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Fisica Mesoscopica

WIKIPEDIA : Mesoscopic physics is a subdiscipline of 
condensed matter physics that deals with materials of an 
intermediate length. The scale of these materials can be 
described as being between the nanoscale size of a 
quantity of atoms (such as a molecule) and of 

materials measuring micrometres. …………….. a 
mesoscopic object……. and its electronic behavior may 

require modeling at the level of quantum 
mechanics…………………………

There is no rigid definition for mesoscopic physics but 
the systems studied are normally in the range of 100 nm 

(the size of a typical virus) to 1 000 nm (the size of a 
typical bacterium) …………….. has a close connection to the 

fields of nanofabrication and nanotechnology. 

«Also» 
intuition from 
R.P. 
Feynman
(1918-1988)
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Nanoparticelle : interdisciplinarità e interesse nel mondo



Statistiche di pubblicazioni e fondi
relativi a nanomateriali e nanotecnologia

no. publ. NPs

5.5 103

Micro and nano–
particles based 

Imaging

2011



Perchè nanomateriali e nanotech in  biomedicina

NM e NT
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Alcuni esempi «non» magnetici



Prodotti commerciali (clinici) . I



Prodotti commerciali (clinici) . II



Un primo (?) esempio di farmaco 
nano- antitumorale : ABRAXANE

ABRAXANE (protein-bound Paclitaxel) is indicated for the treatment of 
breast cancer after failure of combination chemotherapy for metastatic 
disease or relapse within 6 months of adjuvant chemotherapy. 
It uses the albumin (responsible of mcarrying nutrients to tumour cells)
-activated gp60-receptors pathway (it activates caveolin).
Paclitaxel is an anti-cancer ("antineoplastic" or "cytotoxic") chemotherapy 
drug. Paclitaxel is classified as a "plant alkaloid," a "taxane" and 
an "antimicrotubule agent."

Video youtube sul funzionamento di ABRAXANE :
https://www.youtube.com/watch?v=BsLLZxXLSfA

M. Ferrari (Houston) and co-workers



Scopo finale delle ricerche 
attuali: NM multifunzionali

e.g. Imaging multimodale, «Teranostica», etc
(teranostica = terapia + diagnostica)



Esempi di 

nanotecnologie/nanomateriali 



Nanoparticelle di Au come 

«Radiation therapy enhancers» 

in-vitro e in-vivo

(radiosensibilizzazione con NP ad alto-Z)



Interazione radiazione-NP



Sopravvivenza cellulare
(radiobiologia) 



NP di Ag per effetti antimicrobici



Tossicità in-vivo di NP di Ag utili 
Per effetti antimicrobici

- Background: Silver nanoparticles 

(AgNPs) are an important class of 

nanomaterials used as antimicrobial 

agents for a wide range of medical and 

industrial applications.

- Toxicity of AgNPs and impact of 

their physicochemical characteristics in 

vivo need to be comprehensively 

characterized. 



Ingegneria tissutale



Crescita confinata di cellule neurali su isole di zirconia nano-
strutturate, per facilitare la formazione di un network neurale

Sistema nervoso centrale (CNS) :
nano-ingegneria tissutale

Courtesy by C. Lenardi et al



Tecnologie magnetiche 

Nanoparticelle magnetiche



Utilizzo di nanoparticelle magnetiche in 
biomedicina

Sensori (MRI, Sentimag, MEG-
SQUID, Biosensori)

SENSING

Trasporto magnetico

MOVING

Ipertermia 
magnetica

HEATING
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Rilassometria NMR : dale proprietà di 
fondamento alle applicazioni

NMR relaxometry at room temperature
SAR in Magnetic Fluid Hyperthermia :

Study of influence of microscopic features
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Magneto-optical nano-devices : 
ferrites+gold plasmon resonance and 

spin dynamics
Magneto-plasmonics

surface

Fe3O4 Au 

Physical model for spin dynamics :



Dynamic Nuclear Polarization – DNP : 
una nuova tecnica diagnostica
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 Transfer of polarization from the electron to the nuclear spin
system under irradiation of the electronic resonance

NON EQUILIBRIUM HYPERPOLARIZED STATE

 In Metals and solutions
Overhauser Effect

 In solids doped with radicals
Solid State Effect (SE)
Thermal mixing Effect (TM)

 Transfer of polarization from the electron to the nuclear spin
system under irradiation of the electronic resonance

NON EQUILIBRIUM HYPERPOLARIZED STATE

 In Metals and solutions
Overhauser Effect

 In solids doped with radicals
Solid State Effect (SE)
Thermal mixing Effect (TM)

Carver, T. R.; Slichter, C. P. (1953). "Polarization of Nuclear 
Spins in Metals". Physical Review 92 (1): 212–213. 

SE: non interacting
electrons



DNP per Imaging metabolicoDNP per Imaging metabolico

Polarization
and dissolution

Transfer  line  for  the sample

Injection 
and MRI

•Solutions of  13C labelled  metabolites  and paramagnetic radicals  (about 10 mM)
•Thermal mixing  (TM) at low temperature (1.2 K) and high magnetic fields (3.35T) 

K. Golman et al. PNAS 103 (2006), 30, 11270-11275 

13C Pyruvic Acid
 Endogenous molecule, important for 

the study of tumoral activity: NMR 
signal increased by a factor 100000

13C Pyruvic Acid
 Endogenous molecule, important for 

the study of tumoral activity: NMR 
signal increased by a factor 100000



Trasporto magnetico- NON a livello clinico

Iniezione IV + rilascio di 
farmaco locale

(cause : variazione pH
o stimolo esterno)



Magnetic Particle Imaging – MPI
(preclinico)

Magnetic Particle Imaging – MPI
(preclinico)

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

1st MPI system
(Bruker-Philips, 2013)

«Fornisce» le immagini della 
distribuzione di NP magnetiche 

nei tessuti biologici



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

Australasia.

SENTIMAG : 
un suscettometro altamente sensibile

MNPs

Tecnica dei linfonodi 
sentinella



Caso clinico, tumore al seno

Senza utilizzo di
Radiofarmaci
Con NP magnetiche



Risonanza Magnetica per Immagini

Magnetic Resonance Imaging (MRI)

MRI Timeline

1946 MR phenomenon - Bloch & Purcell 

1952 Nobel Prize - Bloch & Purcell 

1950-70 NMR developed as analytical tool 

1972 Computerized Tomography 

1973 Backprojection MRI - Lauterbur 

1975 Fourier Imaging - Ernst 

1977 Echo-planar imaging - Mansfield 

1980 FT MRI demonstrated - Edelstein 

1986 Gradient Echo Imaging - NMR Microscope 

1987 MR Angiography - Dumoulin 

1991 Nobel Prize - Ernst 

1992 Functional MRI 

1994 Hyperpolarized 129Xe Imaging 

2003 Nobel Prize - Lauterbur & Mansfield 
Typical MRI apparatus for 
clinical use, magnetic field 

H = 1.5 Tesla



Alcune tecniche di ImagingAlcune tecniche di Imaging
Nuclear Medicine:
•Poor spatial resolution
•Poor temporal resolution
•High sensitivity
•Reporters: radionuclides

Ultrasounds
• Non-invasive
• Poor spatial resolution
• Good temporal resolution
• Low sensitivity
• Easy

Nuclear Medicine:
•Poor spatial resolution
•Poor temporal resolution
•High sensitivity
•Reporters: radionuclides

Ultrasounds
• Non-invasive
• Poor spatial resolution
• Good temporal resolution
• Low sensitivity
• Easy

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

Milano, 09/04/2019



Cervello
Torino, 22/05/2018

Angiografia

Fibrosi al fegatoAddome



Midollo spinale Torino, 22/05/2018



Ipertermia magnetica (MFH) : trattamento del tumore

• Heating through application of AC 
magnetic field via    activation of 12 nm
amino-silane coated Fe3O4 MNP directly
implanted in the tumour mass at high doses
(ca. 50 mg/cm3)

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

• Minor side effects

• Typical values of the reported specific loss of power, 
SLP or SAR (the energy converted into heat per mass 
unit) are : 10200 W/g    [ exceptions : 35 nm bacterial
magnetosomes (960 W/g at 410 KHz and 10 kA/m); 

16 nm γ-Fe2O3 N P ( 1650 W/g at 700 kHz and 24.8 
kA/m,  300 W/g at 11 kA/m) ]

H0f ≤ 4 109 Am-1s-1 (*)

50 kHz ≤  ≤ 1 MHz
(*) Depending on the radius 
of the exposed region

Head position

RF coil

Started a new study on glioblastoma multiforme in 2014, in 
USA and Germany Several german hospitals involved



MFH – Applicazioni Cliniche

Tumour cellsDirect injection in
the brain tumour

MNPs coated
With amminosilane

AMF

Heating – kill
tumour cells

ferrofluid



Stato dell’arte della terapia ipertermica 
magnetica applicata in clinica (Magforce)

Started a new study on 
glioblastoma multiforme in 2014, 

in USA and Germany
Several german hospitals involved 

Problems of “integrating” this 
therapy alongside the more 

conventional hospital therapies



Thanks

Any questions ??

Thanks

Any questions ??

Fine 1^ parte



Magnetic Resonance Imaging
&

Radiomica

Magnetic Resonance Imaging
&

Radiomica



Diagnostica e radiomica



Modelli per la radiomica

Slides from 
Linda Bianchini, 
PhD, UNIMI

IEO members
F. Botta, D. Origgi, 
M. Cremonesi

UNIMI
P. Arosio
F. Orsini

From scratch 
First : phantom development for MRI 

1. Need for phantom studies

3. Development of “ad hoc 3D phantom”
2. Data from standard phantom



Modelli per radiomica MRI : un fantoccio

Fundamentals :
Choice of phantom : 3D printing !
Data choice and collection
Data analysis

QC phantom

Dedicated one



Primo tentativo di fantoccio

Fundamentals :
Choice of phantom : 3D printing !
Data choice and collection
Data analysis

Advanced phantoms :

Problem of 
simulation 

of human body 
“granularity”,  

tissues 
heterogeneity, and 

so on



Modelli per radiomica : scelta dei dati e raccollta

Volume selection
(crucial influence of 3D phantom choice)

Fundamentals :
Choice of phantom : 3D printing !
Data choice and collection
Data analysis



Analisi dati

Fundamentals :
Choice of phantom : 3D printing !
Data choice and collection
Data analysis

• Software

• Pre-processing

• Features selection

Machine learning
Deep learning
Artificial intelligence



Modelli per radiomica : molto ambizioso, 
prossimo fantoccio 3D !!

Advices for MRI :
• Same sequences and field (and Imager)
• Quality of 3D phantom
• Materials : T1 and T2 simulation for
different tissues (bio-inks)

• Data analysis : multiexpontial behaviour !
• ………….

For all techniques : 
CT, MRI, PET, US, …..

Also : radiotherapy !



MRI : Imaging con 

tensore di diffusione, 

MRI-funzionale, 

connettomica



MRI funzionale Real-time 
Monkey’s brain



MRI & microstruttura del cervelloMRI & microstruttura del cervello

Diffusion MRI can be used to probe the microstructure (i.e. 
barriers, obstacles, membranes…) that surrounds water 
molecules randomly moving in the brain.

From the “simple” symmetric 
tensor

To more complicated
multi-compartment models

Isotropic
diffusion

Anisotropic
diffusion

Many models of the diffusion signal 

were and are currently proposed:

G. Savini – PhD activity - UNIMI



Intra-neurite volume fraction
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Extra-neurite mean diffusivity (mm2/s)
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Two-compartment model

Each model provides 
different parameters 
that must be validated 
with histology to evaluate 
their specificity to real 
microstructural features.

Here, diffusion MRI is used to 
investigate the microstructure 
of the cerebellum.



• Misura SIMULTANEA di più parametri in 
un’unica e breve acquisizione

• Fino a 48 immagini in meno di un quarto di 
secondo
Hamilton et al., 2015

«One-scan, multiple-properties»

MRI fingerprinting (impronte digitali)



MRI fingerprinting (impronte digitali)



University researchers of NMR group, Dip. Fisica, UNIPV:

Seniors : Carretta P., Corti M. (retired), Filibian M. Lascialfari A., Mariani M.,
Moscardini M., Prando G.

PhD and postdoc students : Avolio M., Bianchini L., Brero F., Charlaftis S.,
Cicolari D., Cobianchi M. (ex), Rinaldi L.

UNIMI personnel: Arosio P., Basini M. (ex), Orsini F., Veronese I.

Presso il Dipartimento di Fisica di 
Pavia – NMR group – biomed research



MAIN RESEARCH LINESMAIN RESEARCH LINES

 Applications of magnetic techniques and magnetic nanoparticles to 
biomedicine – DIAGNOSIS AND THERAPY : MRI, CT, Hadron Therapy
and magnetic hyperthermia, DNP

 Magnetic techniques for fundamental magnetism : NMR, SQUID 
magnetometry, EPR, muSR, MRI, calorimetry (Hyperthermia), Dynamic
nuclear polarization - DNP

 Magneto therapy – THERAPY (just begun)

Suggested book : Magnetism in Medicine, eds. W. Andrä and H. Nowak, Wiley-VCH
Thanks are due to Q. Pankhurst and C. Sangregorio for contributions to slides

 Applications of magnetic techniques and magnetic nanoparticles to 
biomedicine – DIAGNOSIS AND THERAPY : MRI, CT, Hadron Therapy
and magnetic hyperthermia, DNP

 Magnetic techniques for fundamental magnetism : NMR, SQUID 
magnetometry, EPR, muSR, MRI, calorimetry (Hyperthermia), Dynamic
nuclear polarization - DNP

 Magneto therapy – THERAPY (just begun)

Suggested book : Magnetism in Medicine, eds. W. Andrä and H. Nowak, Wiley-VCH
Thanks are due to Q. Pankhurst and C. Sangregorio for contributions to slides

NOT  EXHAUSTIVE



Hospitals/companies involved

Hospitals : 

- Pavia ospedali : Policlinico S. Matteo, Ist. Neurologico “Mondino”, Fondazione Maugeri

- Pavia : CNAO

- Milano : Ospedale Niguarda, IEO, Ist. Mario Negri, Istituto Europeo di Oncologia, 

Istituto Neurologico Besta

Companies :

Bracco SpA, Bruker Italia srl, Stelar srl



Actual main collaborations
(magnetism, MRI, synthesis, hyperthermia)

Actual main collaborations
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 Dipartimento di Chimica, Università di Roma, gruppo prof. G. Ortaggi 
 Dipartimento di Chimica, Università di Cagliari, Dr. M.F. Casula
 Dipartimento di Chimica, Universita’  di Modena, gruppo prof. A. Cornia
 Dipartimento di Chimica, Universita' di Firenze, gruppo prof. D.Gatteschi
 Dipartimento di Chimica Fisica, Universita’ di Pavia, gruppo prof. P. Ghigna
 Dipartimento di Chimica, Università di Pisa, Prof. E. Chiellini
 Dipartimento di Chimica, Università di Bologna, Prof. M. Comes Franchini
 Dipartimento di Chimica, Università degli studi di Milano, prof. P. Ferruti e E. 

Ranucci
 Dipartimento di Chimica, Università degli studi di Milano, prof. G. D’Alfonso
 Dipartimento di Scienze Chimiche, Università degli studi di Padova, Dr. V. 

Amendola
 Dipartimento di Scienze Chimiche, Università degli studi di Catania, Prof. G. 

Vecchio
 Dipartimento di Fisica, Università di Milano Bicocca, gruppo prof. C. Riccardi 
 Dipartimento di biologia e biotecnologie “L. Spallanzani”, Università degli 

studi di Pavia, Prof. R. Nano
 Dipartimento di Chimica, Università di Pavia, Prof. Vidari
 Facoltà di Medicina, Università di Pavia, Prof. Dionigi
 Dipartimento di Fisica, Università di Pavia, Prof. Altieri 
 Dipartimento di Scienze Farmacologiche, Universita’ di Milano, Prof. R. 

Paoletti, Prof. E.Tremoli, Dr.U.Guerrini, Dr.G.Sironi 
 Dipartimento di Scienze Morfologiche-Biomediche, Università degli studi di 

Verona, Prof. P. Marzola, Prof. A. Sbarbati
 Dipartimento di Scienze Farmacologiche e Biomolecolari, Università degli 

studi di Milano, Prof.ssa V.F. Sacchi, Dr.ssa A. Rizzo
 Dipartimento di Chimica, Università degli studi di Milano, Dr. M. Scavini
 INFM-CNR,National Nanotechnology Laboratory, Dr. T. Pellegrino, Dr. D. 

Cozzoli, Dr. L. Manna, Prof. R. Cingolani
 Department of Chemistry, Humboldt Universitat – Berlin (Germania), Prof. N. 

Pinna

 Dipartimento di Chimica, Università di Roma, gruppo prof. G. Ortaggi 
 Dipartimento di Chimica, Università di Cagliari, Dr. M.F. Casula
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 Dipartimento di Chimica, Università di Bologna, Prof. M. Comes Franchini
 Dipartimento di Chimica, Università degli studi di Milano, prof. P. Ferruti e E. 

Ranucci
 Dipartimento di Chimica, Università degli studi di Milano, prof. G. D’Alfonso
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Vecchio
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 Dipartimento di biologia e biotecnologie “L. Spallanzani”, Università degli 

studi di Pavia, Prof. R. Nano
 Dipartimento di Chimica, Università di Pavia, Prof. Vidari
 Facoltà di Medicina, Università di Pavia, Prof. Dionigi
 Dipartimento di Fisica, Università di Pavia, Prof. Altieri 
 Dipartimento di Scienze Farmacologiche, Universita’ di Milano, Prof. R. 

Paoletti, Prof. E.Tremoli, Dr.U.Guerrini, Dr.G.Sironi 
 Dipartimento di Scienze Morfologiche-Biomediche, Università degli studi di 

Verona, Prof. P. Marzola, Prof. A. Sbarbati
 Dipartimento di Scienze Farmacologiche e Biomolecolari, Università degli 

studi di Milano, Prof.ssa V.F. Sacchi, Dr.ssa A. Rizzo
 Dipartimento di Chimica, Università degli studi di Milano, Dr. M. Scavini
 INFM-CNR,National Nanotechnology Laboratory, Dr. T. Pellegrino, Dr. D. 

Cozzoli, Dr. L. Manna, Prof. R. Cingolani
 Department of Chemistry, Humboldt Universitat – Berlin (Germania), Prof. N. 

Pinna

Regional Center of Advanced Technology and Materials,
Olomouc (Repubblica Ceca), Dr. G. Zoppellaro
•FORTH (Foundation for Research and Technology –
Heraklion, Greece), Prof. A. Lappas
•Dept. Chemistry, Università di Bordeaux, Prof. S.
Lecommandoux
•Dept. Of Physics, University of Zaragoza (Spagna), Prof. F.
Palacio e Dr. A. Millan
•Departamento de Química Inorgánica, Universidad de
Granada (Spagna), Dr. J.M. Dominguez-Vera
•CNRS and University of Montpellier (Francia), Dr. J.
Larionova, Dr. Y. Guari
•Pasteur Institute of Tehran (Iran), Dr. M. Mahmoudi
•Phillips Marburg University (Germany), Dr. W. J. Parak
•Policlinico S. Matteo, Pavia, Dr. R. Di Liberto (direttore Fisica
sanitaria)
•Istituto Neurologico “Mondino”, Pavia, Prof. E. D’Angelo
(anche Università degli studi di Pavia) e Dr.ssa F. Palesi
•Ospedale Niguarda, Milano, Dr. A. Torresin (direttore Fisica
Sanitaria)
•Istituto Europeo di Oncologia (IEO), Milano, Dr.ssa D. Origgi
•Bracco SpA, Milano (Italia), dr. V. Lorusso
•Centro Ricerche Colorobbia, Vinci (FI) (Italia), Dr. G. Baldi,
Dr.ssa L. Niccolai
•Stelar srl, Mede (PV) – Italia, Ing. G. Ferrante



Experimental techniques at NMR groupExperimental techniques at NMR group

Universita’ degli studi di Pavia

 MRI  Bruker B = 7 Tesla, Esaote , Artoscan, B = 0.2 Tesla 

 NMR : broadband spectrometers (Bruker, Tecmag, Mid-Continent) covering a frequency
range 4-400 MHz. Magnetic field 0-9 Tesla. Temperature : 0.3-1000 K. 

 Quantum Design SQUID magnetometer. Temperature:  1.7-800K. 

Magnetic Field : -7  7 Tesla.

 Adiabatic calorimeter, 1.5 < T < 300 K

 ”Wide-band” EPR

Universita’ degli studi di Milano

 Atomic Force Microscopy / Scanning Tunneling Microscopy / Magnetic Force Microscopy -
Autoprobe CP Research System - Veeco. Working temperature range 0-60°C.

 NMR : broadband spectrometer Stelar Spinmaster. 5-70 MHz. Temperature : 4.2-350 K. 
Magnetic field 0-1.4 Tesla.

 NMR relaxometer, 10 KHz < f < 10 MHz. Temperature 150 < T < 350K

(MRI : Bruker AMX200, 4.7 Tesla, super-wide-bore, rats and mice coils. Physiological 
parameters’ control)
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Available equipments : broad-band NMR, 
magnetometry and relaxometry 

SMART Tracer  
Frequency : 10KHz – 10MHz

FT-spectrometers 
and electromagnets

9 Tesla magnet
for broad-band NMR
9 Tesla magnet
for broad-band NMR

Esaote Artoscan 0.2 Tesla
MRI Imager
Esaote Artoscan 0.2 Tesla
MRI Imager

SQUID magnetometer
Cryogenics

Bruker 7 Tesla
MRI Imager
Bruker 7 Tesla
MRI Imager



Any questions ??Any questions ??

Thank you !


