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Ratiation types used 
 

+
+

4He2+  α-particles (LET 63 KeV/µm) 

High- Linear Energy Transfer (particle beams) 

+
H+  protons (LET 28.5 KeV/µm) 

Low Linear Energy Transfer (photons) 

X-rays (LET ~1 KeV/µm) 

a) Low-LET radiations (photons) produce spread ionization, the radiation dose is delivered homogeniously as a 
lamp delivers the light 
b, c) High-LET particles beams produce clustered ionizations and the radiation dose is delivered in tracks 
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Combining Hadron Therapy with Magnetic Hyperthermia: 
a New Tool , for Pancreatic Cancer Treatment	

	(HADROCOMBI) 

Hadron Therapy and Magnetic Hyperthermia are new and interesting 
treatments for cancers where the “classical” therapies fail. 

(A)  targeted	proton	therapy	deposits	most	energy	on	target;		
(B)	conven8onal	radia8on	therapy	deposits	

Illustra8on	of	MFH	concept		

The goal of the project is the 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 



Magnetic Fluid Hyperthermia (MFH) 

Magne8c	Fluid	Hyperthermia	allows	to	strictly	controlling	the	region	under	
treatment	by	using	Magne8c	Nanopar8cles	(MNPs)	as	hea8ng	elements.	

Used	in	clinics	(Germany,	USA)	
Web-site	:	hHp://www.magforce.de/en/home.html	

• 	Hea8ng	 through	applica8on	of	AC	magne8c	field	
via	 	 ac8va8on	 of	 MNPs	 directly	 injected	 in	 the	
tumour	mass	at	high	doses	(ca.	50	mg/cm3).	

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

• 	Minor	side-effects	

*	 It	 refers	 to	 local	 temperature	 rises,	 usually	 to	 40–45°C,	 rendering	 the	 cells	 suscep8ble	 to	
various	forms	of	damage	including	apoptosis,	leading	to	subsequent	cell	death.		
*	Other	 effects:	 ac8va8on	of	 immunological	 responses,	 enhancement	of	 tumor	blood	flow	and	
oxygena8on	via	greater	vascular	perfusion	and	permeability.	
*	 A	 number	 of	 therapeu8c	 benefits	 in	 producing	 localized	 hea:ng	 (delivering	 toxic	 doses	 of	
thermal	energy	to	tumors,	or	increasing	the	efficacy	of	an8-cancer	drugs).		





Workpackages 

•  WP1		Nanopar+cles	synthesis	and	characteriza+on	(Months:1-9;	

par+cipants:	CNR-ICCOM,	Milano,	Pavia)	

•  WP2		Irradia+on	experiments	with	X-rays	and	Hadrons	(Months:1-12;	

par+cipants:	Milano,	CNAO-PV,	INT-MI)	

•  WP3		Magne+c	Fluid	Hyperthermia	experiments	(Months:2-12;	

par+cipants:	Milano,	Pavia)	

•  WP4		Responses	of	tumor	pancrea+c	cells	(Months:1-12;	par+cipants:	

Milano,	Roma3)	

•  WP5		Imaging	Techniques	(Months:4-12;	par+cipants:	Milano)	
	



Firenze: CNR-ICCOM, UNIFI, INSTM 
Synthesis of Magnetic Nanoparticles and their 

characterization	
• 	Synthesis: thermal decomposition of the  
metallo-organic precursors with surfactant:  
 
-> Magnetic cores of MNPs: γ-Fe2O3, Fe3O4 or CoxFe3-xO4  
-> Size of cores of MNPs: 15-20nm  
-> coatings: PAA (polyacrylic acid); PEG (polyethylen glycol); Citrate; Folic acid; etc. 

•  characterization: XRD, DLS,	TEM,	ICP,	SQUID-AC	and	EPR	 
 

The control of structural properties of MNPs is crucial to obtain 
the optimal material for MFH. The coating will be chosen for 
favoring the uptake of MNP inside the cells, that is a crucial 
parameter to maximize the therapeutic effect 

Iron Oxides 
Nanoparticles

Coating



Unità di Pavia 
Magnetic characterization of magnetic nanoparticles 

via DC SQUID  

• 	hysteresis curves at T=2, 300 and 310 K (physiological 
temperature) 
•  ZFC – FC curves 
 
The magnetic characterization will be used to determine the 
saturation  magnetization , the remanent magnetization, the 
coercive field and the relaxation time of the magnetization . 
All these quantities enter in the expression of the SAR, the 
heat release efficiency of MNPs.  



Irradiation with Hadrons and X-rays 

Fondazione CNAO, Pavia 
(0.5	-	4	Gy	for	Carbon	ions;		
0.5	-	5	Gy	for	protons) 

Istituto Nazionale dei Tumori, Milano 
(0.5	–	7	Gy	for	photons) 



Unità di Milano 
Magnetic Hyperthermia protocol 

•  Nowadays	the	clinical	protocol	is	not	unambigous!	
•  Inves8ga8on	of	the	op8mal	combina8on	of	HAC	and	f	to	gain	the	

best	SAR	values	(e.g.	30	mins	at	110	kHz	and	10	kA/m)	
•  Treatments	of	the	cells	line	with	the	op8mal	concentra8on	of	

MNPs.	
	
The	HAC	and	 f	 	values,	 the	8me	dura8on	of	 treatment,	 the	MNPs	
concentra8on	are	crucial	parameters	to	evaluate	the	heat	release	
efficiency	 of	 MNPs	 and	 as	 a	 consequence	 the	 efficacy	 of	 the	
hyperthermic	treatment.	



Unità di Milano  
Responses of pancreatic  tumor cells: clonogenic survival 

																											Cell	clonogenic	survival	a>er	(X	or	HT	)	+/-	(NPs	+MFH)	

(Radia:on,	DoseD)	
+/-	(NPs+MFH)	

					Cells		seeded	at	low	density	
					(	to	get	2-3	colonies	/	cm2)	
							Seeded	cells/sample	=	No	
											(3-5	samples/Dose)	

Incuba:on	at		37°	for	
2-3	weeks	
	
						Survival		vs	Dose	
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Survival	at	Dose		D.	S(D):	
S(D)	=	PE(D)	/	PE(0)		
(PE(0)		=	Control		samples	
Pla:ng	Efficiency).		

Control	samples	are	treated	
in	the	same	way	with	the	
excep:on	of	irradia:on	

Colony	from	a	
survived	cell:	more	
than	50cells		

	Examples	of	colonies	from	survived	(b)	
and	not	survived	(a)	cells	



Endpoints to be investigated in tumor pancreatic cells 
(magnetic particles alone or in combination with radiations) 
 
- Cytotoxicity with MTT assay (*) 
 

- DSB repair kinetics  (γ-H2AX and 53BP1 foci) 
 

-Induction of Apoptosis (Cytofluorimetric analysis) 

* For particles alone 
 
 

Unità di Roma3 



Unità di Milano 
Radiotracers protocol 

•  isotopic	tracing	of	the	Fe2O3	nanopar8cles	(FeONPs)	through	the	
radiotracer	 technique	 with	 the	 use	 of	 the	 gamma	 emilng	
isotope	of	Fe	(59Fe)	as	tracer;	

•  the	 study	 of	 varia8ons	 of	 the	 natural	 abundance	 of	 stable	
isotopes.		

Both	 these	 techniques	 compared	 with	 other	 analy8cal	methods,	
not	only	have	a	high	sensi8vity,	good	accuracy	and	are	8me	saving,	
but	 can	 dis:nguish	 the	 endogenous	 and	 exogenous	 iron	 aner	
exposure	of	the		in	vivo	animal	models		(body	fluids	and	8ssues)	as	
well	as	 in	vitro	toxicity	 tes8ng	models	 (cell	culture	media	 ,	whole	
cells	and	subcellular	frac8ons).	



Unità di Milano  
Uptake quantification & Imaging 

• Quan8ta8ve	cellular	uptake	of	MNPs	with	induc8vely	coupled	
plasma	mass	spectrometry	(ICP-MS).	

• Localiza8on	of	MNPs	 in	 intracellular	 structures	with	high	spa8al	
resolu8on	with	Scanning	Electron	Microscopy	(SEM).	

• Analysis	 of	 distribu8on	 of	 MNPs	 in	 cells	 with	 Confocal	 Laser	
Scanning	Microscopy	(CLSM).	

	
	
	

Reflected light in CLSM: 
distribution of Ag-NPs (100 nm) 
in primary cells (Astrocytes and 
Microglia) 



* First synthesis of MNPs constituted by magnetic core (maghemite, magnetite or cobalt-ferrite) and coated with 
organic biocompatible moiety.  (M2) 
* First synthesis of radiotracers starting from 59FeCl and radioiodination of proteins or from commercially 
available 57Fe or 58Fe – enriched salts. (M2) 
* Determination of the main magnetic (physical) properties of first synthesized MNPs (Ms, Hc, Mr, etc). (M3) 
* Determine the best methods to establish qualitatively and quantitatively the MNPs cellular uptake. Verify 
correlation between uptake and MNPs administrated doses.  (M4) 
* First cells irradiation with photons and hadrons. (M4) 
* First results of viability and clonogenic survival on the treated tumour pancreatic cells (M6)  
* Results on the kinetics of DSB-rejoining and Apoptosis in tumor pancreatic cells exposed to Photon, after 
single and combined treatments. (M6) 
* Choice of the best MNPs and the best protocol for MFH cell treatments after irradiation. The duration, the 
number of treatments and the correct concentration of MNPs will be optimized for the hyperthermic effect on 
cells. (M8) 
* Imaging of cells (SEM, CLSM and radiotracers) before and after irradiation with different (combined or not) 
irradiation techniques. (M8) 
* Results on the kinetics of dissolutions/release of iron ions in the aqueous and biological media studies. (M12)  
* For single and combined treatment determine the kinetics of DSB-rejoining and Apoptosis in tumor pancreatic 
cells exposed to Proton and C-ions. (M12)  
* For single and combined treatment clonogenic survival experiments in tumor pancreatic cells exposed to 
Proton and C-ions. (M12)  
* First conclusions about the effects of combined HT (XRT) and MFH techniques on cellular damage (M12) 

 

Milestones 



HADROCOMBI - Spese previste 
• 	Materiale	di	consumo	per	coltura	cellule	e	determinazione	della	sopravvivenza	(linea	cellule	
tumorali	del	pancreas	da	acquistare	presso	banca	(US),	terreni	di	coltura	,	siero	fetale,	reagen8	,		
filtri	per	produzione	acqua	ultrapura,	plas8che	monouso	per	coltura	cellulare	(	flasks	,	pipeHe),	
puntali	per	determinazione	densità	cellulare	alla	semina											 	 	 			

	10	k	€	
• 	Per	esperimen8	MFH	:	Materiale	criogenico,	gas	(azoto,	elio),	materiale	eleHronico,	schede/
moduli	eleHronici,	vetreria,	materiale	eleHrico	(bobine,	codensatori)	 				 	 		
5	k	€	
• 	Reagen8	chimici	per	cell	staining	e	essiccamento	(viability	test,	func8onal	tests,	etc.),	materiale	
per	microscopia	confocale	e	SEM,	target	metallici	per	SEM	(4),	analisi	ICP-MS	(1) 					

	5	k	€		
• 	Irraggiamen8	presso	il	LENA	(ReaHore	di	PV)	per	la	parte	dei	radiotraccian8	(1),	preparazione	di		
		nanopar8celle	FeO	arricchite	isotopicamente	in	57Fe	o	58Fe	(0.5),	Traspor8	radioalvi		
		Pv-LASA	(0.5) 	 	 	 	 		 			 	2	k	€	
• 	Reagen8	chimici,	liquidi	e	gas	criogenici,	per	preparazione	nanopar8celle	magne8che	(in	
collaborazione	con	UNIFI	e	CNR-ICCOM-Firenze	)		 			 				 	 	6	k	€	
• 	Unità	Roma3	:	Materiale	di	consumo	per	colture	cellulari,	terreni,	sieri,	plas8cheria,	an8corpi	per	
danno	al	DNA	in	immunofluorescenza:	gamma-H2AX,	53BP1,	reagen8	per	apoptosi	e	citotossicità	
MTT	 	 	 	 	 	 	 		5	k€	
• 	Unità	Pavia	:	liquidi	criogenici,	gas	criogenici,	schede/moduli	eleHronici,	eleHronica,	vetreria,	
plas8cheria,	per	misure	SQUID 	 	 	 	 	3	k	€		
• 	Missioni 	Unità	MI 	 	 	 	 	 				 		6	k	€	
• 	Missioni	Unità	Roma3 	 	 	 	 	 		3	k	€	
• 	Missioni	Unità	Pavia	 	 	 	 	 				 		2	k	€	
		
TOTALE 	 	 	(34	Unità	MI	+	8	Unità	Roma3	+	5	Unità	Pavia)		 	47	kEuro 		



• Unità	Roma3	:	Materiale	di	consumo	per	colture	cellulari,	terreni,	sieri,	plas8cheria,	an8corpi		
• per	danno	al	DNA	in	immunofluorescenza:	gamma-H2AX,	53BP1,	reagen8	per	apoptosi	e		
• citotossicità	MTT	 	 	 	 	 	 	 		5	k€	
• 	Unità	Pavia	:	liquidi	criogenici,	gas	criogenici,	schede/moduli	eleHronici,	eleHronica,	vetreria,		
• plas8cheria,	per	misure	SQUID 	 	 	 	 	3	k	€		
• 	Missioni 	Unità	MI 	 	 	 	 	 				 		6	k	€	
• 	Missioni	Unità	Roma3 	 	 	 	 	 		3	k	€	
• 	Missioni	Unità	Pavia	 	 	 	 	 				 		2	k	€	
		
TOTALE 	 	 	(34	Unità	MI	+	8	Unità	Roma3	+	5	Unità	Pavia)		 	47	kEuro	

Roma Tre 5 + 3 k€ 



WORKPLAN 
Materials:	
*	The	pancrea8c	tumor	cells	lines:	PANC-1	and/or	BxPC3	
*	MNPs	for	MFH:	maghemite	(γ-Fe2O3)	MNP	of	16-20	nm,	coated	with	a	biocompa8ble	organic	moiety.	
	

Three	different	modali8es	for	each	experiment:	
• 	Irradia8on	alone;	
• 	MNPs	+	irradia8on;	
• 	MNPs	+	irradia8on	+	MFH.		
	

Protocol	for	the	in-vitro	experiments:		
• 	Incuba8on	period	of	the	cells	with	MNPS	
•  	 Irradia8on	 treatment	 with	 Carbon	 Ions	 or	 protons	 at	 CNAO	 founda8on	 (Pavia,	 Italy)	 and,	 for	
comparison,	with	photons	at	 IRCCS	 -	 Is8tuto	Nazionale	dei	Tumori	 (Milano),	with	 the	 following	dose-
ranges:	0.5	-	4	Gy	for	Carbon	ions;	0.5	-	5	Gy	for	protons;	0.5	–	7	Gy	for	photons.	
• 	Following	exposure	to	radia8on,	cells	treatment	with	MFH	(30	mins	at	110	kHz,	10	kA/m)	
• 	The	treated	cells	will		be	followed	as	concerns	viability	and	imaged.	When	possible,	MNPs	distribu8on	
and	cellular	uptake	will	be	determined.	
• 	The	applica8on	of	radiotracer	techniques	by	using	59Fe	–	radiolabelled	FeONPs	star8ng	from	59FeCl,	
that	will	allow	biokine8c	and	mechanis8c	studies	to	op8mize	:	
a) 	the	uptake,	the	bioavailability	of	MNPs	in	tumor	target	cells,	the	fate	in	the	biological	system;	
b) 	the	MNPs	surface	effects	and	the	influence	of	the	protein	corona.	
c) 	the	determina8on	of	the	varia8on	of	natural	abundance	of	stable	isotopes.	


