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What kind of magnetic nanoparticles we’re 
talking about ? 

Simplest (and mainly) form :  

magnetic core 

(often simple ferrites)  

+  

coating (variable) 

 

Superparamagnetic NPs 

TEM 

What about physico-chemical properties ? 

Fe3O4  

γ-Fe2O3  



Magnetic Nanoparticles 

Size effect  Superparamagnetism 

Hysteresis curve of a 
ferro- or ferrimagnetic 

material 

Weiss domains 

dc= 20-100 nm 

Small Anisotropy Energy compared to 
Thermal energy 

Giant Spin 

B0 



Energy barrier  EA=kAVsin2 
kA= anisotropy constant, V= particle volume 

Stoner-Wolhfarth model: 

Magnetic Nanoparticles 

tN = t0 exp(EA/kBT) 

Neel correlation time 

If NPs interact :  

Vogel-Fulcher model, tN = t0 exp[EA/kB(T-T0)] 

The inversion of M through a coherent movement 
of all the spins of the particle 

When B
0
 = 0 

 

Anisotropy easy-axis 

M 



Magnetic Nanoparticles 

IMPORTANT : M(s)(H) values, magnetic anisotropy, 
correlation time, field and T. 

B
0
  

When 

B
0
  0 

B
0
  

But also … 

For Biomed:  

MNPs dispersed in solvents 

T influence 

1t = 1/tN + 1/tb  

also Brownian contribution 

open loop 

Blocking regime 

Curie-Weiss 



Several microscopic parameters influencing the 
magnetic properties of superparamagnetic NPs  

- Size of magnetic core 

- Magnetic energy and anisotropy 

- Kind of magnetic ion 

- !! Kind of coating !! 

- Dispersant 

- Shape of the nanoparticle 

- Spin Topology 



In particular… for biomedical properties 

Kind of coating : biocompatibility and targeting 

Surface functionalization 

Fluorescent/luminescent molecules 

Drugs “attachment” or “inclusion”  

Doxorubicine 

Taxol 



A single theranostic nano-object 

Diagnostics :  MRI CA, Optical Imaging, PET, ... 

Therapy :  Magnetothermia (MFH), drug release 

The ideal task 



Magnetism of magnetic nanoparticles in 

biomedicine 

Sensing  

SENSING 

Magnetic transport 

MOVING 

Magnetic  

hyperthermia 

HEATING 



IDEA:  
IV injection + local drug release 

(under external stimulus) 

Magnetic transport (few preclinical examples) 

MOVING 
Labelling of stem cells with  MNPs 

Extravasal circulation 

… or use of magnetic field gradients 
for drug delivery 



MFH treatment  

Magnetic Fluid Hyperthermia (MFH) or Magnetothermia 

Heating through  

application of AC magnetic field 

via   activation MNPs directly 
implanted in the tumour mass at 
high doses (ca. 50 mg/cm3) 

 

Typically in clinics:  ~ 100 kHz, 
amplitude 10 kA/m 

 

Minor side effects 

HEATING 

See M. Avolio and M Cobianchi posters for details 



Tumour cells Direct injection in 

the brain tumour 

MNPs coated 

with amminosilane 

AMF Heating – kill tumour cells 

MFH: Clinical applications on Glioblastoma  

Started a new study on glioblastoma multiforme in 2014  

Several german hospitals involved  



(A) targeted proton therapy deposits most energy on target  

(B) conventional radiation therapy deposits 

Illustration of MFH concept  

Investigation of the possible combined action of the two 
therapeutic techniques, for going one step beyond the state of 

art of pancreatic cancer therapy. X-rays irradiation will be 
used as control and comparison technique 

HADROCOMBI: Combining Hadron Therapy  

with Magnetic Hyperthermia 



The Sentimag® is a Class IIa device, CE-approved for 
marketing and sales in Europe, and TGA-approved 

for Australasia. 

SENTIMAG : a sensitive susceptometer 

Sentinel  lymphnodes  

Technique (e.g. breast  

cancer surgery) 

SENSING 



1st MPI system 

(Bruker-Philips, 2013) 

Magnetic Particle Imaging – MPI 
(preclinical) 

http://www.philips.com/e/imalytics/productsnew/magneticparticle.html 

It images the distribution of  MNPs in biological tissues 
 

MNPs are tracers and not just supportive contrast agents 

SENSING 

H 
Oscillating field @f1  



The most famous application of MNPs:  

T2-negative MRI contrast agents 

Magnetic Resonance Imaging – MRI 

Typical MRI apparatus for  

clinical use  -> H = 1.5 Tesla 

SENSING 

Prototypical example: liver tumour 

Note : MNPs also as T1-positive 
agents (see e.g. Mn-ferrites)  

 

or 

without CA with CA 



… and more dual or multiple diagnostic probes. 
Many “lab” examples 

SENSING 



Most of new CA for MRI are  

“non-specific” (i.e. not targeting) and so,  
two crucial questions...  

 

1) Fate of the MNPs ?  

Mostly in liver if MNPs  

are not reduced in total size  

(and not only ...  

... all the physico-chemical  properties 

of MNPs are involved !!! ) 

2) Medical doctors are really interested ? 

or they just point to specific (i.e. targeting) or 

multifunctional CA ?? 

ALERT : SAFETY & TOXICITY !! 



The MRI image intensity (the contrast) thus depends on : 

     Intrinsic Parameters 
 

• Local proton density N(H) (water, fat) 
 
• Nuclear Relaxation times T1 and T2 

 

• Magnetic susceptibility differences 

with CA the nuclear relaxation times change  

(much better idea than protons’ density) 

Better image contrast and pathology evidence   

    MRI  signal  is   s(t) = N(H) e-TE/T2 (1-e-TR/T1)       

Focus on MRI 

     Extrinsic Parameters 
 

• Magnetic field 
 

• Timing of the pulse sequence  
 

• Contrast Agents (CA) 



Focus on MRI/NMR 

Fluctuations of the MNPs dipolar local field  

induce 

 our local probe relaxation: 

via HYPERFINE INTERACTION 

LOCAL MAGNETIC FIELDS AND DYNAMICS can be studied with 

NMR experimental parameters:  

spectrum, nuclear spin-spin relaxation time T2 and nuclear spin-

lattice relaxation time T1 1/T1    T  Je(L); 1/T2    T  Je(0) 

and the EFFICIENCY of a CA is:  

 

nuclear relaxivity ri (i=1,2) represents the increase of nuclear relaxation 

rate of hydrogen nuclei in presence of 1mM of magnetic center 
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Mostly used models for nuclear relaxation  in function of size 
(diluted SP-NPs) 

Normally we consider core d<20 nm & spherical shapes  

(a compromise: good MFH efficiency and feasible targeting) 

Focus on NMR 

 Models tested for the longitudinal nuclear relaxation rate 1/T1 

ALERT  

High  
anisotropy 

Low  
anisotropy  Roch, Muller, 

Gillis, 1999 

Levy et al, 2013  

 Fast magnetic fluctuations  

Roch et al (clusters)  

d<20 nm 

20 < d < 40/50 nm  

d  > 50 nm 
Slow magnetic fluctuations  

??? 

 We performed first (to our kn.) experimental complete tests for the 

transverse nuclear relaxation rate 1/T2 (Milano and Mons group) 

 Simplified model for 1/T2 (Vuong, Gossuin, Sandre et al) -> T2 is the crucial 

parameter !!!!!!!!!!!!!!  



Heuristic “approximate” expressions 

for nuclear relaxation rates 

ANISOTROPY 

CURIE RELAX. 

Crucial : dist. min approach, magn. anisotropy, tN, Ms, tD, Langevin,…..  

Analytical exact model: 

 

only for small number of spins 
1,2 1,2 01/ ( , , , , , , , , , ,...)e n

e n L L S R M ST f q r    t t t t

Typical Relaxometry curves 

Model for spherical MNPs with d<20nm 
(Roch, Muller, Gillis, JCP, 1999) 



Free parameters : r (minimum approach distance), tN,  

P&Q (weight of magnetic anisotropy) 

Fe3O4 magnetite 4-18 nm core, different coatings 

Changing the magnetic core d:  
r1 heuristic fit model works 

COLLABORATIONS 
Dept. of Chemistry and INSTM, Univ. of Firenze (Italy): C. Sangregorio (CNR), C. Innocenti, E. Fantechi, A. Caneschi, D. Gatteschi 
Dept. of Chemistry and INSTM, Univ. of Cagliari (Italy): M. F. Casula, P. Floris 
Montpellier University (France) Y.Guari, J. Larionova 
Nantes University (France) E.Ishow, L. Lartigue 



* Regarding magnetization reversal :  

  “local” t0 and anisotropy barrier EA, i.e. info about 

  “local” Neel correlation time tN  

  (comparison with AC -> bulk) 

* The distance of minimum approach. This is 

  influenced by coating/functionalization    

  of the sample, and often “ignored” in models.  

  Comparison with AFM, DLS and TEM data. 

* Information on magnetic anisotropy. 

From r1 fits one deduces mainly 



Changing the magnetic core:  
r1 ok, but r2 … 

First complete experimental  

r2-relaxivity profile   Theoretical  
NMR-D curves   

SAME FIT  

PARAMETERS 

Dashed = r2   

Solid = r1 

COLLABORATIONS 
Dept. of Chemistry and INSTM, Univ. of Firenze (Italy):  
C. Sangregorio (CNR), C. Innocenti, E. Fantechi, A. Caneschi, D. Gatteschi 
Dept. of Physics and INSTM, Univ. of Pavia (Italy): M. Corti 



… maghemite, model for r2 does not work 
again 

COLLABORATIONS 
Dept. of Chemistry and INSTM, Univ. of Firenze (Italy): C. Sangregorio (CNR), C. Innocenti, E. Fantechi, A. Caneschi, D. Gatteschi 
Dept. of Chemistry and INSTM, Univ. of Cagliari, Cagliari (Italy): M. F. Casula, P. Floris 

S3_Hex S8_Hex S17_Hex 

C8_Hex 

Size Shape Dispersant 

S8_Wat 



Simplifying the heuristic expression: 

MAR 

SDR 

But for a complete theory a more refined model is needed !  
Study in progress……. influence of interparticle interactions, microaggregation, water 

(exchange-penetration& coating interaction with bulk) role, Brownian motion 
(if…),……  

A really simplified model for T2 



paramagnetic contribution  

(also other evidences: magnetic, MuSR, …) 
See M. Basini poster 

Other cases 

Hollow topology 
Surface vs bulk Spins 
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Functionalization 
effect 

also MFH 

COLLABORATIONS 
Dept. of Chemistry and INSTM, Univ. of Milano :  

G. D’Alfonso, D. Maggioni, E. Licandro, et al  
COLLABORATIONS 
ISM-CNR, Roma: D. Peddis, et al  

changes of ri 



Endorem 

PRE 

POST 

POST 24 H 

NPs without folic acid NPs with folic acid 

* MDA-MB-231 human breast cancer 

* Subcutaneous implantation Within EU- FP7-Nanother 

MR images about targeting:  
towards molecular imaging   

GE T2*W  
PTX 

Folate 



Conclusions (not exhaustive) 

* Nowdays For ferrites d > 10 nm is ok (well joint to d > 14 nm for MFH), 
but the size is crucial for bio-application -> reducible? 

* Surface spins/Solvent/ Coating  effects to be clarified  

* Role of interparticle interactions? Theoretically manageable ? 

* Need for specific model if functionalization with drugs, fluo molecules, 
antibodies/peptides, are implemented 

* Industrial scalability (stimulate companies interest)  

* Control Protein Corona effect and avoid (except specific cases) 

macrophages actions 

* Poor specific uptake in tumor tissue proved. Percentage enough for ….?  

* Cells mechanism of uptake and EPR (Enhanced Permeability and 

Retention) effect 

* Problems of haemagglutination  and aggregation 

* Toxicity has to be established case by case 

 

 
Crucial passage for new systems is from in-vitro to in-vivo !!! 



Our Group 

The boss  The old pillars 

The workers 







Comparison of different kinds of Hyperthermia 

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  

 

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) 

- good 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)  

CSN5  - 26/9/16 

LECCE 



SAR: the rate at which energy is adsorbed by the body when exposed to a 

radio frequency (RF) electromagnetic field (generally 100 kHz 1 GHz). 

It is also called SLP (Spcific Loss Power)  

It is defined as the power absorbed per mass of tissue (W/kg).  

SAR can be calculated from the electric field or the magnetic field within the tissue as: 

                         

 

 

where σ is the sample electrical conductivity, E is the RMS electric field, H the RMS 

magnetic field, f the frequency of H, M the magnetization, ρ is the sample density 

(SAR  PFM) 

Specific Absorption Rate (SAR) 

In magnetic hyperthermia is expressed in W/g of nanoparticles:  

(i) SAR = Af   (hysteresis losses)  or (ii) 

(ii)    SAR  f ”(t ) H0
2  (relaxation losses, Brownian/Neel)  

where A = area of the hysteresis loop and f = frequency of the rf magnetic field.   

In the case of MNP, A depends on K, V, T, f, H0, c 



Typical dimensions in biomedicine 

Coming back to the origin 



Why MRI ?  

Nuclear Medicine: 
 
• Poor spatial resolution 

 
• Poor temporal resolution  

 
• High sensitivity 

 
• Reporters: radionuclides 

Optical Imaging: 

• Poor spatial resolution 

• Poor temporal resolution 

• high sensitivity 

• Reporters: luminescent probes 

 

 

 

 

X-Ray (CT): 

• Good spatial resolution 

• Good temporal resolution  

• Low sensitivity 

 

MRI:  

• Non-invasive 

• Good spatial resolution  

• Good temporal resolution 

• Low sensitivity 



-Help the chemists  
Accurate study of Chemico-Physical properties of MNPs -> 

choice of better synthetic pathways to follow 
 

- Understand the hopefull application 
 

 

 

 

   … again 

For biomed: our roles let us to 

Diagnostics 
CAs 

Therapeutics 
Hyperthermia/ drug delivery 



If “tumour (disease) targeting” at the level of clinical 
applications is actually almost prohibitive,  

what could be the “industry” and clinicians 
interests ?  

This “guides” the research about controlling the 
physical mechanisms/parameters  

that enhances the nuclear relaxation   

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 ! 



Examples of other models for SP MNPs 

Clusters (theory) 

Co-ferrite 

Maghemite 





one of  examples of non-specific CA 

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

 

until 8 times the (ex-)commercial compound Endorem 

MRI with Co-ferrites (Colorobbia) 
liver of normal rats, at 1 day from the bolus injection  

Endorem 

vs 

Co-ferrites 

DIAGNOSTICS 



Other images about targetimg and ... shape 

* Single Chain Antibody Fragments * Nude mouse with melanoma 

* Cube 



Other images about targetimg 

within  

EU- FP7-Nanother 



C4-2B prostate cancer cell line 

Modified M13 filamentous  

bacteriophage 

with MNPs (r2 = 35 mM-1s-1)  

and a targeting peptide 

Target : SPARC glycoprotein 

Bacteriophage as a scaffold for MNPs  

Ghosh et al. 

C4-2B 

DU145 

(negative 
control) 

TARGETING: a different approach 



NMR TECHNIQUE 
EXPERIMENTAL  PARAMETERS 

3 main parameters: 

– spectrum  

– nuclear spin-spin relaxation time T2 

– nuclear spin-lattice relaxation time T1 

LOCAL PROBE 

– Nuclei are local probes  sensitive to local  hyperfine interactions 

– Local spin dynamics (mainly T1 and T2) and spin distribution 

(mainly spectra) can be studied 

Nuclei  

(T2n) 

Electrons 

(T2e) 

phonons 

T1n 

T1n 
T1e 

In MRI and relaxometry, sensitivity to  

spin dynamics and molecular “motion” 

Going toward fundamental physics 



1,2 1,2 01/ ( , , , , , , , , , ,...)e n

e n L L S R M ST f q r    t t t t

Inner Sphere (IS) Outer Sphere (OS) 

Nuclear Relaxation Mechanisms 

outerinnerd
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R
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,2,1

111


Several correlation times within the game : 

- Chemical exchange time of coordinated water tM 

- rotational time (brownian) tR 

- electronic relaxation time (also Neel reversal) tSi 

- diffusion time tD  

Two main 

contributions 



Other exp. results 

r2>400-500 mM-1s-1   !!! 

Assemblies of oriented  

maghemite nanocrystals 

Spring 2016 



Other exp. results 

r2>100-200 mM-1s-1 

Protein corona  

affects r2 !! 

 
* Plain  no 

* “ – “ charge  slight increase 

* “ + “< charge  decrease 

Spring 2016 



…… after and/or trying to go beyond  

Jordan’s clinical studies 

Magnetic Fluid Hyperthermia (MFH) 



Shape 
Dimensions 

Optimization of K, M and D in core-shell NPs High SLP 

MFH: Iron/M oxide nanoparticles 



Jordan et al. @ Charité Universitätsmedizin Department of Radiotherapy 

Results: 
• Increase in median OS-2 -> 7.2 months 
• Increase in median OS-1 -> 8.6 months 
• Few side effects 

 

major Drawbacks observed:  
• no MRI after treatment 
• no metallic materials < 40cm treated area 

After diagnosis of first tumor recurrence/progression 

Thermo-/radiotherapy 
combination 

MRI 

 
 
CT 

 
 
3D 

Starting from the end … 



• SPION CA for MRI 

• Diameter magnetic core: 9 nm 

• Diameter nanoparticle: 62 nm 
(core + carboxydextran) 

• 62,1 kHz,   2,2 kW 

• Tumour CT-26 (murine colon) 

Tendency to diminution of  

tumour volume  

MFH: Resovist (commercial product) 



6 different kind of nanoparticles including magnetosomes 

 Tumour cells MDA-MB-231 (breast) 

 40 mT 

 183 kHz 

 20 minutes 

 From AMB-1 

magnetotactic bacteria  

 3 treatments  

   (alternate days) 

 SAR Ch-Std: 390 W/g 

In 1 case the tumour disappear 

Alphandery et al. 

MFH: a different type of MNPs 

!!! Chains 
magnetosomes !!! 



• Core of Fe and coating of Fe3O4 

• 12 ± 3 nm 

• 5 kA/m, 366 kHz 

• SAR = 64 W/g 

• Melanoma cells 

B16-F10 

• ΔT = 11°C 

The tumour volume  

increase rate slows down  

MFH: core-shell nanoparticles 



An example of collaboration 



System tested: INSTM-COLORITA 

Sample 15_Block-M (115/15) – average diameter d = 130  30 nm 

Core : magnetite. Block-M copolymer coating. Functions : drug &/or folic acid  

* All samples with Paclitaxel (PTX) 

* Two classes : with and without folic acid (folic acid is the targeting agent) 

TUMOUR MODEL (developed BY Leitat) 

* Ten female homozygote nude mice 

* MDA-MB-231 human breast cancer , over-expressing folate receptors 

* Subcutaneous implantation 

FP7 – NANOTHER project 



59 

BLOCK-MP-FA good r2 relaxivity compared to commercial compound Endorem.  

Promising for applications as negative MRI contrast agent (also with Paclitaxel) :  

8 times higher relaxivity !  GO ON!!! 
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r 2
 (

s
-1
 m

M
 -1

)

Frequency (MHz)

Hybrids Fe3O4  (also Paclitaxel)   

                               d      rHYD 

BLOCK-M            12     130 

BLOCK-MP          12     130 

BLOCK-MP_FA   12     150 

Relaxometry 



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 

in vivo MRI protocol 



SAGITTAL T2W IMAGES - with folic acid 

NPs with 

folic acid 

Endorem 

tumour 

liver 

Pre Post 1h Post 24h 

liver 

tumour 

liver 

tumour 

MOSTLY  

IN LIVER 

Biodistribution 



NPs without folic acid NPs INSTM-Colorita with folic acid 

T2W images: post 24h on the tumour 

A semi-quantitative Analysis : T2 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   

Zoom on targeting 



INSTM-Colorita with folic acid (target !) 

Pre 

Post 1h 

Post 24h 

Endorem (does not target, as expected) 

tumour 

liver 

liver 

 

liver 

 

tumour 

tumour 

tumour 
liver 

 

tumour 
liver 

 

NPs with folic acid vs Endorem 

AXIAL T2W IMAGES 
 slow infusion (400 microliters in 1h, correspondent to 250 micromol/kg) 



AFM Micrographs 

 Block-M Block-P Block-MP 

 Block-FA Block-M-FA Block-MP-FA 

Physico-chemical characterization 




