 15_Block-M-FA (115/15)

Mice investigated : total 10
* 2 animals with intratumoral injection of NPs with folic acid WITHOUT MFH treatment

=3 animals with intratumoral injection of NPs with folic acid WITH MFH treatment

The above 5 animals will be sacrificed when tumour reaches 2 cc. Liver, kdneys, spleen,
tumour will be excised.

=1 animal with slow infusion of NPs with folic acid to see targeting at 2, 24 and 48 hrs
* 1 animal with slow infusion of Endorem to see targeting at 2, 24 and 48 hrs

* 1 animal with slow infusion of NPs with folic acid to see targeting at 2, 24 hrs (to be
sacrificed for histological control)

=1 animal with slow infusion of Endorem to see targeting at 2, 24 hrs (to be sacrificed for
histological control)

* 1 animal with slow infusion NPs without folic acid to see targeting at 2, 24 hrs

IOl A



Biodistribution

SAGITTAL T2W IMAGES - with folic acid

Pre Post 1h Post 24h
Biospec 47730 Biospec 47730 Biospec 47730
St_NAMOTHER Date: 2 Jul 2012 f§ St_NANOTHER 2 Jul 2012  St_NANOTHER™ « " Date: 3 Jul 2012
St “hanother . 2 St_nanotk=> f' . ‘ 16:44 St_nanother w o _Tl e:12:31
liver Jay sl liver
NPs with
tumour
folic acid
Scan: 2 Pl 501 Scan: 4 © A #511.50/1.50 mm : 311.50/1.50 mm
Slice: 5712 * .00/3.50 cm J Slice: 512 FOY 7.00/3.50 cm @ Slice: 8/14 FOY 7.00/3.50 cm
TR: 2443.7 ms topo-78-pre: 3 J TR: 2449.7 ms topo-78-post: 9 P TR: 2858.0 ms topo-78-postzdh: 4
MOSTLY TE: 11.7 ms TZ_map-nanoter, 2 : 1 §TE: 11.7 ms TZ_map-nanoter, 4 : 1 BTE: 11.7 ms TZ_map-nanoter, 2 : 1

Biospec 47/30 Biospec 47/30 Biospec 47/30
St NANOTHER Date; 3 .Jul 2012 [} St_NANOTHER Date: 3 Jul 2012 | St_NANOTHER Date: 4 Jul 2012

IN LIVER St_nanoti= 513 St_nanother © Tlm,e 16:15 St_nanother <

Endorem

' Scan: 2 4 il : Scan: 2 S G 1.50/1.50 mm
SIICB 4:‘12 ' < ; Slice: 4112 O'\/ .00/3.50 cm | Slice: 4412 a w 1 00/3.50 cm
TR: 2449.7 ms topo-46-pre: 5 § TR: 2448.7 ms topo-46-post: 6 § TR: 2449.7 ms topo-46-post24h 4
TE: 11.7 ms TZ_map-nanoter, 2:1 §TE: 11.7 ms TZ_map-nanoter, 2 :1 §TE: 11.7 ms TZ_map-nanoter, 2 : 1




Zoom on targeting

| 2VV 1IImages: po

NPs INSTM-Colorita with folic acid

Biospec 47/30

St NANOTHER Date: 6 Jul 2012
St_nanother Time: 11:039

Scan: 3 31 1.5041.50 mm
Slice: 8716 FOW 5.00/2.50 cm
TR: 3266.3 ms topo-45-postdh: 1
TE: 11.7 ms TZ2_map-nanoter, 3 : 1

NPs without folic acid

Universita di VeBiospec 47/30

st NANOTHER
ot_nanother Time: 11:23

acan: 3 ol 1.50/1.50 mm
slice: 6B/12 FOY 5.00/2.50 cm

TE:11.7 ms TZ_map-nanoter

A semi-quantitative Analysis : T, around tumour (to be refined and quantified more

properly)
* Diminishes by 15-20% in NPs with folic acid

* Diminishes by 3-4% in NPs without folid acid



NPs with folic acid vs Endorem®

AXTAL T2W IMAGES

slow infusion (400 microliters in 1h,

correspondent to 250 micromol/kg)

Pre

Post 1h

Post 24h
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Date: 5 Jul 2012

St_MNANOTHER
Time: 11:46

St_nanother

tumour

S11.50/1.50 mm

FOV 5.00/2.50 cm
topo-45-pre: 1
TZ_map-nanoter, 3 . 1

Scan: 3
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INSTM-Colorita with folic acid (target !)
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Scan: 4
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Endorem (does not target, as expected)
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Slice: 7714 FOY 5.00/2.50 cm
TR: 2656.0 ms topo-43-posting: &
TE 11.7 ms TZ_map-nanoter, 4: 1

o

Biospec 47/30
Date: 6 Jul 2012
Time: 12:0¢

St_NANCTHER
St_nanother
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Physico-chemical characterization
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Probes: lH -M+
Measure: relaxation times of PROBE’S T1probe
Nuclear Magnetization; Muon’s Polarization SPINS e

(Tmehe)

The Electronic spectral density T, pro>

* Interacting with MNP'STHEYRELAX in t < S
J(w) IS THE PROBABILITY TO FIND AN ‘-"'

ELECTRONIC OSCILLATION AT w LONGITUDINAL (SPIN-LATTICE) RELAXATION
T 1 Probe

SIMPLE CASE!! Ji(®) = m T_1 ~XT]e(@prope)

WE WANT : TRANSVERSAL (SPIN-SPIN) RELAXATION
The Electronic correlation function 1 Probe

G(r, t) T,

G_(t) DESCRIBES EQUILIBRIUM FLUCTUATIONS OF A QUANTITY F (FIELD)
T
Gu(r)=<F0)F(r)>=lm,__1/ TjF(r)F(r +7)dt
0
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