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ISSTb production: a proof-of-concept method for @ unversitd | st [

an alternative production of medical isotope

TTRIP (Tools for Tb Radiolsotope Production for nuclear medicine)
anr@ ANR-21-CE19-0037
agencc nationale

de la recherche

* |[nternal vectorized radiotherapy (RIV): a brief reminder

= Project on radio-isotope production and vectorization
— radio-isotope production
— use of electromagnetic separation
to improve the isotopic purification 6’?

— first results ép" /

= Qutlook and conclusions |

«GANIL Colloque GANIL 2023» - 25-29/09/2023 - C.-O.Bacri Tb-155 production: a proof-of-concept method




o 3 unversits’ | sesscenees | | UNEERGGHS
”JCLab Radltherapy @ | Paris

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

Use of radiations to

Internal Vectorized Radiotherapy

) ) — introduction of a radioactive therapeutic agent
— deliver energy into tumors — precise targeting of the tumor into the body in direct contact with the tumour

L damage the DNA cancer cells — limit damages to surrounding healthy tissues
— destroy their ability to divide and grow
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Use of radiations to

Internal Vectorized Radiotherapy

) ) — introduction of a radioactive therapeutic agent
— deliver energy into tumors — precise targeting of the tumor into the body in direct contact with the tumour

L damage the DNA cancer cells — limit damages to surrounding healthy tissues
— destroy their ability to divide and grow

isotope of medical interest

high purity
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Use of radiations to

Internal Vectorized Radiotherapy

) ) — introduction of a radioactive therapeutic agent
— deliver energy into tumors — precise targeting of the tumor into the body in direct contact with the tumour

L damage the DNA cancer cells — limit damages to surrounding healthy tissues
— destroy their ability to divide and grow

biogical molecule able
to target cancer cells

isotope of medical interest

high purity precise targeting
spare healthy tissues
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Use of radiations to

Internal Vectorized Radiotherapy
i ) — introduction of a radioactive therapeutic agent
— deliver energy into tumors — precise targeting of the tumor into the body in direct contact with the tumour

L damage the DNA cancer cells — limit damages to surrounding healthy tissues
— destroy their ability to divide and grow

biogical molecule able

j medical inter n late radioi.
isotope of medical interest encapsulate radioisotope to target cancer cells

chelating Peptide,
agent antibody, ...
high purity prevent release of the radioisotope precise targeting
bifunctional compatibilty spare healthy tissues
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Use of radiations to

Internal Vectorized Radiotherapy

) ) — introduction of a radioactive therapeutic agent
— deliver energy into tumors — precise targeting of the tumor into the body in direct contact with the tumour

L damage the DNA cancer cells — limit damages to surrounding healthy tissues
— destroy their ability to divide and grow

radiopharmaceutical

. . - biogical molecule able
isotope of medical interest encapsulate radioisotope g

to target cancer cells to be treated
chelating
agent
high purity prevent release of the radioisotope precise targeting
bifunctional compatibilty spare healthy tissues

need for a large choice of {radionucleide,vector}
- « toolbox » to propose the most appropriate treatment
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THERAPY
- Optimize tumour treatment S
radioisotope adapted to tumour size and geometry

decaying mode
energy of emitted radiation
adapted linear energy transfer (LET)

radiation path

- Adapt to the bio-distribution time of the vector
choice of radioactive period (Ty/,)

L emitter

a emitter

.® | FACULTE
universite | DEessciENCEs
PARIS-SACLAY | D'ORSAY

conversion e " Auger e

W

~ 500 — 2500 keV

~ 4000 —-9000 keV

~ 10-200keV |~ 0,5-5keV

~ 0,2 keV/um

~ 50-200 keV/pum

~ 0,5keV/um [~ 1-23 keV/um

5—150 cells
Umaqqcm

1-3cells
40-100 pum

~ 10 cells <1 cell
0,5 mm Inm-1um

90Y 177LU 153Sm 131|
7’ ’ 7

leAt, leBi, 213Bi’ ZZSAC,
212Pb 223Ra 149Tb
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THERAPY
- Optimize tumour treatment S
radioisotope adapted to tumour size and geometry

decaying mode
energy of emitted radiation
adapted linear energy transfer (LET)

radiation path

- Adapt to the bio-distribution time of the vector
choice of radioactive period (Ty/,)

- deliver the right dose at the right place
- avoid unnecessary doses

L emitter

a emitter
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conversion e " Auger e

W

~ 500 — 2500 keV

~ 4000 —-9000 keV

~ 10-200keV |~ 0,5-5keV

~ 0,2 keV/um

~ 50-200 keV/pum

~ 0,5keV/um [~ 1-23 keV/um

5—150 cells
Umaqqcm

1-3cells
40-100 pum

~ 10 cells <1 cell
0,5 mm Inm-1um

90Y 177LU 153Sm 131|
7’ ’ 7

leAt, leBi, 213Bi’ ZZSAC,
212Pb 223Ra 149Tb

SPECT

low energy y emitter

99mTC 123|
)
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Single Photon Emission
Computed Tomography

lllln, 67Ga, 195mpt' 123|' 125|

- better target the tumour
- better estimate of the dose to be injected

PET

Positron Emission
Tomography

positron emitter ()
150’ 13N, 11C, 18F

Université
Paris Cité
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swiss knife of nuclear medicine

T1/, =4.12 h, a therapy - 3.97 MeV)

T2 =17.5 h, PET 1140 keV)

T1/2 =5.32 d, SPECT and Auger therapy)

T12,=6.9d, B~ therapy 154 keV and Auger therapy)

149Tb
152Tb
155Tb
161Tb

—~ e~ e~

—> same chemical properties
L Identical bio-kinetic and pharmaco-kinetic

Quantitative data from imaging

into

- targeted lesion (therapeutic effects)
-2 non targeted tissues (secondary effects)

/\ 3 Precise absorbed dosis estimation ,—w

toward
more personalised treatment
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Terbium ‘s family:
swiss knife of nuclear medicine

149Th (T, = 4.12 h, a therapy - 3.97 MeV)
152Th (T, =175 h _PET 1140 ke\/)

CT55Th (T, = 5.32 d, SPECT and Auger therapy) >

161Th (T, =6.9 d, p~ therapy 154 keV and Auger therapy)
—> same chemical properties

L Identical bio-kinetic and pharmaco-kinetic

Quantitative data from imaging

Precise absorbed dosis estimation

into
- targeted lesion (therapeutic effects)

-2 non targeted tissues (secondary effects)

toward

more personalised treatment
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.”JCLab Production route f

iréne Jolotaey . Spallation reaction
Laboratoir Target and lon Source

des 2 Infinit  Analyzing
Magnet

Proton 1.4 GeV ¥
12919 by

Isotope Separation
OnLine (ISOL)

Q high grade purity (> 99.9%)

not suitable for medical requirements
- not sustainable production
O (too important and costly infrastructure needed)
- too limited amount of activity for clinical studies

« ISOLDE technique »

p+Ta 2> °Th
+ off line mass separation and
radiochemical purification
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%}CLab Production route fol

Iréne Joliot-Curie . Spallation reaction
Laboratoir Target and lon Source
des 2 Infinit  Analyzing L

Magnet Proton 1.4 GeV

( ? high grade purity (> 99.9%)
_i9%19=

Isotope Separation

OnLine (ISOL) not suitable for medical requirements

g - not sustainable production
(too important and costly infrastructure needed)
- too limited amount of activity for clinical studies

« ISOLDE technique »

p+Ta 2> °Th
+ off line mass separation and
radiochemical purification

Medical cyclotron production . Gd| ™6d | ™6d | "6d | *7Gd | ™Gd | *Gd
cyclotron based studied are ntGd  |0,29%|2,18 % | 14,8 % | 20,47 % | 15,65 % | 24,84 % | 21,86 %
159Tb(p,5n)1>>Dy(e)!>>Th mostly with "*Gd or commercial " 1>>Gd commercial ] ] ] ]
55Gd(p,n)Th . 155G 92,8%| 57% | 08% | 05% | 02%
155Gd(d, Tb
1525m(7Li,4n)155Th

natDy(d,x)*>>Tb(cum)
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Iréne Jolot:CIe . Spallation reaction
Laboratoir Target and lon Source

des 2 Infinit  Analyzing
Magnet

Proton 1.4 GeV
1929219

Isotope Separation
OnLine (ISOL)

Q high grade purity (> 99.9%)

not suitable for medical requirements
- not sustainable production
g (too important and costly infrastructure needed)
- too limited amount of activity for clinical studies

« ISOLDE technique »

p+Ta 2> °Th
+ off line mass separation and
radiochemical purification

Medical cyclotron production . ©%Gd | ¥Gd | ¥6d | Ped | ed | ed | *%6d
cyclotron based studied are natGd  0,29%|2,18 % |14,8 % | 20,47 % | 15,65 % | 24,84 % | 21,86 %
159Tb(p,5n)1>>Dy(e)!>>Th mostly studied with "'Gd or commercial " 1>°Gd [ ommercial . ] ] ] ]
ssGd(p’n)lssTb enr. 155G 92,8% | 57% 0,8 % 0,5% 0,2%
155Gd(d, Tb —> numerous opened reaction channel
152Sm(Li,4n)55Th b high level of contaminant production
natp 155 .
y(dx)**Th(cum) need for very enriched targets
“Clearly, radionuclidically pure productions will require the use of limiting reaction channel number
the (p,n) reaction only and highly enriched targets with careful L less contaminants after the production reaction

selection of the production energy window.”

L should make easier purification step
C. Vermeulen et al., Nucl. Inst. Meth. B 2012, 275, 24-32

L should make possible to achieve the necessary purity
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Terbium ‘s family:
swiss knife of nuclear medicine

1997 (Ty/, =4.12 h, a therapy - 3.97 MeV)

152Tb (T,/, = 17.5 h, PET 1140 keV)

155Tb (Ty/, = 5.32 d, SPECT and Auger therapy)

161Th (T,, =6.9 d, B~ therapy 154 keV and Auger therapy)

PRODUCTION OPTIMIZATION
OF A MOLECULE BIO-LABELED WITH 15°TB

Usual production methods are

not always adapted to a

large scale regular production of pure radioisotopes

(s

35Th : optimization of the production = M.Bouteculet PhD thesis (1JCLab)
= Pure >°Gd production (SIDONIE separator)
» Excitation function measurement of 1>°Gd(p,n)>>Tb

= Recovery of other Gd isotopes
(152Gd for 149 152Tp production, 154Gd for 152Th production, 169Gd for 161Th production)

\- Quantify the effect of contaminant onto the image quality performed with 155Tb)

~

[ X
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chelating Peptide,
agent antibody,

-155 production: a proof-of-concept method



WCulb

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

., <
ubatech (SANGE-—

° Ry
() Um
. ) L
InstitutdeChimie
@ Sz

ub
itut de Chimie
e

Instil
N:ol ((((((
A ARRONAX
NNNNNNNN

FOR SOCIETY

TTRIP (Tools for Tb Radiolsotope Prox
ANR-21-CE19-0037

.® | FACULTE i .
universite | pessciences @ Université
PARIS-SACLAY | D'ORSAY Paris Cité

Terbium ‘s family:
swiss knife of nuclear medicine

1997 (Ty/, =4.12 h, a therapy - 3.97 MeV)

152Tb (T,/, = 17.5 h, PET 1140 keV)

155Tb (Ty/, = 5.32 d, SPECT and Auger therapy)

161Th (T, =6.9 d, B~ therapy 154 keV and Auger therapy)

PRODUCTION OPTIMIZATION
OF A MOLECULE BIO-LABELED WITH 1°3TB

Usual production methods are Bioconjugate radiolabelling (like DOTA) with metals
not always adapted to a needs high temperature heating (> 80°C) to accelerate complexation
large scale regular production of pure radioisotopes = protein vectorisation « excluded » (denaturation)
CsSTb : optimization of the production > M.Bouteculet PhD thesis (IJCLab)\ Chemistry to explore Tb chelation
» Pure 155Gd production (SIDONIE separator) »  Conception and synthesis of new model of Tb** chelators.
» Excitation function measurement of 155Gd(p,n)*>*Tbh = Structural, thermodynamical and kinetic studies
= Recovery of other Gd isotopes of chelators and their metallic complexes. S.Lam PhD thesis
(*52Gd for 4% 152Th production, *54Gd for 15?Tb production, 16°Gd for 11Tb production) = (ytotoxicity of Tb (IJCLab + IRSN)

\- Quantify the effect of contaminant onto the image quality performed with 155Tb)

= Bioconjugation of functionalised chelators

[ X
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chelating

agent

chelating Peptide,
agent antibody, ...

Peptide,

antibody, ... .
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pure 155Gd

SIDONIE separator

" 1 / " / natGd
. | " 4 source
Ion source ﬂ’ d r N 3 @ UCLab 15Gd (p,n) **Tb

extracted beams 40kv, s10mA 4 | |l : : !
’
‘ : = : 1 “ | -~ — f

ARRONAX @ Nantes
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pure 155Gd

SIDONIE separator

nat
@ lJCLab Gd source
Accelerator 155Gd (p’n) 155Th

ion source
extracted beams 40 kV, < 10 mA

ARRONAX @ Nantes

collection system to recover isotopes
(ex: 152Gd(p,n)™52Th, 152Gd(p,4n)4°Tb , 154Gd(p,6n)14°Th, 16°Gd(n,y) 6:Gd (B-) 161Tb)
First test for 1 box: decembre 2023

ANR-21-CE19-0037
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pure 155Gd

SIDONIE separator

nat
@ lJCLab Gd source
Accelerator 155Gd (p’n) 155Th

ion source
extracted beams 40 kV, < 10 mA

ARRONAX @ Nantes

collection system to recover isotopes
(ex: 152Gd(p,n)™52Th, 152Gd(p,4n)4°Tb , 154Gd(p,6n)14°Th, 16°Gd(n,y) 6:Gd (B-) 161Tb)
First test for 1 box: decembre 2023

ANR-21-CE19-0037

need to recover isotope to make target
15t production method
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&)CLab Development of targe

Iréne Joliot-Curie
Laboratoire de Physique Challenge: developing a deposition technique of with isotopic Gd powder
low losses of isotopic Gd = high efficiency technique

by courtesy of

G.Frémont

ANR-21-CE19-0037

First tests : electronic bombardment of Gd,0; + Zr First result ... 65 2 4 .
humidity removing: 1h at 100°C ug/cm? deposit

Tdeposition > 1650 °C impurities ?

quartz balance

Ta crucible ——— count 50 keV/ (Ta + Gd1 X fluorescence
W filament i Egnintso keV (Ta + Gd2 measurement
4 La2 /\
T | /\
? * Lg1
/ STILL OPENED QUESTIONS: \ ';E o I\
% ol E ‘j 7.
* Crucible temperature difficult to regulate 2 : :%\j
- T<<1600 °C: incomplete reduction ? N A w{
> T>1700 °C : bonding of Gd and Ta R i S 1.!* P
e Zr: purity and grain size ? Energy (keV)
* Gd,0;5 powder : hygroscopic + polluted ?
* homogeneity of the Gd/Zr mixture ?

& choice of the backing: Taor ... ? /

«GANIL Colloque GANIL 2023» - 25-29/09/2023 - C.-O.Bacri Tb-155 production: a proof-of-concept method




% Target production with SIDON @ v e NINESES

ion source
extracted beams 40 kV, < 10 mA

Sx deposition by slowing down to some eV |

3

¥ |

pure 155Gd

SIDONIE separator

@ ” C La b "Gd source M

ARRONAX @ Nantes

2" production method
(compatible and complementary with the 1t one)

target characterisation :
= chemical purity, homogeneity: RBS, PIXE, MEB
= jsotopic purity :
neutron activation (PAA @ LVR-15, NPI-Réz),
ICPMS (IRSN)

first measurements (PGAA) : (9.6 + 4.1 10°) < 15/Gd / 158Gd < (4.7 £ 0.5 10%)
U. Koster et al.; Nucl. Inst. Meth. B 2020, 463, 111-114

first target: 1**Gd / 2Gd = (99.98 + 0,04) %

Puction: a proof-of-concept method
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des 2 Infinis

100,00

99,95

99,90
99,85
99,80
99,75
99,70

oct-2022 jan-2023 apr-2023 jun-2023  jul-2023  jul-2023

/

ISZGd (%) 154Gd (%) 155Gd (%) ISGGd (%) 157Gd (%) 158Gd (%) IGOGd (%)
0.2 2.18 14.8 20.47 15.65 24.84 21.86 "”tGdI
4.309 E-04]1.250E-03]| 99.9817 (5.689E-03]5.329E-03|3.929E-03|1.640E-03

155Gd / £Gd (%)
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.t)CLab First test experiment (o

Iréne Joliot-Curie
Laboratoire de Physique

des 2 Infinis
= Minimum E delivered by ARRONAX without degrading the beam
. . . - Em X i rons
J  ® Medical interest : Thick Target Yield > TTY ~ [ maxmeciett veotronS3ster’ o (F)
» Optimum production *>Gd (p,4n)**?Tb ~ 30 MeV
enr ISSGd
p (32 MeV) @ ARRONAX 0.33 um
l,=133.4 £ 8 nA
Tir =2h © 0 Ni natGdl Ni natGd Cu

— 5> N | 100pm 250 pm 100 pum 250 pm 100 pm

<E>= <E>= <E>=
30.3 MeV 28.9 MeV 27.4 MeV

Y spectroscopy measurement

«GANIL Colloque GANIL 2023» - 25-29/09/2023 - C.-O.Bacri Tb-155 production: a proof-of-concept method



enr 155G

p (32 MeV) @ ARRONAX 0.33 um

l,=133.48nA
Tirr =2h B
R ——

<E>=
27.4 MeV

30.3 MeV 28.9 MeV
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nat Gd-nat(p,x) 1>>Tb excitation function

350

~—— TALYS 2.0 opt rescaled
[& Vermeulen at al.
3004 FH Dellepiane at al.
B this work
—~ 2501
Qo
£
=
) ]
2 200
o
=
O
@ 150
@
)
3
= 100 A
O
50 A
n 1 b
Gd(p,x) 155T
o béd

5 1‘0 1‘5 2‘0 2‘5 30
Proton energy (MeV)

Tb-155 production: a proof-of-concept method

35

e =155 Gd(p,x) 1*>Tb cross-section

400 -

350 A

w

S

S}
L

250 A

200 A

150 -

Cross-sections (mb)

100 1

50 4

— TALYS 2.0 opt rescaled
H this work : &= 155 Gd

enr. ISSGd(p’X) 155Tb

el

10

1‘5 2‘0 2‘5 3IO 3‘5
Proton energy (MeV)




=155 Gd(p,x) 155Tb cross-section

p (32 MeV) @ ARRONAX :;355;: peri - nat Gd-nat(p,x) 15°Tb excitation function 200 E It:l;vj:rf:og:f;c?;:d ;
b= 133418 - T
Tir=2h 300 PBH Dellepiane at al. 350
—_— H this work
o 300
5] — | E . 155 155
- <E>= <E>= g 2 — enr. Gd(p’x) Tb
30.3 Mev 28.9 Mev 27.4 Mev 9 200+ o
2 48' 200
@ 150 o
- & 1501
2 o
. . 156 8 1001 = 100 1
main pollution of concern : 1>¢Th
50 A 50
High E vy rays could degrade image quality <+—— natGd(p,x) 1°5Tb >
o4 bdd 0
5 10 15 20 2 30 35 10 15 20 2 30 35
1557, 15671, Proton energy (MeV) Proton energy (MeV)
T12 5,32 days 5,34 days
86,54 keV [1=32% 88 keV 1=18 %
105,3 keV [1=25,1% [199,2keV |1=41%
180,1 keV [1=7,5% ?}Jﬁé& =13.6%
EC 262,3keV |1=5,3% 34,3 keV |I=
main y rays 1065,1 keV [1=10.89
1154,1 keV [1=10,4 %
1222,4 keV [1=31%
.@,7 keV | 1= 0
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=155 Gd(p,x) 155Tb cross-section

o 1%eGd . nat Gd-nat(p,x) 1>>Tb excitation function N — TALYS 2.0 optrescaled ||
32 MeV) @ ARRONAX . ! 400 / ; L enr—155 ]
P ( Ip = 133)4 + 8 nA 033 um pe rl m e n1 0 —— TALYS 2.0 opt rescaled /‘/ \\\ H  this work: Gd
R L R R e ol it wl
—_ B | 100pm 250 pm 100 pm 250 um 100 pm H this work / \
i 3 300 1 ,“f \
3> j% = E enr. 155 155
777777 <E>= <E>= <E>= é g 25071 s‘f \\‘\ Gd(p’X) Tb
30.3 MeV 28.9 MeV 27.4 MeV 2 200 o ” \\
2 48 200 / \
§ 150 3 /f \\
! 150 4
2 g / \‘\
i i . 156 G M 100 4 N
main pollution of concern : 1>¢Th N
1—1—4
50 4 50 - SR
High E vy rays could degrade image quality <+—— W natGd(p,x) 155Tb o P
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10 . .
measurement to be confirmed and extended to lower energies
-> next experiment: Oct 2023 @ NPI-ReZ (J.Mrazek)

Tb-155 production: a proof-of-concept method
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= Alternative method production with cyclotron of *>>Tb proposed
» first pure targets produced: >°Gd/2Gd > 99,9 %
> « test experiment » at 30 MeV
- development/validation of the methodology
- highlighted unavoidable pollution of 1%6Th

= Measurement for excitation function of >>Gd(p,n)*>Tb (~10 MeV — 30 MeV)
optimization production rate % purity

» next experiment on october (NPl @ ReZ)
» foreseen experiments @ IPHC, Strasbourg

» possible at NFS but planning not optimal ...

= Project of imaging with mixture >>Tb + *°Tb (coll. CHUV, Lausanne)

... 55Tb production « recipe » : > M.Bouteculet PhD Aug.-Sept. 2025
- dec. 2025: end of ANR TTRIP
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