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	Biochemistry	with	low	energy	ions:	tools	and	perspectives	
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Napoli, 17.1.2018 



Biomedical	applications	at	low-energy	
accelerators	

ì  Dosimetry	for	particle	therapy	(see	Paolo	Russo	
lecture,	18.1	at	9	am)	

ì  Radiobiology	research	for	protection	and	therapy	
(see	Lorenzo	Manti	lecture,	18.1	at	9:25	am)	

ì  Low-energy	tool	as	a	tool	in	chemical	and	molecular	
biology	(this	talk!)	
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courtesy of Werner Friedland 

Low vs. high-energy ions at the same 
LET(=140 keV/µm) 
α-particles,	2	MeV	 Fe-ions,	1	GeV/n	



Bio-tracks 

γ-rays

silicon 

iron 
Cucinotta and Durante, Lancet Oncol. 2006 



 different repair proteins 
 different lesion densities (LET) 
 different cell lines 
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Costes et al. 2007 



Co-localization of different repair proteins 

RPA 53BP1 Overlap 



DNA repair: aging, cancer, genetic syndromes, ……. 
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The most unkindest cut of all 

(W. Shakespeare, Julius Caesar, Act 3) 
 

Courtesy of NASA 

Courtesy of  Nicole Averbeck 

Courtesy of  Valeria Conte 



Clustered 

DNA breaks  

	Goodhead, Int. J. Radiat. Biol. 1994	



GSI  B. Jakob    ESF-EMBO Symposium Sant Feliu, Spain, May 2009 

Beamline live cell imaging 



Live	cell	imaging	of	heavy	ion	
traversals:	spots	and	streaks	

Low energy Au-ions, human cells, 
GFP-53BP1 

High energy Fe-ions 

Jakob et al., Proc. Natl. Acad. Sci. USA 2009 

GFP-NSBS1 

GFP-XRCC1 
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NBS1 accumulation at DSBs after heavy ion 
irradiation 

•  Faster recruitment  with heavy ions 
•  Saturation at very high-LET 
   

Zeitkonstante 



Jakob et al. Nucl. Acids Res. 2011 

 

HZE tracks in euchromatin and heterochromatin: „and the 
crooked shall be made straight“ (Isaiah, 40:4) 
 



 



Microbeam	-		Irradiation	of	single	cells	

Target positions 
Biological response visualized by 
immuno-staining 
 

C 5x5 ions 
 γH2AX 

C 5x5 

10 µm M. Heiß et al.  
Radiat. Res. (2006) 



Hetrochromatin	targeting	with	the	heavy-ion	
microbeam	

Markus Beuke, Ph.D. thesis 2012 
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Experimental setup 
 

Exit window 

FLIM 
scanner 

Schematic illustration of FLIM setup 



 

FRAP on streaks created by C-ions  

ATR 
NBS1 

MDC1 

53BP1 

Frank Tobias, Ph.D. thesis TU Darmstadt 2012 
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Two qualitatively distinct interactions by 
which MRN complex binds to the DSB 

1.  MRN (MRE11/ 
Rad50/NSBS1) 
binds directly to DNA 
ends (inner focus) 

2.  Size of the inner 
focus is proportional 
to the number of 
DSBs 

3.  ATM phosphorylates 
H2AX 

4.  MDC1 is recruited to 
γH2AX 

5.  MRN binds to MDC1 
(outer focus) 

6.  The number of 
binding sites in the 
outer focus is 
independent of the 
number of DSBs 



Fanconi anemia 

•  A rare (1-5 in a million) autosomal recessive genetic disorder characterized by bone marrow 
failure 

•  It is caused by a defect in a cluster of approximately 20 proteins (FANC) involved in DNA repair 

•  Because mist patients develop cancer, the syndrome is very much studied in cancer research 

•  FANC turnover at sites of DNA damage is not known, and would be important to understand 
the role of protein quantity 

•  In Italy, 50% of the patients are from Campania 

 



Low	energy	ion	beams	applications	in	
Chemistry	

•  Mechanistic	studies	of	fundamental	processess	of	
ion	interactions	with	atoms/molecules	at	Bragg	Peak	
–  	Low	energy	electrons		
– Molecular	Fragmentation	studies	

•  Molecular	Astrophysics	
•  Pulse	Radiolysis	
•  Metallic	Nanoparticles			
•  Ion	implantation	



Secondary Electrons produced by an ion along a Bragg Peak 

W (eV) 
W (eV) 

T0=400 MeV/u penetration depth, x(        ) 

Scifoni,et al., 2009 
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Fig. 1. Secondary electrons energy spectra in liquid water (dN/dW , inset), as a function of the
electron initial energy W , produced at different depth positions along a Bragg peak (larger plot).
These positions (letters) correspond to different values of the residual ion energy T (in MeV/u),
for a single carbon ion penetrating in the medium. Extended from Ref. 24.

effects.26 A simple option is the binary encounter model27 and its modifications,
also accounting for molecular shell specific ionizations.28 Most models are based
on the first Born approximation, which imposes an energy of the projectile much
larger than the target electron. Different upgrades were done, including advanced
ab initio quantum molecular approaches like the continuum distorted wave (CDW)
method.29 These methods have a large computational cost, but in principle, can now
treat a broad range of target molecules.30 An alternative method is the dielectric
response model,15 ,31,32 which uses photoionization cross-sections for parametrizing
energy and momentum dependence of the energy loss function. The main advantage
of this model, which makes it suitable, especially for treating condensed media, is the
simultaneous accounting for both single-particle and collective effects in the analysis
of the response. This approach has been recently extended, with physically based
approximations to model secondary electrons not only in water but in arbitrary
biological materials,33 including their angular distribution.34

The energy distribution of secondary electrons in water is extremely peaked
especially in the Bragg peak region of an ion track.15 ,24 This is visible in Fig. 1,
associating depth positions along an ion trajectory and corresponding electron en-
ergy spectra. Most of the initial energies of the produced secondary electrons are
below 100 eV.21,24 ,35 This feature is at the basis of the highly dense ionization ef-
fect of ion beams as compared to the sparsely ionizing pattern induced by X-rays.
Furthermore, the discovery that very low energy electrons (< 10 eV) can be very
effective in the destruction of biomolecules,36 made very challenging the study of
these spectra with great detail down to the lower edge.37
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Scifoni	Mod	Phys	Lett	2015	



Low energy Dissociative Electron 
Attachment (DEA) 

M.A. Huels, B. Bouda¨ıffa, P. Cloutier, D. Hunting, L. Sanche,  Science 287, 1658 (2000) 
JACS 125, 4467 (2003) 

Many experiments (Sanche) and quantum collisional studies on  selected DNA components  
(Gianturco, Fabrikant) confirm the presence of these resonances, at low energy, and  
The resonant mechanism has comparable effect to higher energy mechanism 

An	electron	attack	to	a	molecule	with	a		resonant	energy	,	
lower	than	the		dissociation	threshold,	can	lead	to	a	
dissociative	negative	state		that	evolves	towards	bond	breaking	



DEA	on	DNA	components	



•  Different	Mass	Spectrometer	setups	allow	
Ion	induced	radiation	damage	study	on	
the	molecular	level	

Schlathoelter	et	al	2012	

LASIM	Lyon	

KVI	Groeningen	

Molecular	fragmentation	



Example:	Water		

•  Alv	

Alvarado	et	al.	J.	Phys.	2006	
Jahnke	et	al.	Nat.	Phys.	2010	

Water	Molecular	Orbitals		



DNA	components	
Physica	Scripta	2007	



Pulse	radiolysis	
•  Tandem	type	ion	
accelerators	are	indicated	
for	pulse	radiolysis	studies	

•  Study	of	chemical	evolution	
with	high	temporal	
resolution	(ps	and	beyond)	

Ion	beam	



Ion	induced	radical	species	evolution	Direct effect + radiation chemistry

radical diffusion 12C 3 MeV/u (TRAX simulation, D.Boscolo)
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Ionenstrahlen in der Tumortherapie - was geht noch? – p. 31/43

Boscolo,	Krämer,	Durante,	Fuss,	Scifoni	Chem	Phys	Lett	(subm)	



Verification	with	PR	data	

Boscolo,	Krämer,	Durante,	Fuss,	Scifoni	Chem	Phys	Lett	(subm)	

3	MeV	proton			1	MeV	electron	





Gold	nanoparticles	as	proton	sensitizers	

The	addition	of	Gold	NP	has	beeen	suggested	as	a	possibility	
to	radiosensitize	tumors,	thanks	to	the	possibility	to	
selectively	targeting	tumor	cells	and	the	enhancement	in	
electron	production	



Au	secondary	electrons	verification		

•  rt	

Altais		2-MV	TANDEM	accel	@	Namur		

(2017)	

Retarding	field	
analyzer	allows	to	
Collect	Spectra	of	
secondary	electrons	
By	scanning	the	
retarding	field	
potential		



Ion	implantation	

38	

Generating	defects	in	solids,	through	ion	beams,	for	i.e.	semicond	device	realization		



Conclusions	

•  Low-energy	accelerators	are	a	powerful	tool	in	
biochemistry	

•  Investments	in	infrastructures	(e.g.	
microscopes	for	FLIM,		mass	spectrometry	for	
molecular	fragmentation	etc.)	are	necessary	
to	attract	users	from	chemistry	and	biology	

•  Such	a	facility	would	be	unique	in	Italy	and	
likely	to	attract	users	from	all	over	Europe	


