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1 RÉSUMÉ 

Développement de gallium-68 et zirconium-89 par cyclotron en utilisant des cibles pressées 
et validation d’un nouveau chélateur pour la préparation de traceurs TEP. 

 
Par 

Aiman Hussain Alnahwi  
Programme de sciences des radiations et imagerie biomédicale 

 
 

Thèse présentée à la Faculté de médecine et des sciences de la santé en vue de l’obtention du 
diplôme de philosophiae doctor (Ph.D.) en science des radiations et imagerie biomédicale, 

Faculté de médecine et des sciences de la santé, Université de Sherbrooke, Sherbrooke, Québec, 
Canada, J1H 5N4 

 
 
Le développement de radioligands peptidiques en tant qu'outils diagnostiques pour l'imagerie 

TEP a  connu  une  croissance  significative.  La conjugaison de chélateurs  à  des composés 
peptidiques peut  simplifier  leur  marquage  avec  des  radiométaux rendant  l’utilisation de  kits de 
marquage désormais possible. Avec l’accroissement des applications cliniques de radiopeptides, 
l’intérêt pour le développement de procédés plus simples, pratiques et efficaces pour les préparer 
augmente.  Bien  que  certains chélateurs présentent  une  résistance  élevée  aux  réactions  de 
transmétallation in  vivo lorsque conjugués  à  des  peptides,  ils  sont  souvent inadéquats pour  les 
radiométaux  tels  que  le  gallium-68  (68Ga)  et  le  zirconium  89  (89Zr). Les conditions de 
radiomarquage plus difficile et/ou lente requérant du chauffage peuvent provoquer la radiolyse de 
radioligands peptidiques. Il y a donc intérêt à développer des procédés de production robustes et 
plus efficaces pour obtenir de nouveaux radiométaux émergents en plus grandes quantités, avec 
une  grande  pureté  et  une  activité  molaire apparente (AMA)  élevée ainsi  que  de développer  de 
nouveaux chélateurs facilitant leur complexation. 

L’OBJECTIF  PRINCIPAL de cette  thèse  est de  développer de  procédés  novateurs pour  la 
préparation de radiométaux émergents, soit les 68Ga et 89Zr, ainsi que la validation d’un nouveau 
chélateur de 89Zr afin de faciliter le développement de radioligands peptidiques pour l’imagerie 
TEP.  Dans  l'introduction,  nous  présentons  le  contexte  scientifique, les  procédés  existants  de 
production  de 68Ga  et 89Zr par  cyclotron  et  les  tendances  dans  le  développement  de  nouveaux 
chélateurs de 89Zr au cours de ces dernières années. 

Le chapitre 3 est un manuscrit accepté dans la revue Applied Radiation and Isotopes  dans 
lequel la production par cyclotron et le procédé de purification de 68Ga ont été développées à l'aide 
d'une  cible  solide  pressée  de 68Zn  hautement enrichi.  Les  objectifs  de  cette  étude  étaient  de 
développer un moyen plus pratique et plus efficace de préparer des cibles solides à base de 68Zn et 
d'optimiser les paramètres critiques pour la purification automatisée de [68Ga]GaCl3 en utilisant 
un  module à  base  de  cassette  pour  permettre  une  production  à  grande  échelle.  Nous  avons 
également  conçu  un  nouveau  support  de  cible  magnétique  en  aluminium  destiné  à  faciliter  le 
transport  de  la  cible  solide  et  à  la libérer  avant  sa  dissolution.  Nous  avons  montré  que  notre 
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synthèse  automatisée de 68Ga  représente  une  alternative  attrayante  au 68Ga  produit  par  un 
générateur  et  un  moyen  très  rapide  et  robuste permettant la  production  à  grande  échelle  de 
[68Ga]GaCl3. 

Le  chapitre 4 présente  une  étude  comparative de cibles d’ytriumYttrium-89  sous  forme  de 
feuillet et pressées pour la production de 89Zr publiée dans Applied Sciences. Dans cette étude, 
nous avons étudié pour la première fois de cibles pressées d’89Y pour la préparation de 89Zr-oxalate 
via  une  réaction de  type (p,n).  Nous  avons  mis  au  point  un  procédé  de  purification  simple  et 
efficace à base de cassettes fournissant une activité molaire effective très élevée de 89Zr-oxalate. 
Dans  l’ensemble,  nos  résultats  ont  montré  que  l’irradiation  des  cibles  pressées d’89Y  est  un 
processus peu coûteux et très efficace pouvant offrir une méthode alternative au feuillet de 68Zn 
pour la production de 89Zr. 

Le  chapitre 5 est  un  manuscrit soumis  dans en Chemical  Sciences dans  lequel  nous  avons 
présenté  la  synthèse  d'un  nouveau  chélateur  acyclique  à  base  de ligands N-hydroxy-N-méthyl 
succinamides (4HMS)  et  nos travaux  de  validation pour  sa complexation au 89Zr.  Nous  avons 
constaté  que  le 89Zr-4HMS  présentait  une  activité  molaire,  une  stabilité  et  des  performances in 
vivo supérieures au 89Zr-DFO,  le  chélateur  de  référence  utilisé  en  clinique  pour  l'imagerie par 
immuno-TEP. À partir d’études par la théorie de la fonctionnelle de la densité (DFT), nous avons 
proposé une explication à la stabilité supérieure du 89Zr-4HMS.  
Une discussion générale qui intègre nos résultats en les comparant avec ceux de la littérature 

et en soulignant les qualités de nos approches et les propriétés de notre chélateur a été donnée. 
Nous avons conclu que la production et la purification de 68Ga et de 89Zr via cyclotron à l'aide de 
cibles pressées et le développement d'un chélateur bifonctionnel 4HMS sont prometteurs pour une 
exploration plus approfondie de radioligands peptidiques pour l'imagerie TEP. 
 
Mots-clés: Radiométaux produits par cyclotron, Gallium-68, Zirconium-89, chélateur 

4HMS, activité molaire élevée. 
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There has been a significant growth in the development of peptide-based radioligands as 

diagnostic tools for PET imaging. The ability to attach bifunctional chelators (BFCs) to peptides 
can extremely simplify their labelling with radiometals to the point where kit formulations are now 
possible.  With  the expanding  clinical  applications  of  metal-based  radiopeptides, interest  in  the 
development  of more  convenient and  efficient  ways  to  prepare  them is  rising. Although  other 
groups,  along  with  us,  have  shown  that  some  BFCs  present  high  resistance  to  transmetallation 
reactions in  vivo when  labelled  and conjugated  to  peptides,  they  are  often  inadequate  for 
radiometals such  as  gallium-68  (68Ga)  and  zirconium-89  (89Zr).  The  harsh  and/or  slow 
radiolabelling chemistry may cause radiolysis of peptide-based radioligands. There is a need for 
robust  and  more  efficient  production  methods  to  obtain larger  amounts  of new  emerging 
radiometals with high purity and effective molar activity (EMA) and to develop novel chelators for 
facilitating their complexation. 

THE MAIN OBJECTIVE of this  thesis  is  to  develop  novel  processes  for  the  preparation  of 
emerging 68Ga and 89Zr radiometals as well as the validation of a novel 89Zr chelator for ultimately 
providing improved peptide-based radioligands for PET imaging. In the introduction, we present 
the scientific context, the current state of cyclotron-produced 68Ga and 89Zr and the trends in the 
development of new 89Zr chelators over the last years.  

Chapter 3 is  a manuscript accepted in  the  Journal  of Applied Radiation  and Isotopes in 
which  the production  and  purification  of 68Ga  via  cyclotron  was  developed  using  solid  pressed 
target of high enriched 68Zn.  The objectives of this study were to develop a more convenient and 
efficient way to prepare 68Zn-based solid targets  and to optimize the critical parameters for the 
automated purification of [68Ga]GaCl3 by using a cassette-based module for enabling large-scale 
routine production. We also designed a new magnetic target support in aluminum for facilitating 
solid  target  transport  and  release  prior  dissolution. We demonstrated that  our  automated 
radiosynthesis of 68Ga represents an attractive alternative to 68Ga-produced by generator and a very 
fast and robust way for enabling large-scale routine production of [68Ga]GaCl3 in Curies amount.   

Chapter 4 presents a  comparative  study  with 89Y-foil  and 89Y-pressed targets  for  the 
Production of 89Zr published in Applied Sciences. In this study, we investigated for the first time 
the use of 89Y-pressed target for the preparation of 89Zr-oxalate via a (p,n) reaction. We developed 
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a simple and efficient cassette-based purification process that provided very high effective molar 
activity of 89Zr-oxalate. Overall, our results showed that the irradiation of 89Y-pressed targets is a 
low-cost and very effective process that can offer an alternative method for 89Zr production.  

Chapter 5 is  a  manuscript  submitted  in Chemical  Sciences in  which we  reported  the 
synthesis of a new acyclic N-hydroxy-N-methyl succinamide-based chelator (4HMS) and our first 
investigations  into  its  use  for 89Zr  complexation.  We  found  that 89Zr-4HMS exhibited superior 
molar activity, stability and in vivo performance than 89Zr-DFO, the gold standard chelator used 
in  clinic for  immuno-PET  imaging.  Based  on  density  functional  theory (DFT)  calculations,  we 
proposed a rationale for the superior stability of the 89Zr-4HMS. Finally, a general discussion that 
integrating all the results, comparing them with with the literature, highlighting the qualities of our 
approaches  and  the  properties  of  our  chelator  is  given. We  concluded  that  the production  and 
purification of 68Ga and 89Zr via cyclotron using pressed targets and development of bifunctional 
4HMS  chelator  are  promising  for  further  exploration  of  peptide-based  radioligands  for  PET 
imaging. 

 
Keywords: Cyclotron-produced radiometals, Gallium-68, Zirconium-89, chelator 4HMS, high 

molar activity.
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1 INTRODUCTION 

Nuclear  medicine  is  growing  up rapidly  in  the  research  and  clinical  areas  due  to  the 

advantages obtained  from the use of radioactive/radionuclide materials for diagnostic and 

therapeutic purposes. Each radionuclide has nuclear decay properties that can be used either for 

diagnosis or therapy (Boros et Packard, 2019; Kostelnik et Orvig, 2019). There are 3000 unstable 

nuclides discovered and each radionuclide decays with different modes such as alpha-particle (a), 

beta particle (b-), positron particle  (b+), gamma ray emission  (g), electron  capture  (EC) and/or 

isomeric  transition to  achieve  stability (Saha,  2010). The  atomic  number  of  radionuclide  will 

change following a particle emission and EC, but not for g-ray emission. 

The alpha particle is an helium nucleus with two neutrons and two protons which bound 

together in the nucleus. Alpha  particles are monoenergetic and have very short range in the matter 

(0.03 mm in the body tissue) (Saha, 2010). In result of a transition, b emission or g-ray emission 

or both may be emitted. Heavy radionuclides decay via a-particle such as actinium-225 (225Ac) 

(Table 1) and uranium-235 (235U). The atomic number and mass number are reduced by a-decay 

to 2 and 4, respectively. An example is below, 

U	
															
#⎯⎯⎯%"#

#$% 	 Th+	He	#&#
'

"(
#$)  

Decay  via b- particles occurs with radionuclides  that  have  an  excess  of  neutrons.  The 

neutron decays to a proton, a b-  particle and an antineutrino (n). The antineutrino (n) has no charge 

and mass. It is required to conserve energy in the decay. Accordingly, the daughter radionuclide 

has  one  more  proton than  parent  radionuclide,  while  the  mass  number  remain  the  same (Saha, 

2010). If the daughter radionuclide is in the excited state, a photon (g-ray) will be emitted to reach 

the stability. An example is below:  

Mo	
															
#⎯⎯⎯%'#

"" 	 Tc+	.*+	'$
""+ / 

Opposite to b- decay, the proton-rich nucleus decays via b+ particle emission. The positron 

will travel (positron range) a short distance and react with negative charge electron. After that, two 

photons  (g-rays)  of  0.511  MeV  will  be  oppositely  directed  (180º  apart).  This  process  is  called 

annihilation radiations (Kostelnik et al., 2019; Saha, 2010). An example is presented below:    

F	
															
#⎯⎯⎯%"

), 	O+	.&+	,
), / 
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Moreover, the rich-proton nucleus can also decay via electron capture (EC). The inner shell 

electron will be captured by proton and converted to neutron and emit neutrino. In addition, the 

electron  from  outer  shell  will  move  to  the  inner  shell  to  cover  the  gab.  Simultaneously,  the 

characteristic X-ray will  be  emitted  along  with  EC  decay.  The  probability  of  decay  by  EC  is 

increased with increasing the atomic number of radionuclide and the number of electron to get 

close to the nucleus (Saha, 2010). An example of EC is shown below: 

Ga+	4	
															
#⎯⎯⎯%$)

-. 	Zn+$(
-. / 

Isomeric transition (IT) refers to the nucleus that may exist in several excited energy states 

and  finally  decay  to  ground  state.  The  energy  difference  in  IT  may  produce g-rays.  Isomeric 

transition may be resulted from b-, b+ or EC decay. If the nucleus has long IT, the nucleus will be 

referred  to  metastable  state  and  can  be  detected  via  appropriate  instrument (Saha,  2010). An 

example of IT is presented below: 

Tc	
															
#⎯⎯⎯%'$

""+ 	Tc+7	'$
""  

The  radionuclides  required  for  therapy  emit  short  ranges b- particles  or a particles  to 

deposit their energy (Localized ionization) to the malignant tumor tissue and then breakdown the 

chemical bounds of DNA from tumors and induced cytotoxicity (Boros et al., 2019; Kostelnik et 

al., 2019; Okoye et al., 2019). For example, lutetium-177 (177Lu) and 225Ac are b- particle and a-

particle emitters (Table 1), respectively, used to radiolabel PSMA-617 peptides for treatment of 

metastatic  castration-resistant  prostate  cancer (Figure 1) (Rahbar et  al.,  2017;  Sathekge et  al., 

2019). Both radioligands have shown promising results over other treatment options for advanced 

prostate cancer patents.  

While, the radionuclides with long photon ranges are required for diagnosic imaging such 

as g-rays either from EC or IT decay (single photon) or from annihilation photons which can be 

produced  from b+ particle  decay (Boros et  al.,  2019).  Single  photon  emission  computed 

tomography camera (SPECT), also called g-camera, is designed to detect single photon (Rahmim 
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et Zaidi, 2008). The ideal g-energy for SPECT camera is between 100-300 KeV (Rahmim et al., 

2008). To obtain better image quality, a lead collimator is placed between the detector and source 

(patient)  to  avoid  detecting  scattering  energy  which  interacted  with  surrounded  matters  (body 

tissues). Thus, this  lead  collimator  has  thousand  small  holes  perpendicular to the source.  Low 

energy photons (ex. 201Ti, 70KeV) will interact with matter and not be detected (Boros et al., 2019). 

While, too high energy photons will require thick collimators to reduce its energy and allow its 

detection by the g-camera.  These  two  factors  will  affect  the  image  quality. On  the  other  hand, 

positron  emission  tomography  (PET)  is  designed  to  detect  coincident photons at  nearly  ~180º 

resulting from annihilation, which is produced from b+ decay. The positron range will reduce the 

spatial resolution and affect the image quality. The positron range depends on the positron energy. 

The radionuclide with high b+ energy will have high positron range. PET imaging was shown to 

display higher sensitivity and resolution than SPECT (Rahmim et al., 2008; van der Wall, 2014). 

Both PET  and  SPECT imaging provide physiological information.  To  obtain  anatomical 

information, both  PET  and  SPECT can  be combined  with  Computed  tomography  (CT) or 

Magnetic  Resonance  Imaging. One  of  the  major drawbacks of PET is  the use of  an expensive 

cyclotron  close  by (Rahmim et  al.,  2008;  van  der  Wall,  2014). Many clinical applications in 

nuclear medicine using SPECT imaging are in neurology, oncology, cariology. 99mTc is the work-

Figure 1: Examples of radiolabelled biomolecules.  
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horse radionuclide  used  on  72%  of SPECT applications.  There  are approximately 20 99mTc-

labelled tracers that are used routinely (British Nuclear Medicine Society et Science & Technology 

Facilities Council, 2014). PET has a lower number of clinical applications than SPECT, but PET 

applications  are  growing  faster.  The  main  radiopharmaceutical  used  in  PET  is 18F-

fluorodeoxyglucose (18F-FDG)  which  is  analog  to  glucose  and  aggressively  accumulate  in  the 

growing tumor tissues (Boros et Packard, 2019). 18F-FDG is also used in imaging neurological and 

inflammation  activities. Other radiotracers  with  higher  sensitivity  and  specificity  than 18F-FDG 

were developed such as peptides or monoclonal antibodies labelled with radiometals (Example: 

68Ga, 64Cu, 89Zr or etc) targeting their specific receptors in disease state (Boros et Packard, 2019; 

Deri et  al.,  2015a).  Number  of  applications  will  be  mentioned  in  the  section  1.1  below  (1.1 

Radiometals in nuclear medicine).          

There are two different radionuclide categories: organically derived (non-metal based) and 

metal  based (Kostelnik et  al.,  2019).  Organically  derived  radionuclides,  such  as  fluoride-18, 

carbon-11,  nitrogen-13,  oxygen-15  and  iodine-123  (Table 1),  are  radiolabeled  with  the  target 

molecule via covalent bond formation, often by replacing on hydrogen atom in the molecule. The 

metal  radionuclides  form  coordination  complexes  with  chelators that  can  be  conjugated  with 

biological molecules. 

In the introduction, I will focus more on the development of radiometals to be used for PET 

imaging.       
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Table 1: Radionuclides physical characteristics, production route and major application. 

Radion
uclide 

T1/2 
(h) 

Decay 
mode and 
branching 

bb+ Emean 
(keV) 

bb+ Emax 
(keV) 

bb+ 
Range 
(Rmean, 
mm) 

Egg 
keV 

(Intensity) 
Production route 

Ep required 
for 

production 
(MeV) 

Application References 

89Zr 78.4 
b+ (23%) 402.7 902 1.27 

909 (99%) 89Y(p,n)89Zr >13 PET (Jødal et al., 2014) 
EC (77%)    

88Zr 2003 EC (100%) -- -- -- 393 (97.25%) 89Y(p,2n)88Zr >13 -- (Verel et al., 2003) 

88Y 2559 
b+ (0.2%) 360 764.5 -- 898 (93.4%) 89Y(p,pn)88Y >11.6  (Pritychenko et 

Herman, 2012; 
Verel et al., 2003) 

EC (99.8%)    1836 (99.3%)    

86Y 14.7 
b+ (32%) 640 2010.4 2.5 777 (22%) 86Sr(p,n)86Y -- PET (Jødal et al., 2014; 

Kostelnik et al., 
2019) 

EC (68%)    1077 (83%)    
    1153 (31%)    

90Y 64 b- (100%) 
b- (933.7 
KeV) 

b- (2280.6 
keV) 

-- 
202 (97%) 90Sr/90Y generator -- b- therapy (Kostelnik et al., 

2019) 479 (90.7%)    

44Sc 4 
β+ (94%) 

632 1473.5 2.458 1157 (100%) 

44Ca(p,n)44Sc 9 PET (Krajewski et al., 
2013; Le Loirec et 
Champion, 2007) 

EC (6%) 44Ti/44Sc generator   

64Cu 12.7 

β+ (17.6%) 278.2 653.1 0.56 1345 (0.5%) 64Ni(p,n)64Cu 12 PET 
(Boros et al., 2019; 
Jødal et al., 2014) 

b- (38.5%) 
b- (191 
KeV) 

b- (579.4 
KeV) 

    b- therapy 

EC (61.5%)        

68Ga 1.13 
b+ (89%) 844 1899 3.559 1077 (3.22%) 68Zn(p,n) 68Ga >13 PET (Jodal et al., 2012; 

Kostelnik et al., 
2019) EC (11%)     68Ge/68Ga generator   

66Ga 9.49 
b+ (57%) 1750 4153 -- 1039 (37%) 66Zn(p,n)66Ga 14.5 PET (Kostelnik et al., 

2019; Pritychenko 
et Herman, 2012) EC (43%)    2752 (23%)    

67Ga 78.2 
EC (100%) -- -- -- 93 (39%) 67Zn(p,n)67Ga 20-22 SPECT (Kostelnik et al., 

2019; Pritychenko 
et Herman, 2012) 

    185 (21%)    
    300 (17%)    

177Lu 159 
b- (100%) 

b- 
(133.6) 

b- (496.8) 

 113 (6%) 176Lu(n,γ)177Lu -- b- therapy 
(Kostelnik et al., 
2019; Pritychenko 
et Herman, 2012) 

 208 (10%) 
176Yb(n,γ)177Yb→177L

u 
 SPECT 

    378 (29.4%)    

225Ac 238 a (100%) 
α: 5.8−8.4 MeV (chain 

average) 
---- 

229Th/225Ac generator  a therapy 
226Ra(p,2n)225Ac 15-20  
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232Th(p,2p6n)225Ac 66-500  
(Kostelnik et al., 
2019; Robertson et 
al., 2018) 

52Mn 134.4 
b+ (29.6%) 244.6 575.8 0.63 744 (90%) natCr(p,n)52/52mMn 16 PET (Boros et al., 2019; 

Pritychenko et 
Herman, 2012) 

    1434 (100%)    

99mTc 6 IT (g, 89%)    140 (89%) 99Mo/99mTc generator 
99Mo- fission 
product 

SPECT (Boros et al., 2019) 

111In 67.2 
EC (100%) -- -- -- 245 (94%) natCd(p,xn)111In 15-63 SPECT (Kostelnik et al., 

2019)     171 (91%)    
123I 13 EC (100%) -- -- -- 158.97 (83.8%) 123Te(p,n)123I 15 SPECT (Hupf et al., 2003) 

124I 100.8 

b+ (23%) 825.9 2095 3.4 603 (61%) 124Te(p,n)124I 14.1 PET (Jødal et al., 2014; 
Pritychenko et 
Herman, 2012; 
Sajjad et al., 2006) 

EC (77%)    723 (10%)    

    1691 (11%)    

18F 109.8 
b+ (97%) 252 635 0.66 -- 18O(p,n)18F 2.5-25 PET (Jodal et al., 2012; 

Soppera et al., 
2012) EC (3%)        

11C 
20.4 
min 

b+ (99.8%) 390 970 1.266 -- 14N(p, α)11C 5.0-25 PET 
(Jodal et al., 2012; 
Soppera et al., 
2012) 

13N 
9.97 
min 

b+ (99.8%) 488 1190 1.73 -- 16O(p,α)13N 7.5-25 PET 
(Jodal et al., 2012; 
Soppera et al., 
2012) 

15O 
2.04 
min 

b+ (99.9%) 730 1720 2.965 -- 15N(p,n)15O 04--25 PET 
(Jodal et al., 2012; 
Soppera et al., 
2012) 
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1.1 Radiometals in nuclear medicine 

The potential of using radiometals in nuclear medicine applications has been demonstrated 

over the last decades (Cutler et al., 2013; Jurisson et al., 1993).  More recent radiopharmaceutical 

research has been focused on the field of positron emitting radiometals (Notni et Wester, 2017). 

There  are  many  radiometals  studies for diagnostic  and/or  therapeutic applications such  as 

zirconium-89  (89Zr), scandium-44 (44Sc), yttrium-86  (86Y),  copper (64Cu), gallium-68 (68Ga), 

177Lu and 225Ac (Table 1) (Notni et al., 2017). Moreover, these radiometals can be used in pairs 

for theranostic applications (both diagnostic and therapeutic). For example 68Ga and 177Lu can be 

stably  complexed  to the same  DOTA-TATE (Figure 1) peptide  for  diagnostic scan  and 

personalized  treatment of neuroendocrine  tumors,  respectively (Werner et  al.,  2015).  Another 

example of theranostic applications is 89Zr and 90Y radiolabeled-anti-CD20 murine monoclonal 

antibody  (mAb)  ibritumomab  tiuxetan  (89Zr/90Y-Zevalin)  for  diagnosis  and  treatment  of  non-

Hodgkin’s lymphoma, respectively (Perk et al., 2006; Witzig et al., 2002). 68Ga and 89Zr are the 

most widely used PET radiometals in the clinical settings (Brandt et al., 2018).  

1.1.1 Use of 68Ga in nuclear medicine  

The short half-life 68Ga (t1/2, 68 min) was the first radiometal used by Anger and Gottschalk 

in 1960s for experiments with their positron camera system (Anger et Gottschalk, 1963). 68Ga-

produced by 68Ge/68Ga generator was available before fluorine-18 (18F) became broadly accessible 

(Rösch,  2013).  Moreover,  in  the  early  21st century, 68Ga has become widely  used  in  nuclear 

medicine  applications (Brandt et  al.,  2018).  The  first 68Ge/68Ga  generator  was  commercially 

available in 1996 (Notni et al., 2017) and the first 68Ga-DOTA-TOC (Figure 1) radiotracer was 

used for clinical applications in 2001 (Hofmann et al., 2001). Furthermore, a number of published 

data underlined  the  importance of 68Ga-labeled ligands in medical imaging and clinical 

applications. These  PET  radioligands  are  targeting  different  integrins, somatostatin  receptors, 

glucagon like peptide-1 receptor, gastrin releasing peptide receptor, and many others including the 

prostate  specific  membrane antigen  (PSMA) (Smith et  al.,  2013;  Velikyan,  2014). PET 

radioligands targeting  PSMA  are  among  the  most  promising 68Ga-tracers for  prostate  cancer 

imaging. 68Ga-HBED-PSMA (Figure 1) was first published in 2012 and had remarkable clinical 

promising results in evaluation of prostate cancer (Smith et al., 2013), one of the most common 

cancers in the United States and western world (Alves et al., 2017; Siegel et al., 2016). According 
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to 2016 statistical data, there are  nearly two million new estimated cases of prostate cancer in 

USA (Siegel et  al.,  2016).  Thus,  producing  high  activity  of 68Ga-radionuclide  is of  a  high 

importance to meet the demand in prostate cancer management. 

1.1.2 Use of radiometals for immune-PET  

Different radionuclides were proposed for antibody radiolabeling such as Iodine-124 (124I), 

Manganese-52 (52Mn), Technetium-99m (99mTc), Indium-111 (111In), Gallium-67 (67Ga), Copper 

-64 (64Cu) and Yttrium-86 (86Y) with physical half-life of 4.2 d, 134.2 h, 6.0 h, 2.8 d, 3.26 d, 12.7 

h and 14.74 h, respectively (Table 1) (Nayak et Brechbiel, 2009). While 124I is having a long half-

life that matches well with antibody pharmacokinetic (2-7 days), it involves high radiation dose to 

the thyroid gland arising from in-vivo dehalogenation. Other limitations of 124I are its low spatial 

resolution due to high positron energy (2.1 MeV) and the emission of high energies gamma rays 

(Nayak et al., 2009; Van et al., 2007; I Verel et al., 2003). 52Mn has a long half-life, but complex 

redox chemistry and sub-optimal decay characteristics limiting its use for immune-PET imaging 

(Nayak et  al.,  2009). Both 86Y  and 64Cu  have too short  half-lives  for acceptable  and  effective 

immuno-PET imaging in human (Deri et al., 2013; Fischer et al., 2013). Although single photon 

emission computing tomography (SPECT) radionuclides such 67Ga, 111In and 99mTc  were used for 

immuno-imaging, quantitative PET imaging has  received greater  interest  than  SPECT  due  to 

higher spatial resolution and higher sensitivity (Disselhorst et al., 2010; Nayak et al., 2009; Van 

et al., 2007; Verel, et al., 2003; Verel et al., 2005).  

1.1.3 Use of 89Zr in nuclear medicine and immune-PET imaging  

The  long  half-life 89Zr (t1/2 =  78.4  h)  matches  the  biological  half-life  of  monoclonal 

antibodies (mAbs) which allows to study the slow pharmacokinetics of most antibodies designed 

for therapeutic  applications (Boerjesson et  al.,  2009;  Meijs et  al.,  1997;  Meijs et  al.,  1996). In 

1992, 89Zr was used for radiolabeling the anti-EpCam antibody 323/A3 for PET imaging in human 

tumor xenograft mice ( Meijs et al., 1992). In  2006, Börjesson and collaborators have performed 

the first clinical study using 89Zr-labelled U36 antibody (Figure 1) to detect lymph node metastases 

in  head  and  neck  cancer  patients (Börjesson et  al.,  2006).  In  addition, 89Zr-immune-PET  has 

particular  promising  role  in  drug  development  and  personalized  treatment and this  should 

accelerate the process of exploring the new macromolecular drugs (Gebhart et al., 2016; Van et 

al., 2017). 
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89Zr has  a  low  maximum  positron  (β+) energy  of  897  keV  (Iβ+,  23%)  and  short  mean 

positron range (1.27 mm) in water or tissue (Table 1), which lead to a good spatial resolution and 

high sensitivity (Laforest et Liu, 2008; Zhang et al., 2011). 89Zr decays to yttrium-89 (89Y) via 

positron emission, which is stable and does not produce alteration in-vivo (Holland et al., 2009). 

89Zr also decays by electron capture through emission of a 909 keV gamma-ray to intermediate 

89mY state (t1/2, 15.7 s). 

1.2 Production of 68Ga 

1.2.1 Production of 68Ga by 68Ge/68Ga generator  

The  general  concept  of  the  radionuclide  generator  is  to  provide  effective  radiochemical 

separation between the parent radionuclide and the daughter radionuclide. The parent radionuclide 

is absorbed on a solid support such as alumina and decays in a daughter radionuclide until either a 

transient or a secular equilibrium is reached; after that, the daughter decays with the half-life of 

the parent (Saha, 2010). For generators having secular equilibrium, the half-lives of the parent and 

the daughter are different by a factor greater than 100, while for the transient equilibrium, the ratio 

of the parent to daughter half-life is about 10-50. The half-lives of the 68Ge(IV) and the 68Ga(III) 

are 270 days and 68 min, respectively. Thus, the half-life ratio between the 68Ge and 68Ga is 5.7 x 

102, a secular equilibrium is established between the two radionuclides (IAEA, 2010). 

Up to date, the main source to produce 68Ga is 68Ge/68Ga generators and they are widely 

available on the market (Brandt et al., 2018; Roesch, 2012; Velikyan, 2015). The 68Ge is produced 

by  cyclotron  or  high  flux  reactor  via  several  nuclear  reaction  pathways.  The following  nuclear 

reactions are mostly used in commercial process: 69Ga(p,2n)68Ge at 23 MeV or at higher proton 

energy via 69Ga(p,2n)68Ge + 71Ga(p,4n)68Ge and 66Zn(a,2n)68Ge reactions (Roesch, 2012). After 

production, the 68Ge is purified mostly by liquid-liquid extraction method (IAEA, 2010) and then 

loaded to a column either based on titanium dioxide (TiO2), tin dioxide (SnO2), or organic resin. 

Recently nanocrystalline  ceria-polyacrylonitrile  (CeO2-PAN) (Chakravarty et  al.,  2010) gave 

promising results compared to the commercially generators in terms of elution profile, 68Ga yield, 

68Ge  breakthrough,  metal  impurity  profile and  direct  labelling  with  peptide  without 68GaCl3 

purification (Chakravarty et al., 2016; Velikyan, 2015).  
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68Ge decays by electron capture to 68Ga. 68Ga is a positron emitter (89%) that decays to 

stable 68Zn (Figure 2) (Dash et  al.,  2013;  Roesch,  2012).  The  daughter 68Ga is eluted from  the 

generator using a solution of hydrochloric acid (HCl) of low concentration (Chakravarty et al., 

2016;  Velikyan,  2015).  The  maximum  activity of 68Ga that can  be  eluted  from a 68Ge/68Ga 

generator is 1.8 GBq (Brandt et al., 2018), which is sufficient for a small PET center. Some of the 

downsides of 68Ge/68Ga  generator  are being expensive,  deliver  limited  activities  of 68Ga  per 

elution, limited lifetime, constraining waiting time between elutions, and long-lived 68Ge impurity 

(possible breakthrough) (Alves et al., 2017; Velikyan, 2015). As mentioned above, the small batch 

of activity (1.8 GBq/elution) is insufficient to serve the high number of prostate cancer patients.  

1.2.2 Direct production of 68Ga and 89Zr by cyclotron  

1.2.2.1 Cyclotron history and basic concept  

A cyclotron is a device used to accelerate the particles (such as proton, deuteron or alpha 

particle) at high energy in circular path using magnetic and electric fields (Synowiecki et al., 2018). 

The cyclotron was first developed by Ernest Orlando Lawrence and Stanley Livingston in 1931 at 

the  University  of  California,  Berkeley (Lawrence  et  Livingston,  1932).  John  Lawrence has 

demonstrated the use of a cyclotron in production of radioisotopes in disease-related research. By 

1938, many radioisotopes such as carbon-14, iron-59, sodium-24, phosphorus-32, and iodine-131 

were produced by the Berkeley cyclotron for medical research (Friesel, 2009).  

68
Ge 

(270.95 d) 

68
Ga (1.13 h) 

100% EC 

1.2 % β
+
  

1.79 % EC 

E
g
=1077.4 keV 

89 % β
+
  

11 % EC 

68
Zn 

(Stable) 

Figure 2: Deacy modes of 68Ge and 68Ga radionuclides. 
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Nowadays, many medical cyclotrons are distributed around the world and manufactured 

by  commercial  companies  such  as  ACSI,  GE,  IBA,  Siemens  and  other (Kleeven  et  Zaremba, 

2018). Medical cyclotrons may vary based on their energy outputs. In a small medical cyclotron, 

the accelerated proton energy is below 20 MeV. For medium energy cyclotron, the proton energy 

is in the range of 20 to 35 MeV. Companies also provide medium energy cyclotrons with deuteron 

beams and alpha-particle beams. This kind of cyclotron is able to produce many radioisotopes for 

SPECT and PET applications. High medical energy cyclotron are able to accelerate all kinds of 

particles protons, deuterons, titanium, alpha and heavy ion beams where the particles energy can 

exceed 35 MeV (Synowiecki et al., 2018).  

The  basic  components  of the  cyclotron  are  the  magnet  system, the radiofrequency  (RF) 

system, the ion source system, the dees, the extraction system, the vacuum system and the target 

assembly (Figure 3) (Peach et al., 2011). The electric field (E) does accelerate the charged particles 

(q), while the magnetic field (B) forces them to move in the circular path. The ion source does 

inject the charged particles with initial velocity in the center of the cyclotron between two hollow 

semicircular electrodes, called dees located between the poles of a large magnet.  

FL = q(v × B) (FL, v and B with vector symbol) (Equation 1) 

Where FL, q, v and B is Lorentz’s Force, charge particle, particle velocity and magnetic 

field, respectively. The magnetic field does not change the kinetic energy of the charged particles, 

but it only changes the direction of the velocity (v) for the particles. The relation between particle 

motion and the velocity in the magnetic field can be expressed in Lorentz’s Force (FL) (Figure 3) 

(equation 1). 

The magnetic system produces a centripetal force to initiate magnetic field perpendicular 

to the direction of motion to force the particles to move in circular path (Figure 3) (Equation 2).  

FL = mv2/r  (Equation 2) 
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Where m is the mass of particle, v represents the velocity acquired by the particle and r is 

the radius of orbit. The RF system applies high frequency alternating voltage in the gap between 

the dees and the charge particles accelerate in this gap when the polarity of each dee changes. After 

each acceleration, the charged particle does gain more energy and travel with larger circular path 

until reaching the extraction system where the beam is diverted toward the target system (Peach et 

al., 2011). There are two types of extraction systems, which depend on the accelerated particle 

charge being either positive or negative ions. An electrostatic deflector is used to divert the 

accelerated positive charged particle beam to the cyclotron targets. While, for negative type of 

cyclotron, accelerated negative charged particles (electron) hit a carbon foil and emit positive 

charged particle (proton) towards the cyclotron targets (Saha, 2018). There are three kinds of target 

systems: solid, liquid and gas. The selection of the cyclotron target depends on the starting material 

used for bombardment (Synowiecki et al., 2018). For the production of radiometal isotopes such 

as 68Ga and 89Zr, either the solid or liquid target is used.  

Figure 3: Basic components of a cyclotron. RF: radiofrequency, B: magnet, and FL: 
Lorentz’s Force.  
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1.2.3 Cyclotron targetry for radiometal  

1.2.3.1 Solid target  

The solid targets are commonly used for the production of radiometal isotopes. There are 

different approaches for the preparation of solid targets by either utilizing foil, electroplating or 

pressed target. The management of using solid targets in the routine production by cyclotron is 

challenging and requires many considerations (Alves et al., 2017; Pandey et al., 2014; Synowiecki 

et al., 2018). The chief challenge is that target with low thermal conductivity can overheat and/or 

melt  during  irradiation (Queern  et  al.,  2017).  To  avoid  this  problem,  the  beam  parameters  and 

cooling system must be optimized. The beam parameters can be optimized by using lower beam 

current and a short irradiation time. This, however, would reduced the production yield. To address 

this issue, an inclined target design was proposed with an angle of few degrees for a better heat 

dissipation  over  a  larger  target  surface (Holland et  al.,  2009). The  backing  plate  that  generally 

supports  the  target  can  also  offer  an  excellent  thermal  dissipation  if  it  has  suitable  thermal 

conductivity. Another challenge is the manual handling of irradiated solid target that may expose 

workers to high radiation hazard. This problem can be avoided by using an expensive automated 

solid target transfer system (Lin et al., 2018). Other drawbacks are that the preparation time of the 

target using electrodeposition and the dissolution time of irradiated target could be long and may 

influence  the  routine  production  of  short  half-life  radionuclide. This  is  especially  true  for 68Ga 

production procedures. Altogether, these challenges related to the use of solid targets are difficult 

to be addressed. Despite all its disadvantages, solid target production yield is higher compared to 

liquid target for radiometal production.   

1.2.3.2 Liquid target  

Recently,  liquid  target  (solution  target)  was  extensively  developed  for  production  of 

radiometal such as 68Ga and 89Zr to overcome some of the drawbacks of using solid target (Alves 

et  al.,  2017;  Pandey et  al.,  2014).  The highly  enriched targets, 68Zn(NO3)2 and 89Y(NO3)3 are 

dissolved  in  an aqueous solution prior  bombardment for the production  of 68Ga  and 89Zr, 

respectively.  The  advantages  of  using  solution  target  include  no  radiation  exposure  during  the 

handling of radionuclide and no costly equipment required to transfer the irradiated liquid target. 

The irradiated target solution can be transferred quickly to the automated synthesis unit for direct 

radionuclide purification (no dissolution required) and target recycling, which is highly desirable 



 

 

 

15 

for expensive enriched target material such 68Zn. Despite the advantages of using solution target, 

the liquid targets for the production of radiometals still remain unmatured. Many parameters need 

to be optimized before routine production. The disadvantages to use solution target include low 

production yield and problematic during and after bombardment. The production yield is the main 

concern  for 68Ga  production, which  is  highly  required  to  cover the large  demand  for  nuclear 

medicine applications. The problems during the bombardment must be addressed to produce larger 

activity. One of the critical problems is the target pressure build-up during the bombardment. This 

happens due  to  the high concentration  of  the  target  material  and  the  intensity  of  the  beam. In 

addition, when the beam interacted with aqueous target, water radiolysis occurs and generates ions 

and  free  oxygen  (O2),  hydrogen  (H•)  and  hydroxyl  (OH•) radicals.  In  result  of  this,  the  gas 

evolution  in  the liquid target  rapidly  increases.  This  problem can  be minimized  by  adding 

concentrated  nitric  acid  in the solution  target (DeGrado et  al.,  2015). Nitric  acid  acts  as a free 

radical scavenger and reduces the gas evolution. Meanwhile, the presence of a strong acid in the 

liquid target can be corrosive and damage the target body material. In addition, the precipitation 

of salt in the transfer line may require more frequent maintenance (Hoehr et al., 2012). The target 

body material must be heat-resistant and chemically inert such as niobium and tantalum.        

1.2.4 68Ga produced by cyclotron  

With the increasing clinical demand, scientists have focused their efforts toward producing 

high-activity 68Ga by cyclotron via the 68Zn(p,n)68Ga nuclear reaction (Alves et al., 2017; Lin et 

al., 2018; Pandey et al., 2014; Sadeghi et al., 2009). The 68Ga was either produced via solid or 

liquid target. There are only few examples of published data that used high 68Zn-enrichment for 

68Ga production by cyclotron. Sadeghi and Lin developed production method using solid target of 

enriched 68Zn electrodeposited on copper and platinum discs, respectively (Sadeghi et al., 2009; 

Lin et  al.,  2018). Recently,  Pandey  and  Alves  used  solution  target  for  the 68Ga production by 

cyclotron using enriched 68Zn in a nitrate solution (Alves et al., 2017; Pandey et al., 2014). With 

regard to using solid and liquid targets, other aspects such as the availability of highly enriched 

68Zn and the <2% acceptance limit for radionuclidic impurities recently defined in the European 

Pharmacopeia (Monograph 3109, the European Pharmacopoeia (Ph. Eur), 8th Edition) add to the 

complexity of the production of 68Ga by cyclotron (IAEA-TECDOC-1853, 2019). To achieve high 
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radionuclidic purity of 68Ga, the beam parameter must be optimized even with 100% enriched 68Zn 

(Synowiecki et al., 2018).  

1.2.4.1 Cross section data for Zn + p processes  

The nuclear cross-section gives the probability that a nuclear interaction between incident 

beam particles and the target will occur. The unit of cross-section is barn (s).  

To optimize the cyclotron beam parameters, the cross-section data must be studied along 

with  the  composition  of  the  enriched  target.  The  initial evaluation  of  cross-section data for 

natZn(p,n)natGa was performed by Blaser in 1950 (Blaser et al., 1950). In 1998, Szelecsényi et al. 

published  cross-section  data  for  Zn+p  reactions using  proton  energy below  30  MeV. They 

compared their results with all previous data (Szelecsenyi et al., 1998).  

68Ga decays by EC (38%) and positron emission (62%) into 68Zn accompanied by a low-

abundant photon emission (1077 keV, 3.2%) (Table 1 and Figure 2) (Barrandon et al., 1975; Blaser 

et al., 1950). The range of effective proton energy for the production of 68Ga is from 4 up to 30 

MeV. The  maximum  cross-section  via  this  nuclear  reaction  is  850±50  mb  at  11.5  MeV. 

Szelecsenyi and co-worker reported, the thick target yield is increased perpendicularly with the 

incident proton energy (Szelecsenyi et al., 1998).  

The long half-life 65Zn (t1/2, 244.1 d) is a radionuclidic impurity that could be co-produced 

from 66Zn(p,pn)65Zn  and 66Zn(p,x)65Ga→65Zn  during  the  irradiation  of  enriched 68Zn. 65Ga  has 

short half-life (t1/2, 15.2 min) and decays completely to 65Zn. The latter  disintegrates through EC 

(100%)  accompanied by a high-energy photon (1115.5 KeV, 50%) (Tárkányi et al., 1990). The 

maximum cross-section for the 66Zn(p,x)65Zn reaction is 884±61 mb. To avoid producing 65Zn via 

66Zn(p,pn)65Zn reaction, the incident proton energy must be ≤13 MeV (Szelecsenyi et al., 1998). 

The probability to produce 65Zn is very low considering the low abundance of 66Zn in reported 

batches of enriched 68Zn (Szelecsenyi et al., 1998).  In addition, 65Zn can also be produced from 

67Zn(p,p2n)65Zn and 67Zn(p,3n)65Ga→65Zn, but the contribution of these reactions is expected to 

be negligible if the proton beam (Ep) energy is kept below 30 MeV (Wapstra et Audi, 1985).  

The long positron half-life 66Ga (9.49 h) (Table 1) (Tárkányi et al., 1990) impurity can also 

be co-produced  by  three  different  nuclear  reactions  either 66Zn(p,n)66Ga, 67Zn(p,2n)66Ga  or 

68Zn(p,3n)66Ga. 66Ga decays via positron emission (93%),EC (7%) and few high-energy photons 
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at 1039.3 keV (37%), 1333 keV (1.2%) and 1918.6 keV (2.1%) (Al-Saleh et al., 2007; Engle et 

al.,  2012;  Szelecsényi et  al.,  2005;  Szelecsenyi et  al.,  1998). The  maximum  cross-sections to 

produce 66Ga via the 66Zn(p,n)66Ga and 67Zn(p,2n)66Ga  reactions are 644±14 mb and 477±50 mb 

at about 12.5 MeV and 21 MeV, respectively. To avoid producing 66Ga via both 66Zn(p,n)66Ga and 

67Zn(p,2n)66Ga reactions,  the  proton  energy  must  be ≤4  MeV  and ≤13.5  MeV,  respectively. 

While, to produce 66Ga via 68Zn(p,3n)66Ga, the proton energy must be >24 MeV (Szelecsenyi et 

al., 1998).  

The  most  radionuclide  impurity  associated  with  production  of 68Ga  is  the  long  half-life 

67Ga  (t1/2,  3.3  d, Table 1).  The 67Ga  decays via EC (100%).  Several  gamma-rays 93.31 keV 

(39.2%), 184.5 keV (21.2%), 300.2 keV (16.8%) and 393.5 keV (4.7%) are associated with the 

decay of 67Ga  (Al-Saleh et al., 2007; Engle et al., 2012; Szelecsenyi et al., 1998). 67Ga can be 

produced via two different nuclear reactions: 67Zn(p,n)67Ga and 68Zn(p,2n)67Ga. The highest Zn 

isotope  impurity  in  the different enriched-68Zn  batches is  Zn-67 (Alves et  al.,  2017;  Lin et  al., 

2018).  The 67Ga  produced via 67Zn(p,n)67Ga at  an energy  range between 2  to  26  MeV  and a 

maximum cross-section of 612±48 mb at 10.5MeV (Szelecsenyi et al., 1998). Alternatively, the 

maximum cross-section of 67Ga produced via the 68Zn(p,2n)67Ga reaction is 661±41 mb at Ep of 

20 MeV. To avoid producing 67Ga via this reaction, the Ep should be ≤	12.5 MeV.  

From the above studies, some Ga radioactive impurities can be produced at the same cross-

section as 68Ga. 67Ga produced from 68Zn via a (p,2n) reaction cannot be avoided if high yield of 

68Ga is required. The best Ep to produce high purity 68Ga and avoid co-production of 67Ga is ≤	

12.5 MeV. Moreover, 66Ga and 67Ga will be also produced via a (p,n) reaction from 66Zn and 67Zn, 

respectively, in the selected Ep  ≤	12.5 MeV. 66Ga and 67Ga are always present in purified 68Ga 

solution when enriched-68Zn is used as target material. The best way to improve the radionuclidic 

purity of 68Ga is using high enrichment starting material without isotope impurities such as 66Zn 

and 67Zn. The Gallium  (68Ga)  chloride (ACCELERATOR-PRODUCED) monograph  of  the 

European Pharmacopeia recommend to keep the total radioactivity due to 66/67Ga not more than 2 

per cent of the total radioactivity (The European Pharmacopoeia (Ph. Eur), 8th Edition) (IAEA-

TECDOC-1853, 2019). 
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1.2.5 89Zr produced by cyclotron   

89Zr can be produced by cyclotron using beams of protons (p), deuterons (d), or alpha (α) 

particles (Mustafa et al., 1988; Zweit et al., 1991; Uddin et al., 2007; Kandil et al., 2007a; Ivanov 

et al., 2014). 89Zr can be produced via natZr(p,pxn)89Zr reaction, but required Ep of approximatively 

22 MeV with lower cross section 364.3±36.4 mb. Using this energy, 88Zr will not be produced, but 

other radionuclides impurities will be formed such as 86, 87m, 89m+g, 88Zr and 90, 92m, 95g, 96Nb (Uddin 

et al., 2008). Likewise, the production of 89Zr via 89Y(d,2n)89Zr or natSr(α,xn)89Zr reaction is not 

favored due  to  several factors  such  as high-Ep,  low  cross  section and production  yield, and the 

associated radionuclide impurities (Uddin et al., 2007; Ivanov et al., 2014).  

Interestingly, the starting material used for production of 89Zr plays a vital role in enhancing 

the production yield as well as the effective molar activity. 89Y foil is the most commonly used for 

the production of 89Zr for its easy handling, commercial availability and its high purity and density 

(Lin et al., 2016; Wooten et al., 2013). High effective molar activity was also reported using 89Y-

Foil by Holland (Holland et al., 2009). According to reported publications, 89Y-Foil was mainly 

irradiated using proton and deuteron beams (Holland et al., 2009; Uddin et al., 2007).  natZr, 89Y-

pressed, natSr-sedimentation, 89Y-sputtered, and 89Y-oxide pressed powder were also used for the 

preparation of 89Zr (Ivanov et al., 2014; Kandil et al., 2007; Uddin et al., 2008; Verel, et al., 2003; 

Zweit et al., 1991). Although the cross-section data, production yield and radionuclide impurity 

profile were given for almost all the above nuclear reactions, the specific molar activity values 

were not reported. Recently, Pandey and collaborators explored the potential of using liquid 89Y 

nitrate  (89Y(NO3)3) target  for  the  preparation  of 89Zr. The  nuclear  reaction  resulted  in  a low 

production yield (Pandey et al., 2016). The main disadvantage of this approach is the formation of 

gases during irradiation. The latter shall remarkably increase the solid target pressure and limit 

bombardment. 

1.2.5.1 Cross section data for 89Y + p nuclear reaction  

Natural yttrium  is  composed  of  a  single  isotope 89Y (100%  naturally abundant) and  is 

available with high purity. 89Zr decays via EC (77%) and b+ (23%) to 89mY (T1/2= 15.6 s) and then 

100% decays by IT mode to 89Y, a stable nuclide (Figure 4) (Holland et al., 2009). Nowadays, 

producing 89Zr via 89Y(p,n)89Zr reaction is more favorable due to low incident Ep (10.88 to 13.30 

MeV) and high cross sections (674.4±1.6 to 756.2±2.1 mb, respectively) (Mustafa et al., 1988). 
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With the proton irradiation, two main long half-life radionuclidic impurities 88Y (t1/2, 106.6 d) and 

88Zr (83.4 d) can be produced via 89Y(p,pn) and 89Y(p,2n) nuclear reactions, respectively (Table 

1). 88Y emits two high-energy gamma-rays (898 keV, 93.4% and 1836 keV, 99.3%) and 88Zr has 

lower energy gamma ray (393 keV, 100%) (Verel, et al., 2003; Wooten et al., 2013). To minimize 

producing the long half-life impurities 88Y and 88Zr, one should aim to use a proton energy of ≤13 

MeV.  

1.3 Purification process  

1.3.1 Separation chemistry of cyclotron-produced 68GaCl3 

The  separation  of  cyclotron-produced 68GaCl3 from  irradiated  target  material 68Zn  is 

essential to prepare radiolabeled molecules. Different cationic metal impurities might be present 

in the target material and they can compete with 68GaCl3 in the complexation reaction (Chakravarty 

et  al.,  2013). Chakravarty and  colleagues performed 68Ga3+ labeling  studies of  DOTA-NCS  in 

presence of various metal concentrations. They reported that concentration in the range of 5 to 10 

ppm of radiometals such as iron (Fe3+), zinc (Zn2+), copper (Cu2+), aluminum (Al3+), tin (Sn2+) and 
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titanium (Ti4+) in the final solution may affect and reduce the complexation yield of 68Ga3+ with 

DOTA-NCS.  

Different purification methods have been developed to offer high purity of 68Ga3+ (Alves 

et al., 2017; Lin et al., 2018; Pandey et al., 2014; Riga et al., 2018; Sadeghi et al., 2009). Some of 

the considerations needed to be taken during the development the purification process. As the 68Ga 

has short half-life, the purification process should be completed in very short time. In addition, to 

reduce the time and radiation exposure, the purification should be automated with a synthesis unit 

inside  the  hot-cell  and  a  controller  out-side. 68Ga  starts  to precipitate  at  pH  greater  than  3.5, 

consequently  the  pH  needs  to  be  controlled  throughout  the  process.  Moreover,  the  final 68Ga 

solution should be pure without metal ions contaminants to obtain high radiolabeling yield after 

the  purification  process.  Normally, 68GaCl3 is  used  for  radiolabeling  with  different  chelators 

(Ambrosini  et  Fanti,  2014;  Mueller et  al.,  2012).  Thus,  the  purification  process  for  cyclotron-

produced short half-life 68Ga3+ must be efficient, robust and fast-automated. 

1.3.2 Separation chemistry of cyclotron-produced 89Zr   

As mentioned earlier, 89Y is available under various forms including foils and powder with 

purity greater than 99.6%. 89Y-foils are usually purer than 89Y-powder. Desferoxamine (DFO) is 

the  main  chelator  used  for 89Zr  radiolabeling.  Presence  of  iron  (Fe3+)  and  other  metals  in  the 

dissolved target solution after irradiation may compete with 89Zr4+ for the complexation by DFO 

(Deri et al., 2014). Thus, the purification process for isolating 89Zr must be very efficient. Although 

89Zr can be purified by using either cation or anion exchange resins (Tang et al., 2016; Verel et 

al., 2003), the hydroxamate cation exchange resin is the most extensively used to separate the 89Zr 

from 89Y (Holland et al., 2009; L. Wooten et al., 2013). Depending on the purification method 

used, 89Zr can be isolated in the form of [89Zr]Zr-oxalate or [89Zr]Zr-chloride (89ZrCl4). 89ZrCl4 is 

preferred  over  [89Zr]Zr-oxalate  to  allow  labeling of  antibody for  clinical  application  due  to  the 

toxicity of the oxalic acid. The oxalic acid Figure 5 in the human body causes blood decalcification, 

which  will  damage  the neural  and  muscle  functions.  Moreover,  resulting calcium  oxalate 

precipitates can contribute to renal tubular obstruction (Kasbollah et al., 2013).  

There  are  different  concerns  that  need  to  be  taken  into  consideration  during  the 

development of purification process of 89Zr4+. Short purification time is not essential due to the 
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long half-life of 89Zr4+. The automation of the purification process of 89Zr is obligatory to comply 

with Good Manufacturing Practice (GMP) and reduce the radiation hazard to the radiochemist. 

Fractionation of 89Zr following purification is a key element to obtain high effective molar activity 

(EMA) (Holland et al., 2009; L. Wooten et al., 2013) that is mandatory for radiolabeling of 89Zr 

with the monoclonal antibodies.  

1.4 Literature review on 89Zr chelator  

1.4.1 Hydroxamate-based ligands  

Hard cation Zr4+ is a highly charged ion with an ionic radius of 0.84 Å (Shannon, 1976). 

Zr4+ has  strong  binding  affinity  with  anionic  oxygen  donor. Guerard’s  group reported X-ray 

structure of Zr-N-methylacetohydroxamic acid (Me-AHA)4 and reported that Zr4+ bound to four 

hydroxamate groups to give an eight-coordinate complex (Guérard et al., 2013). Since decades, 

hydroxamate groups were found to be good ligands for Zr4+ (Baroncelli et Grossi, 1965).  

Nowadays, DFO (Figure 5) is used extensively for 89Zr radiolabeling via three hydroxamate 

groups. Moreover, only 89Zr-DFO-antibodies are validated for clinical use (Börjesson et al., 2006). 

DFO is hexadentate siderophore produced by streptomyces bacteria (Chiani et al., 2010). DFO can 

be functionalized with a carboxylate,  an isothiocyanate or a maleimide group at the terminal amine 

group to provide stable bifunctional chelator (BFC) for its conjugation to antibody or protein side 

chain (Cohen et al., 2013; Perk et al., 2010; Tinianow et al., 2010; Iris Verel, Visser, Boellaard, et 

al., 2003; Vosjan et al., 2010; Vugts et Van Dongen, 2011). In animal studies, it has been shown 

that the 89Zr-DFO is unstable in-vivo and that free 89Zr accumulates in the bones resulting in an 

increased radiation dose to the bone marrow (Heskamp et al., 2017). The decomplexation of 89Zr 

from  DFO  also  reduces  the  image  quality (Abou et  al.,  2011).  In  addition,  several  studies  that 

investigated 89Zr-, 111In- and 177Lu-labeled antibodies found biodistribution mismatch in respect to 

bone  uptake.  Of  note,  when 89Zr-DFO  antibody  is  used  for  theranostics  applications,  the  dose 

calculation  for  radioimmunotherapy  could  be  overestimated  due  to  release  of 89Zr to  the  bone 

marrow. Therefore, developing new 89Zr chelators that can provide high binding affinity with four-

coordination  groups  and  high in-vivo stability  is  essential  to  avoid  this  overestimation.  This  is 

especially true if the tumor tissue is adjacent to the bone marrow (Heskamp et al., 2017). Several 

acyclic/macrocyclic chelators and BFCs were developed to achieve high in-vivo stability.   
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Several chelators were developed with three or four hydroxamate groups. DFO* is  analog 

to DFO, but with four hydroxamate groups (Figure 5) (Patra et al., 2014). The commercial DFO 

Figure 5: Different reported chelator for 89Zr4+ radiometal. 
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was  modified  by  introducing  an  extra  hydroxamate  group.  DFO* provides  saturated  eight-

coordination 89Zr-comlex  as  determined  by  DFT  calculation.  DFO* was  reacted  with  succinic 

anhydride to provide BFC with a carboxylic acid moiety (DFO*-CO2H), which is suitable for its 

conjugation to  biomolecule  via  free  amine.  DFO*-CO2H  was  conjugated  to  bombesin  (BBN) 

peptide and compared to the DFO-BBN by preforming transchelation experiment with excess of 

DFO chelator. It appears that 89Zr-DFO*-BBN is much more stable than 89Zr-DFO-BBN. Recently, 

Vugts et al. developed a bifunctional chelator DFO*-pPhe-NCS and conjugated it to trastuzumab 

(tz)  antibody.  DFO*-tz  was  compared  to  the  DFO-tz.  Both 89Zr-labeled  mAbs resulted similar 

blood kinetics and tumor uptake at 144 h post-injection in N87 tumor bearing nude mice. More 

importantly, 89Zr-DFO*-tz reported a significant lower bone uptake (Vugts et al., 2017).  

Metals  complex  showed  higher  kinetic  inertness  with  macrocyclic chelators than  linear 

chelators. Guérard et al. developed three macrocyclic chelators (C5, C6 and C7 chelators) with 

different cavity size to establish the effectiveness of Zr4+ complexation in function of cavity size 

(Figure 5) (Guérard et  al.,  2014).  These  chelators  have  four  hydroxamate  arms that  are linked 

together with four chains of  5,  6  and  7 methylene  groups.  The chelator with larger  cavity  C7 

radiolabeled with 89Zr showed higher stability in-vitro than 89Zr-C5, 89Zr-C6 and 89Zr-DFO. While 

no bioconjugation version yet available based on this promising C7 chelator, Zhai’s lab developed 

a macrocyclic fusarinine C (FSC) (Figure 5) chelator and its triacetylated (TAFC) derivative with 

three hydroxamate arms (Zhai et al., 2015). In the transchelation study using excess of EDTA, 

89Zr-TAFC reported higher complexation stability in-vitro compared to 89Zr-DFO chelator over 

seven days. FSC chelator was conjugated to three different cyclic RGD peptides and the resulting 

89Zr-FSC(RGDfE)3, 89Zr-FSC(succ-RGD)3 and 89Zr-FSC(Mal-RGD)3 (Figure 5) have promising 

biological properties in-vivo and in-vitro. The authors did not compare cyclic RGD peptides with 

89Zr-DFO-peptides. PET/CT imaging confirmed no bone uptake at 1, 4 and 24 hours on M21/M21-

L xenografts bearing nude mice using only 89Zr-FSC(succ-RGD)3. More studies are required to 

confirm the feasibility of using FSC conjugated with mAb compared to DFO-mAb. Boros et al. 

developed four chelators (L1-L4) hydroxamate-functionalized macrocycles (Figure 5) (Boros et 

al.,  2016).  A  BFC  derivative  L5  was  also  developed,  conjugated  with trastuzumab  antibody, 

radiolabeled (89Zr-L5-tz) and compared to 89Zr-DFO-tz. Unfortunately, the 89Zr-L1-L4 chelators 

and 89Zr-L5-tz recorded poor stability compared to 89Zr-DFO and 89Zr-DFO-tz, respectively.  
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1.4.2 Hydroxypyridinone- and Terephthalamide-based ligands     

Similar  to  hydroxamate  groups,  hydroxypyridinone and  terephthalamide  groups  are 

oxygen-rich  ligands.  Deri  and  co-workers  have  developed  linear  chelator  based  on four  1-

hydroxypyridin-2-one groups attached to a tetraamine skeleton, which was called HOPO chelator 

(Figure 5) (Deri et al., 2014). HOPO provides 4 coordination sites to Zr4+ as identified by DFT 

calculation (Deri et al., 2015). Validations of 89Zr-HOPO were performed in comparing with 89Zr-

DFO. The  transchelation studies  showed  that 89Zr-HOPO  remained  intact  >99%,  while 89Zr 

significantly  transchelated  from  DFO  to  EDTA.  In  addition,  the  transmetalation  study reported 

high  stability  of 89Zr-HOPO  compared  to 89Zr-DOF  with  10-fold  excess  of  various metals. 

Surprisingly, higher bone uptake was seen for 89Zr-HOPO compared to 89Zr-DFO at 24 h post-

injection. In addition, PET images showed high uptake in the gallbladder for 89Zr-HOPO, which 

could  be  associated with hepatobiliary  excretion.  Interestingly, Deri’s  group  designed  a 

bifunctional HOPO chelator bearing a benzyl NCS group that was conjugated to trastuzumab (Deri 

et al., 2015a). 89Zr-HOPO-tz had higher stability than 89Zr-DFO-tz (Figure 1) in animal studies 

performed  on  BT474  xenograft-bearing  mice.  However, 89Zr-HOPO-tz displayed  lower  tumor 

uptake compared to 89Zr-DFO-tz.  

To  improve  stability  of  HOPO  derivatives, Tinianow et  al. proposed  to  change  the 

positioning of the 3-hydroxypyridin-2-one groups to provide more stability complex (Tinianow et 

al., 2016). Macrobicyclic octadentate bifunctional chelator bearing four 3-hydroxypyridin-2-one 

groups (2,3 HOPO) (Figure 5) and attached with pPhe−NCS function (2,3-HOPO-pPhe-NCS) was 

developed  and  conjugated  to trastuzumab, which  compared  to 89Zr-DFO  analog.  High 

accumulation in the bone was found at 6 d following injection of 89Zr-2,3-HOPO-NCS-tz to SK-

OV-3 tumor bearing mice.  

Ma and co-workers designed a new chelator with three 1,6-dimethyl-3-hydroxypyridin-4-

one groups called CP256 (Figure 5) (Ma et al., 2014). Its bifunctional derivative was prepared by 

introducing a maleimide group on the amino group (YM103). Ma et al. not only demonstrated that 

the tripodal tris(hydroxypyridinone) ligands CP256 and YM103 were successfully labeled with 
67Ga3+ and 68Ga3+, but was stable under in vivo conditions (Berry et al., 2011). YM103 was also 

conjugated with trastuzumab and radiolabeled with 89Zr4+ (Ma et al., 2014). The resulting 89Zr-
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YM103-tz was injected to healthy mice and high bone uptake was observed suggesting that 89Zr4+ 

may have been released from the tripodal tris(hydroxypyridinone) ligand.   

Pandey  and  co-workers developed chelators  based  on di-macrocyclic  terephthalamide 

ligands (TAM1 and TAM2) (Figure 5) (Pandya et al., 2015). Both compounds can chelate 89Zr4+ 

via four coordination sites. 89Zr-TAM1 and 89Zr-DFO chelators presented similar in vivo stability 

when tested on normal healthy mice. By contrast, 89Zr-TAM1 recorded higher liver and kidney 

uptake than 89Zr-DFO.   The authors stated that the chelators can be modified to have different 

biological properties and solubility. The bioconjugation can be accessible via the primary amino 

group.     

1.4.3 Carboxylate and Phosphonate based ligands 

Researchers  attempted  to  use  carboxylate-based  chelator  such  as 

diethylenetriaminepentaacetic  acid  (DTPA) (Figure 5) conjugated  to  anti-CD20  (Zevalin). 

However, the radiolabeling yield of 89Zr-DTPA-NCS-Zevalin was inferior to 0.1% (Perk et al., 

2006). Others tried using H4octapa chelator (Figure 5) for 89Zr-radiolabeling, but the attempt was 

unsuccessful (Price et  al., 2012).  Price et  al. attempted  to  improve  the radiolabeling kinetic  by 

replacing two carboxylate groups by two phosphonate groups (H6phospa) (Figure 5) (Price et al., 

2014). The labeling yield was improved to 12 %, but it is still low compared to the one of the gold 

standard chelator DFO.  

Recently, tetraazamacrocycles chelators were tested for 89Zr-radiolabeling (Pandya et al., 

2017). Three chelators, 89Zr–DOTA, Zr–DOTAM, and Zr–DOTP (Figure 5), were successfully 

synthesized and characterized. Interestingly, 89Zr-DOTA was far superior to 89Zr-DFO in both in 

vitro and in vivo studies. Indeed, the mice injected with 89Zr-DOTA had significantly lower activity 

in  liver,  kidney  and  bone  compared  to 89Zr-DFO  at  72  h  post  injection.  Moreover,  PET  scan 

showed that the activity was almost cleared from the mice injected with 89Zr-DOTA at 24 h post-

injection.  The  drawback  of  using 89Zr-DOTA  is  the  high  temperature  associated  with  the  long 

labeling  time (45  min  at  90 ℃)  that  is  required  to  achieve  high radiochemical  yield.  This  shall 

affect the stability of heat-sensitive DOTA-biomolecules, especially the mAb.  
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2 RESEARCH AIM  

The main objective of this thesis is to develop molecular tools—high purity 68Ga and 89Zr 

radiometals, 89Zr-chelator—that will improve the labeling and molar activity of radiotracers for 

positron  emission  tomography  (PET)  practice.  The  radiometals  are  extensively  used  in  nuclear 

medicine research and clinical practice. The major advantage of using radiometals in the clinical 

practice  is  the  ability  to  radiolabel  the  biomolecule  vectors  under  mild  conditions  using 

bifunctional  chelators to  the  point  where  kit  formulations  are  possible.  In  this  thesis, we  will 

develop  new  targets  and  target  supports  for  cyclotron-produced 68Ga  and 89Zr;  we  will  also 

optimize and automatize the 68Ga- and 89Zr-purification processes. Finally, we will validate a new 

acyclic 89Zr-chelator bearing four hydroxamate ligands.  

2.1 Objective 1: Direct cyclotron production of 68Ga 

The short half-life 68Ga has been extremely used in the nuclear medicine practice and this 

radionuclide is still in high demand – thanks to newer 68Ga-tracers to  improve the usefulness of 

PET/CT in prostate  cancer detection  (Kratochwil et  al.,  2016;  Rahbar et  al.,  2017). Currently, 

68Ga is produced via 68Ge/68Ga generator with limited shelf life restricting the number of patient 

per production. With the growing demand of prostate cancer patients, the need to increase 68Ga 

production capacity is highly required. An alternative method to increase amount of 68Ga is by 

cyclotron using high enriched 68Zn with liquid and solid targets via the 68Zn(p, n)68Ga reaction. 

According  to  cross  section  data,  high  production  yield  of 68Ga  can  be  achieved  using  incident 

proton energy between 4.5-14 MeV. The aims of this study were to improve the production yield 

of 68Ga using pressed targets and the purification of 68Ga by using an automated cassette-based 

purification process and product fractionation in order to obtain 68GaCl3 with high apparent molar 

activity (AMA) for labeling of DOTA-TATE, DOTA-PSMA and other radiopharmaceuticals. 

2.2 Objective 2: Direct cyclotron production of 89Zr 

There  is  a  large  number  of  clinical  trials  using  the  long  half-life 89Zr  that  became  the 

radionuclide of choice for immunoPET (Scott et al., 2012). 89Zr can be produced by cyclotron via 

an 89Y(p,n)89Zr  reaction  using 89Y  foil  targets. With  the  increased-importance  of  immune-PET, 

there  is  a  need  to  develop  less  expensive 89Y  targets  and  a  more  efficient  purification process 
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offering 89Zr-oxalate with high-purity and high-effective molar activity (EMA). In this study, we 

investigated for the first time the use of 89Y-pressed target for the preparation of 89Zr-oxalate via 

a  (p,n)  reaction. We  developed  target  supports to  improve  the 89Zr-production  yield  and  we 

performed a comparative study with 89Y-foil. The purification method was optimized using home-

made  hydroxamate  resin and an  automated  cassette-based module to  facilitate  for  routine 

production of 89Zr and reduce radiation exposure to the radiochemist. 

2.3 Objective 3: Validation of 4HMS, a new 89Zr-chelator 

Although  the radiolabeling  of  mAbs  with 89Zr  was  mostly  achieved  using DFO  in  both 

preclinical and clinical practice, this chelator remains suboptimal in terms of in vivo stability. The 

presence  of  free 89Zr may lead  to  unwanted radiation  dose  to  the  bone  marrow (Pandya et  al., 

2017).  In  this  project,  a  new acyclic  chelator  bearing  four N-hydroxy-N-methyl  succinamide 

pendant arms was  evaluated  for 89Zr-complexation.  We  tested  the  kinetic  inertness  of  this  new 

89Zr-4HMS complex by performing  transchelation, transmetalation and plasma stability studies. 

The in  vivo behavior of the 89Zr-4HMS complex was also examined and compared with that of 

89Zr-DFO by performing biodistribution and PET imaging studies in normal healthy mice. Finally, 

based density functional theory (DFT) calculations, we investigated the structure and binding of 

89Zr-4HMS to provide a rationale for its superior stability. Overall, this new chelator open new 

perspective for the safe and efficient use of 89Zr for immunoPET.  

2.4 Thesis by articles  

This thesis is a compilation of three articles. The Chapter 3 (Article 1, recently published 

in Applied and Radiation Isotopes) reports the direct production of 68Ga by cyclotron using pressed 

68Zn  target).  The  Objective  2  of  this  thesis  is  covered  in  the  chapter  4  (article  2  published  in 

Applied Sciences). This article presents a comparative study with 89Y-foil and 89Y-pressed target 

for  the  production  of 89Zr.  A simple  and  efficient  cassette-based  purification  process was 

developped for  routine 89Zr  production. Finally,  the  chapter  5  (Article  3,  in  revision  in ACS 

Omega) presents a new zirconium-89 chelator offering a high stability.     
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3 ARTICLE 1 

Automated radiosynthesis of 68Ga for large-scale routine production 

using 68Zn pressed target 

 
Aiman H. Alnahwi, Sébastien Tremblay, Samia Ait-Mohand, Jean-François Beaudoin, Brigitte 

Guérin 

Article  status: Published (Applied  Radiation  and  Isotopes  156  (2020)  109014, 

Doi.org/10.1016/j.apradiso.2019.109014);  

Contribution of the student: Aiman H. Alnahwi has performed all the experimental work for this 

project and formal analysis. He has contributed in the preparation of the first draft. 

 

Résumé :  

Le  gallium-68,  un  isotope  de  courte  demi-vie  (68Ga,  t1/2 = 68 min, β+ = 89 %, 

E (β+) = 1,8 MeV), est souvent employé dans les études précliniques et cliniques d’imagerie TEP. 

Jusqu’à maintenant, le 68Ga est surtout obtenu à partir de générateurs de germanium-68/gallium-

68 (générateurs 68Ge/68Ga). Il a été démontré qu’il est possible de produire le 68Ga par cyclotron à 

partir de la réaction 68Zn(p,n)68Ga à l’aide de cibles liquides dont le rendement de production est 

faible. Dans le cadre de ce projet, la production et la purification de 68Ga par cyclotron ont été 

étudiées à partir d’une cible solide composée de poudre pressée de 68Zn hautement enrichie. Les 

bombardements ont été effectués sur les cyclotrons TR19 et TR24. Un faisceau de protons, dont 

la gamme d’énergie et de courant s’étalent de 17,2 à 15,8 MeV et de 10 à 35 µA, respectivement, 

a été employé pour des bombardements de 0,5 à 1,5 heure pour la production de 68Ga. Un support 

de cible magnétique à la fois dégradeur a été développé et utilisé dans le but de réduire l’énergie 

du faisceau de protons incident afin d’éviter la formation d’impuretés résiduelles de 66Ga et 67Ga 

au  cours  de  la  production  de 68Ga.  Des  chromatographies  d’échange  en  phase  solide  ont  été 

utilisées pour purifier le 68Ga produit. La purification a été optimisée et automatisée à l’aide d’une 

boite de synthèse TRASIS utilisant des cassettes.  

L’utilisation du support de cible magnétique a permis de produire entre 0,9 et 3,9 ± 0,2 Ci 

de 68Ga à l’aide de cibles pressées. La présence d’impuretés radionucléidiques de 66Ga et 67Ga ne 

dépassait pas 2 % 6 h post-bombardement. La dissolution de la cible pressée a été effectuée en 
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1 minute. L’ensemble du processus de purification était complété en 10 à 15 minutes et l’activité 

récupérée atteignait 88,7 ± 1,4 % sous forme de chlorure de gallium. Les résultats de spectrométrie 

de masse à plasma à couplage inductif ont confirmé la grande pureté du 68Ga. De plus, l’activité 

molaire apparente a été déterminée par méthode de titrage DOTA et elle était comparable à celle 

du 68Ga  produit  par  générateur 68Ge/68Ga,  soit  28,3 ± 6,8  et  34 ± 0,18 GBq/µmol  pour  le 68Ga 

produit  par  cyclotron  et  par  générateur,  respectivement.  Le  rendement  radiochimique  du 68Ga-

DOTATATE, déterminé par HPLC, atteignait 95,0 ± 1,6 %. L’approche synthétique proposée a 

été très efficace et serait une alternative intéressante à la production de 68Ga par générateur. La 

production de routine robuste et rapide et à grande échelle de plusieurs Curies de [68Ga]GaCl3 a 

été démontrée. 

 

Mots  clefs :  zinc-68  (68Zn),  générateur  germanium-68/gallium-68  (générateur 68Ge/68Ga), 

cyclotron,  résine  d’hydroxamate,  résine  propylsulfonique,  activité  molaire apparent (AMA)  et 

peptide DOTATATE. 
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Highlights: 

• 68Zn-pressed  target  with a  novel magnetic  target  carrier  in  aluminium for facilitating  target 

transport and release. 

• Production of 145 GBq (EOB) of 68Ga using 68Zn-pressed target irradiated 90 min at 35 µA and 

13 MeV. 

• Optimisation of critical parameters for the automated radiosynthesis of [68Ga]GaCl3. 

• Robust and fast-automated purification process using a cassette-based system for the routine 

production of [68Ga]GaCl3. 

• Purity and Apparent molar activity (AMA) similar to generator-produced [68Ga]GaCl3 

 

Abstract: 

Gallium-68 (68Ga) has attracted increasing interest in recent years due to the expanding clinical 

applications of 68Ga-based radiopharmaceuticals (Rahbar et al., 2017). 68Ga is mainly produced 

via 68Ge/68Ga generators that are limited in yield by the internal 68Ge activity (typically up to 1.85 

GBq  at  calibration  time).  With  the  increased-demand  of 68Ga  in  nuclear  medicine  for positron 

emission  tomography  (PET)  imaging,  there  is  a  need  for  more  efficient and  robust production 

methods to obtain larger amounts of [68Ga]GaCl3 with high radionuclidic and radiochemical purity 
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and apparent molar activity (AMA) using DOTA titration method for facilitating the distribution 

of 68Ga-based  radiopharmaceuticals.  The  objectives  of  this  study  were  to  develop  a  fast  and 

efficient  process  for  the  preparation  of 68Zn-based  solid  targets and  to  optimize  the  critical 

parameters for the automated radiosynthesis of [68Ga]GaCl3 for large-scale routine production.   

 

Keywords: 68Zn-pressed  target; Magnetic  target  carrier; Automated  cassette-based module; 

Cyclotron/proton irradiation. 

 
Introduction  

Gallium-68 (68Ga, t1/2 = 67.8 min) owns great potential in nuclear medicine (Velikyan, 2015) 

being  extensively  used  in  labelling  of  biomolecules  like  somatostatin  and  PSMA  inhibitor 

analogues (Amor-Coarasa et al., 2016; Banerjee and Pomper, 2013; Öberg, 2012; Schwenck et al., 

2017;  Tirosh  and  Kebebew,  2018). 68Ga  decays  to  stable  Zinc-68  (68Zn)  nuclide  via  electron 

capture  (11%)  and  positron  decay  (89%)  and  is  generally  produced  via 68Ge/68Ga  generators 

(Velikyan, 2015). Although this approach is widely used, the generators are expensive and they 

deliver  limited  activity  per  elution  with restrictive  waiting  time  between  elutions (Alves  et  al., 

2017; Velikyan, 2015). An alternative method to produce 68Ga is by cyclotron using high enriched 

68Zn via the 68Ga(p,n)68Zn reaction (Blaser et al., 1950; Hermanne, 1997; Howe, 1958; Szelecsenyi 

et  al.,  1998).  The  cross  section  values  and  thick  target  yields  using 68Zn  target  below  24  MeV 

proton energy were evaluated by many groups (Blaser et al., 1950; Howe, 1958; Szelecsenyi et al., 

1998) and the data are very consistent.   

Highly enriched 68Zn metal (99.26%) is available in powder form for cyclotron production 

of 68Ga using either liquid (Pandey et al., 2014; Alves et al., 2017) or solid targets (Engle et al., 

2012; Lin et al., 2018; Sadeghi et al., 2009). The main advantage of using 68Ga liquid target is the 

low  radiation  exposure  during  handling.  Indeed, the  solution  can  be  remotely  loaded  through 

capillary lines into the target holder before irradiation and pushed into a hot cell after irradiation 

similarly to existing 18F target systems. However, this technique offers limited activities of 68Ga 

with the additional risk of high pressure during irradiation and requires more frequent cyclotron 

target  and  transfer  line  maintenances (Alves  et  al.,  2017;  Pandey  et  al.,  2014).  The  alternative 

approach using solid target enables very high production yield. Indeed, ~60 GBq (decay corrected) 

of [68Ga]GaCl3 can be obtained using electroplated 68Zn target (Lin et al., 2018). However, several 
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challenges need to be overcomed for routine clinical production using 68Zn-based solid targets. 

This  includes  reducing  time  for  target  preparation  and  dissolution  as  well  as 68Ga  separation 

(Nortier  et  al.,  1995;  Alves  et  al.,  2017;  Lin  et  al.,  2018).  Moreover, the  irradiated  solid  target 

needs ideally to be transported via an automated transfer system to minimize personnel exposure 

and the risk of target contamination during its transfer. 

The objectives of this study were to develop a convenient and efficient way to prepare 68Zn-

based solid targets and to optimize the automated purification of [68Ga]GaCl3 by using two-step 

cation exchange resins and a cassette-based module for enabling large-scale routine production. 

We also designed a novel aluminium magnetic target carrier to control irradiation proton energy, 

facilitating solid target transport and release prior dissolution.  

2. Materials and methods  

All  chemicals  and  solvents  were  purchased  with  high  purity  and  used  directly  unless 

otherwise  specified  in  the  text.  Enriched 68Zn  powder  (99.26%, Table 2) was  bought  from 

ISOFLEX USA (San Francisco, CA). Trace metals basis hydrochloric acid (HCl, 99.999%), 70% 

nitric acid (HNO3, ³99.999%), ammonium carbonate (Na2CO3, 99.999%) and ammonium formate 

(NH4HCO2, ³99.995%) and natZn (99.995%) were purchased from Sigma-Aldrich (Saint-Louis, 

MO,  USA).  High-purity  water  (Optima  LC/MS, ultra-high  performance  liquid  chromatography 

ultraviolet grade, 0.03 mm filtered), acetonitrile (HPLC grade, ³99.9%), methanol (HPLC grade, 

³99.9%) and sodium chloride (NaCl) were purchased from Fisher Scientific (Ottawa, ON, CA). 

Hydroxamate resin was prepared following the procedure reported by Verel et al. (Verel et al., 

2003) and was  packed  in  a  1  mL  cartridge  between  two  frits  (20  microns, United  chemical 

technologies, Bristol, PA, USA). Benzenesulfonic resin (CUBCX123, 200 mg) was bought from 

UCT, Inc (Bristol, PA, USA). IGG100 68Ge /68Ga Generator was obtained from Eckert and Ziegler 

EUROTOPE GmbH (Berlin, Germany). Instant thin-layer chromatography-silica gel (ITLC-SG) 

and glass microfiber chromatography paper impregnated with silica gel was obtained from Agilent 

Technologies (Santa Clara, CA, USA). 

All  glass  vials  were  cleaned  with chromic-sulfuric  acid solution  obtained  from  Fisher 

Scientific and rinsed with high-purity water. The labeling efficiency of 68Ga-DOTA-TATE was 

determined using radio-ITLC-SG with 1M NH4OAc:MeOH (50:50, v:v) as the mobile phase and 

by UPLC. The radio-ITLC plates were scanned using an instant imager scanner (Canberra Packard, 
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Austria).  Radioactivity measurements  were  performed  in  an  ionization  chamber  (CRC-25PET; 

Capintec)  on  the 68Ga  setting  to  control  process  efficiency  and  by g-ray  spectrometry  with  an 

energy  and  efficiency  calibrated  high-purity  germanium  detector  (GMX  HPGe;  ORTEC)  for 

analytic quantitation. Experimental samples were counted for 5-10 min using a dynamic energy 

windows  of  1-2000  keV.  All  radiation  detection  devices  were  calibrated  and  maintained  in 

accordance with our routine quality control procedures.  

2.1. Design of magnetic target carrier  

The coin-shaped magnetic target carrier is composed of two interlocking discs with an outer 

diameter of 24 mm and a thickness of 1.9 mm to fit in the small commercially available solid ACSI 

target station (Advanced Cyclotron Systems Inc., BC, CA). Both discs are machined from 6061-

T6 grade aluminium alloy (Figure 6). The front carrier disc has a 0.55 mm deep circular cavity 

with internal diameters of 7, 9 or 11 mm to accommodate 68Zn-pressed target with diameter of 6, 

Figure 6: 24  x  1.9  mm magnetic target carrier  for 68Zn-pressed targets. Bottom  cross-
section of target cavity acts as an integrated energy degrader with 0.4 mm thickness and 7, 
9 or 11 mm hole diameter (Al-7-0.4, Al-9-0.4 and Al-11-0.4).  The aluminium back carrier 
disc thickness is 0.9 mm to the side of water cooling system. 
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8 and 10 mm, respectively. This disc interposes 0.4 mm of aluminium between the solid target and 

incoming beam and acts as an integrated degrader to reduce proton energy. Interlocking edges on 

the perimeter of the discs hold embedded magnets (2 mm thickness × 1.5 mm diameter) which 

offer  a  secure  no  wear  fastening  method  to  maintain  the  two discs  attached  during  the  target 

transport  and  in  the  target  station (Figure 6). Magnetic  fastening  also  facilitates  opening  the 

magnetic target carrier with the hot cell manipulator arms for the release of the 68Zn-pressed target 

in the dissolution vial. 

2.2. Target preparation 

Targets  were  prepared  using a  batch  of 68Zn (ISOFLEX, USA); enrichment, isotopic 

composition and metal impurity profile are reported in (Table 2). The 68Zn powder was inserted 

into the 6 (~95 mg), 8 (~165 mg) or 10 mm (~250 mg) diameter dies and pressed using a digital 

hydraulic  carver  press  (Module  number:  3912,  Carver,  Inc,  Wabash,  IN,  US, Figure  S1) at  a 

pressure of 3500, 13200 or 17600 pounds per square inch respectively. After pressing (5 min), the 

die was disassembled and the 68Zn-pressed target was inserted in the appropriate magnetic target 

carrier. The preparation and assembly of 68Zn-pressed target (10-15 min) is demonstrated in Figure 

S1. The optimal  target  thickness (Blaser  et  al.,  1950;  Howe,  1958;  Szelecsenyi  et  al.,  1998), 

covering the entire cross-section curve and providing required proton-beam attenuation (energy 

drop  from  14→4  MeV  and  13.0→0.8  MeV) was  calculated by  Monte  Carlo  simulation using 

SRIM software (SRIM, 2013). 

Table 2: Isotopic composition of 
68
Zn target and metal impurities 

Zna (%) Zn-64 Zn-66 Zn-67 Zn-68 Zn-70    
 0.01 0.1 0.61 99.26 0.02    

Metal impurities 

(ppm) 

        
Al Cu Fe Cr Sn Co Ca Cd 
<1 5.3 220 20.3 170 <1 <5 125 
Pb As Si Mg Mn K Na  
3.6 <0.1 4.0 1.8 1.17 13 2.7  

a Zn-composition. Al: Aluminum, Cu: Copper, Fe: Iron, Cr: Chromium, Sn: Stannum, Co: Cobalt, Ca: Calcium, Cd: Cadmium, 
Pb: Lead, As: Arsenic, Si: Silicon, Mg: Magnesium, Mn: Manganese, K: Potassium and Na: Sodium. The metal impurity profile 
was provided on the Certificate of analysis from ISOFLEX USA (San Francisco, CA). 
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2.3. Optimization of the 68Ga purification process on hydroxamate resin 

68Ga purification conditions were optimized using natural Zn (natZn) pressed targets and 

generator-produced [68Ga]GaCl3 to reproduce the metal content and impurities of the cyclotron-

produced 68Ga while avoiding the use of more expensive enriched 68Zn. Two-cation exchange 

resins were chosen for purification including a homemade hydroxamate resin for the first step 

(Verel et al., 2003) and CUBCX123 resin (Mueller et al., 2012), for the last step (Figure 7). 

CUBCX resin is routinely used in our Centre for the preparation of generator-based 

[68Ga]GaCl3/[68Ga]Ga-DOTA-TATE approved in a clinical trial. We selected this resin to facilitate 

the future validation of our process. 

A MiniAIO cassette-based module from Trasis (Ans, Belgium) was used for the automated 

purification of 68GaCl3. To reduce exposure to metals that can affect AMA, all liquid and gas 

connections were assembled using polytetrafluoroethylene (PTFE) tubing, silicon connectors and 

the two 6-positions cassettes and the solution vials were installed and the unit was cleaned using 

7N trace metals HNO3 and 0.01N HCl prior to perform purification. A solution of base (1N 

NH4OH or NH4HCO2) was inserted in syringe 1 that was directly connected to dissolution vial to 

adjust pH after dissolution.  Eluents used for the washing and rinsing steps were transferred via 

Figure 7: Schematic diagram of the 68GaCl3 purification process. The total dissolution and 
purification times are depended on to the size of 89Zn-pressed target and varied between 
10-15 min.    
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the syringe 2. To avoid solvent leaks, the other solutions were transferred through the system using 

a  negative  pressure (800  mbar) generated  by  a vacuum pump. The hydroxamate  resin was 

preconditioned with 10 mL of acetonitrile, 20 mL of high-purity water, 2 mL of 2N HCl, 20 mL 

of high-purity water and the CUBCX123 (200 mg) with 6N HCl (0.5 mL) and 5 mL of high-purity 

water. The purification process was controlled by a laptop computer and the module functions by 

an easy to program user interface (Trasis-MiniAIO Software-Version 2.0 Rev 22). 

Target dissolution: Solutions of HCl and HNO3 at different concentrations were tested for 

target dissolution at room temperature using 100-250 mg of natZn pressed targets. The total volume 

used for the dissolution was set at 1 mL. A small magnetic stirring bar was installed in the vial 

during the dissolution and pH adjustment to homogenize the solution. 

pH adjustment  for 68Ga  transfer  and  elution  on  hydroxamate  resin: After natZn  target 

dissolution  (95-250  mg),  generator-produced 68Ga  (in  0.1N  HCl,  4.5  mL) was  added  to  the 

dissolution vial. The solution of base (1N NH4OH or NH4HCO2) in syringe 1 was added in the 

dissolution  vial  to  adjust  the pH  between  0.5-3.5  before  transferring  the  crude  solution  to 

hydroxamate  resin (100-330  mg). Addition  of the  base is an  exothermic  reaction that can  be 

controlled effectively by adding reagents slowly. The crude solution was eluted to hydroxamate 

resin and recuperated in vial 1. An additional 5 × 10 mL of high-purity water or 0.01N HCl (pH 

2) was eluted on resin and recuperated in vial 1. Solutions of HCl at different concentrations (0.5-

2N)  were  then  tested  for  elution  of 68Ga  in  vial  2.  After  each  modification, 68Ga-activity  was 

measured by a dose calibrator CRC-55 PET in dissolution vial, hydroxamate column, vial 1 and 

vial 2.  

2.4. Irradiation conditions 

The targets  were  irradiated  facing  a  perpendicular  proton  beam  in  a  solid  target  holder 

mounted  to  a  target  selector  installed  directly  on  either  TR19  or  TR24  cyclotrons  (Advanced 

Cyclotron Systems Inc., BC, CA). The target cooling is achieved by a circulating helium flow in 

the front part of the magnetic target carrier where the irradiation occurs and water at the back part 

of the target (Figure 6). Irradiations were performed at an incident proton-beam energy (Ein) of 

17.2 MeV. Target  current  from  10-35 µA  was  applied  during 30-90 min irradiations.  The 

collimated proton beam was 10 mm in diameter. The aluminium disc between the solid target and 

incoming  beam  acts  as  an  integrated  degrader  to reduce proton-beam  energies  deposited  to  the 

target  material at ~13  and 14  MeV.  The  degrader  thickness  (0.4  mm)  and  beam  energy  were 
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calculated by Monte Carlo simulation using SRIM software (SRIM, 2013)(« SRIM, 2013. », s.d.). 

After  irradiation,  the  target  was  pneumatically retrieved  and  transferred in  the  hot cell for 

dissolution; the entire process takes ~15 minutes. 

2.5. Optimization of the 68Ga purification process for cyclotron produced [68Ga]GaCl3 

The  schematic  purification  process  for 68Ga is illustrated  in Figure 7. After  irradiation, 

68Zn/68Ga pressed  target (95-250  mg) was removed  from the  magnetic  target  carrier using 

manipulator arms and fishing magnets to be directly dropped in the vented dissolution vial, which 

contained  1-2  mL  of  7M  HNO3. A  solution  of  NH4HCO2 (2-2.5  mL,  2.5M)  was  added  to 

dissolution vial to adjust the pH to ~2. The crude solution was then loaded and passed through the 

hydroxamate  resin (200-330  mg) and into the vial  1 using  a  negative  pressure  created  by  the 

vacuum pump. The hydroxamate resin was washed with 0.01N HCl (50 mL) to remove 68Zn. 68Ga 

was then eluted from hydroxamate resin with 0.75N HCl (2 mL) to the vial 2 as [68Ga]GaCl3. The 

solution was diluted using 0.01N HCl (8 mL) and loaded to CUBCX123 resin; the eluate being 

collected in vial 3. The CUBCX123 was washed with 0.01N HCl (30 mL) into the vial 3. Finally, 

[68Ga]GaCl3 was eluted from CUBCX123 to the product vial using NaCl 5M /HCl 5.5N (12.5 µL) 

(Mueller et al., 2012).  

2.6. Determination of radionuclide and metal impurities 
Samples containing 148-222 kBq of purified 68GaCl3 in a 1.5 mL microcentrifuge tube were 

diluted with high-purity water to bring a final volume of 0.5 mL to mimic the calibration source 

and  minimize  differences  in  geometry  error. The radionuclidic  purity  was  determined  by g-ray 

spectroscopy on a calibrated high purity germanium (HPGe) detector with a zoom energy window 

of 1-2000 KeV. Using this amount of radioactivity, the dead time was below 5 %. Samples were 

counted  for  only  5-10  minutes  after  end  of  synthesis.  In  addition,  the  tests  were  repeated  after 

couples of days to quantify radionuclide impurities with long half-life such as 67Ga (t1/2 = 3.26 d) 

and 66Ga (t1/2 = 9.45 h). The half-life was estimated using the dose calibrator CRC-55 PET. Trace 

metal  analysis in [68Ga]GaCl3 solution  was  performed  by  inductively  coupled  plasma  mass 

spectroscopy (ICP-MS) for 29 elements in compliance with USP <233> (Exova, St-Augustin-de-

Desmaures, Canada). 

2.7. Calculation of apparent molar activity (AMA) 
AMA  (GBq/µmol)  of 68Ga  was  calculated via  titration  with  DOTA  and  the  purified 

[68Ga]GaCl3. Solutions of DOTA (145 µL in 4 mL polypropylene tube) at different concentrations 
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(1.8 to 3.5 × 10-3 nmol) were prepared via serial dilution. [68Ga]GaCl3 solution was adjusted to a 

final pH of 3.0-3.2 with NH4OAc buffer (1M pH = 4.5) and added (10-20 µL, ~3.7 MBq or 100 

µCi) to each tube to give a total volume of 160-170 µL. In addition, a blank tube with ~3.7 MBq 

or 100 µCi of [68Ga]GaCl3 in 170 µL of water and was prepared. After mixing (vortex) and 12 min 

incubation at 100°C, the AMA was determined by measuring DOTA labeling efficiency in each 

tube  by  TLC  using  1N  NH4OAc:MeOH  (50:50,  v:v)  as  mobile  phase. When  using  ITLC-SG, 

[68Ga]GaCl3 remains  at  the  origin,  and  complexed  [68Ga]Ga-DOTA  migrates  with the  solvent 

front.  TLC  plates  were  analyzed  using  a  radio-TLC  scanner.  The  percentages  of  complexation 

were plotted in function of amount of chelator (nmol) and the AMA was determined when >95% 

complexation was realized.  

2.8. Radiolabeling of 68Ga-DOTA-TATE 
DOTA-TATE  peptide  was  labeled  with  cyclotron-produced  [68Ga]GaCl3 following 

conditions optimized in our laboratory. Briefly, DOTA-TATE (21 nmol) was dissolved in high 

purity water (1 mL) with [68Ga]GaCl3 (~555 MBq at time of radiolabeling, pH 3.1, 250 µL); the 

resulting solution was incubated 12 min at 100 °C. The pH of [68Ga]GaCl3 (500 µL) was adjusted 

to pH 3.0-3.2 using 1M NH4OAc (pH 4.5). After the incubation time, the labeling efficiency was 

determined by ITLC using 1M NH4OAc:MeOH (50:50, v:v) as a mobile phase. When using ITLC-

SG, [68Ga]GaCl3 remains at the origin, and complexed [68Ga]Ga-DOTA-TATE migrates with the 

solvent front. The labeling efficiency was also determined by radioUPLC (Waters Acquity) using 

an ACQUITY UPLCâ BEH C18 1.7µm column (2.1µm x 50mm, Waters acquity) with a gradient 

of 0-100% acetonitrile (0.05% AcOH) in high purity water over 7.5 min.  

3. Results  

3.1. Target fabrication  

Parameters  calculated  for  the 68Zn  targets  with  6,  8  and  10  mm  diameters  are shown  in 

(Table 3). Target thickness (depth) expressed in g/cm2 allows the desired proton energy attenuation 

to  be  estimated  for  protons  that  hit  target  surface  and  exit  the  target  material.  The  calculated 

thicknesses of Zn layer (g/cm2) are very similar for the 6, 8 and 10 mm diameter targets. The target 

thickness at 13 MeV for an energy drop of 13.0→0.8 calculated by Monte Carlo simulation using 

SRIM software is comparable to that at 14 MeV for an energy drop of 14→4. 
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Table 3: 
68
Zn targets characteristic. 

Energy 

drop 

 

(MeV) 

Zn crystal 

density 

(g/cm3) 

Thickness of 

Zn layer at 

crystal density 

(mm) 

Calculated 

thickness of 

Zn layer 

(g/cm2) 

Calculated 

Zn mass 

 

(mg) 

Actual 

Zn mass 

 

(mg) 

Calculated 

Eout 

 

(MeV) 14®4 1.59±0.01 0.53±0.01 0.039±0.0003 95 95±1a 2.7±0.5 

14®4 1.60 0.51 0.038 165 164 3.49 

14®4 1.43 0.55 0.037 250 247 1.55 

13®0.8 1.61±0.02 0.52±0.02 0.038±0.001 95 94±2a 0 

13®0.8 1.43 0.55 0.037 250 247 0 
aExperiments were done in triplicate. 

3.2. Optimizing the target dissolution 

68Ga has a short half-life and a fast target dissolution in a minimum of solvent is mandatory 

for a fast transfer of the target solution from the dissolution vial to the hydroxamate column and 

vial 1 (Figure 7).  Two different acids were used for this purpose (Table 4). The fastest times of 

dissolution for the ~100 mg natZn-pressed target (6 mm diameter) was 1 min and 1.5 min using 

12N HCl and 7N HNO3 respectively (Table 4, entries 3 and 6). The volumes of 7N HNO3 were 

increased  to  1.5  and  2  mL  to  dissolve  completely  in  ~1  min  the  165  and  250  mg natZn-pressed 

targets respectively (Table 4, entries 7-8).  

Table 4: Dissolution time of  
nat
Zn-pressed targets. 

Entry 
Acid 

(concentration)a 

Volume 

(mL)a 
Time  

(min) 

1 HCl (8N) 1 > 20d 

2 HCl (10N) 1 8.0 

3 HCl (12N) 1 1.5 

4 HNO3 (4N) 1 15.4 

5 HNO3 (6N) 1 1.6 

6 HNO3 (7N) 1 1.0 

7 HNO3 (7N)b 1.5 1.0 

8 HNO3 (7N)c 2 1.0 

a100 mg of natZn-pressed target was dissolved in 1 mL solution; b165 mg of natZn-pressed target; c250 mg of natZn-pressed target; 
dNot completely dissolved. n=1. 

3.3. Optimization of the 68Ga purification process on hydroxamate resin 

Different pH values were tested to evaluate the efficacy to transfer dissolved target solution 

on  hydroxamate  resin.  The  process  was  followed  by  recording  the  percentage  of 68Ga  activity 

remaining in dissolution vial and on the resin. The results are summarized in Table 5. The 68Ga 

activity  was  efficiently  transferred  from  the  dissolution  vial  to  the  hydroxamate  resin  for  pH 

between 0.5-3 (entries 1-5). However, at low pH (0.5-1.5), 68Ga was not efficiently retained on the 
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resin (entries 1-3). At pH greater than 3, 68Ga remained in the dissolution vial (Table 5, entries 5-

6). We noticed that a longer time is required for transferring dissolved target solution to vial at pH 

3.5, which could be explain by the presence of unsoluble metal species.  

High-purity water (40 mL) was first used for rinsing hydroxamate resin from residual trace 

of 68Zn and other metal impurities to vial 1. Using this eluent, the pH increased from 2 to 7 with 

the risk to form insoluble metal species. The rinsing solution was replaced with 0.01N HCl (40 

mL) for maintaining the pH at 2 during this step. The pH should be maintained between 2 and 3 

in order to minimize 68Ga activity in dissolution vial and retain 68Ga on hydroxamate resin (Table 

5, entries 4-5).  

Table 5: The effect of pH on the efficacy to transfer dissolved target solution and retained 
68
Ga 

on the hydroxamate resin after rinsing. 
Entry pH valuea 68Ga activity in dissolution vial (%)b 68Ga activity retained on resin (%) 

1 0.5 0.4d 5.7d 

2 1 0.2 ± 0.0 47.6 ± 1.3 

3 1.5 0.2 ± 0.0 89.2 ± 1.6 

4 2 0.4 ± 0.4 97.0 ± 2.1 

5 3 2.9 ± 1.6 99.7 ± 0.1 

6 3.5 11.7 ± 1.0 99.4 ± 0.3 
aThe pH was adjusted using NH4OH (1M) after dissolving natZn (100 mg) in 1 mL of HNO3 (7N). bThe efficacy to 
transfer dissolved target solution and the retained 68Ga on the hydroxamate resin were measured in two separated 
experiments. dn=1. 

Different  HCl  concentrations  were  studied  for  eluting 68Ga  from  hydroxamate  resin. 

Initially,  100-250  mg  of  resin  was  used  in  combination  with  a  2  mL  HCl  solution  to  minimize 

elution  time.  At  0.5N  and  0.75N  HCl,  80%  and  89%  of  the 68Ga  activity  were  respectively 

transferred to vial 2 (Table 6, entries 1-2). The highest transfer yields were found with 1N and 2N 

HCl solutions (Table 6, entries 3-4). However, after completing the whole purification process, a 

poor AMA was obtained. It was noticed that after loading and rinsing steps, ferric hydroxamate 

(dark red color) remained on the top of hydroxamate resin. When eluting 2N HCl, the resin became 

uncolored indicating that iron was eluted together with 68Ga from hydroxamate resin (Figure S2). 

To limit the amount of iron in 68Ga solution, 200-330 mg of hydroxamate resin were used along 

with 2 mL of 0.75N of HCl as eluent.  
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Table 6: Percentage of 
68
Ga-activity eluted from hydroxamate resin using different HCl 

concentrations. 

Entry 
[HCl]a 

(N) 

68Ga activity eluted in vial 2 

(%) 

1 0.5 80.6 ± 3.5 

2 0.75 88.65  ± 1.3 

3 1 97.7 ± 1.3 

4 2 99.9 ± 0.1 

a100 mg of resin was used for a 2 mL HCl solution (n=2). 

3.4. Evaluation of cyclotron produced 68Ga using 68Zn pressed target 

Several  experiments  were  performed  using 68Zn-pressed targets and the  aluminium 

magnetic  target carriers (Figure 6). Initial  tests  with 68Zn  targets  were  conducted under short 

irradiation time with increasing beam  currents  from  15  to  40  µA. Targets characteristics and 

measured  production  yields are summarized  in . The proton  energy deposited  on  target  was 

maintained at 14 MeV for a 30 min irradiation. The irradiations were first performed on 6 mm 

68Zn-pressed target for which the production yield (decay corrected) reached 2.6 GBq/µA•h. 68Ga 

activity increased  when  increasing  current  applied  on  the  target to  achieve 32.8  GBq at  25 µA 

(entries 1-3). The production yield increased to 4.8 GBq/µA•h  using the 8 mm 68Zn-pressed target 

at  15 µA (entry  4).  The  highest  production  yields    were  obtained  with  the  8  and  10  mm 68Zn-

pressed  targets when  using  similar  target  thickness  and  irradiation  time  (entries  4-5). The 

production yield decreased to 2.7±0.1 GBq/µA•h for the 10 mm 68Zn-pressed target when Ep was 

reduced to 13 MeV to limit the amount of radionuclidic impurities (entry 6). Using a current of 35 

µA, 145 ± 6 GBq (3.9±0.2 Ci at EOB) was produced (entry 6).  

Table 7: Measured production yieldsa 

Entry 
Pressed target 

diameter (mm) 

Energy 

Ep (MeV) 

Maximum current 

on target (µA) 

Activity 

(GBq)b 

Production yield 

(GBq/µA•h) 

Saturation yield 

(GBq/µA) 

1 6 14 5 7.2 2.6 5.1 

2 6 14 12 17.0 2.2 4.3 

3 6 14 25 32.8 2.6 5.0 

4 8 14 15 36.6 4.8 9.0 

5 10 14 30 68.6 4.6 8.7 

6 10 13 35c 144.8±6.4 2.7±0.1 6.8±0.1 

7(Lin) 7 14.5 30 60.9±1.8 2.7±0.1 5.6±0.2d 

aThe proton-beam energies were calculated by Monte Carlo simulation using SRIM. Irradiation time was fixed 

at 30 min. bTotal recovered activity, corrected at EOB. cIrradiation time was 90 min. dSaturation yield estimated 
from results reported by Lin (Lin et al., 2018). Entries 1-5, n=1; entry 6: n=2. 
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3.5. Automated cassette-based module and separation chemistry for [68Ga]GaCl3 

using cyclotron production 

The 68Ga was purified on a MiniAIO cassette-based module from Trasis following the 

procedure presented in Figure 7. Typically, the recovered yield was 88.7±1.4 % with minimal 

losses found mainly in the hydroxamate resin (7.4±0.1%), dissolution vial (1.4±1.1%), vial 1 

(0.9±0.2%) and vial 3 (1.1±0.6%) for experiments done in triplicate (Figure 8). The complete 

procedure takes 10 min from target dissolution to formulation of [68Ga]GaCl3. 

 3.6. Determination of radionuclide impurities and metal impurities 

To estimate the radionuclidic purity of 68Ga after purification, γ-ray spectroscopy was 

performed. Two peaks were observed after purification, one with high intensity at 511 and the 

other at low intensity of 1077 KeV corresponding to 68Ga (Figure 9 A). In addition, measurements 

were repeated 29, 50 and 72h post purification and other peaks corresponding to the 66Ga and 67Ga 

impurity were clearly observed on the γ-ray spectrum (Figure 9 B, C and D). The radionuclide 

purities of 68̀Ga were 99.97% and 99.99% at EOB for Ep of 14 and 13 MeV respectively.   

Figure 8: Recovered activity of 
68
Ga after the purification 

process (n=3). 
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Metal impurities can arise from different sources but mainly from the enriched 68Zn target 

material (Table 8). In  purified [68Ga]-GaCl3 solution,  they were  identified  by  ICP-MS  and 

compared to our generator-produced 68Ga (Table 8). For all tested batches, metal impurities were 

below the general limit of 10 ppm and 20 ppm for heavy metals in the US Pharmacopeia (USP) 

and  European  Pharmacopeia  (Ph.Eur.) (Table 8). Impurity  concentrations  of  antimony,  barium, 

beryllium, bismuth, cadmium, chromium, cobalt, lead, lithium, molybdenum, selenium, silver, tin, 

titanium, vanadium were <0.5 ppm. 

 

 

 

B A 

D C 

Figure 9: Representative g-spectra  of 68Ga, 66Ga and 67Ga by  HPGe  detector.  A)  After 
purification. Two  energy  peaks  represent  for 68Ga:  511  keV  (Intensity 177.82%)  and 
1077.34 keV (Intensity 3.22%). B) 29 h post EOB. 67Ga energy peaks (Intensity): 93.3 
keV  (38.81%),  184.6  keV  (21.41%),  208.95  keV  (2.46%),  300.217  keV  (4.56%),  and 
393.527 keV (4.56%). 66Ga energy peaks (Intensity): 511 keV (114%) and 1039.22 keV 
(37%).  C) 50 h post EOB. D) 72 h post EOB. 66Ga energy peaks was decayed to lower 
detection limit and other peaks represents for long half-life radionuclide 67Ga. 
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Table 8: Trace  metal  analysis  by  ICP-MS  of  the  decayed  samples  from  the  cyclotron- and 
generator-produced 68Ga. 
                Metal(ppm) 
 [68Ga]-GaCl3 

Al Fe Mg Mo Zn Cu 

Cyclotron (2mL)a <2.5 <12.5 <2.5 <2.5 7.56 <2.5 
Cyclotron (0.5mL)b <1.12±0.87 <3.34±1.18 <0.67±0.23 <0.07±0.02 2.21±0.32 <0.07±0.02 

Generator (0.7mL)c 2.5±1.15 <2.5±0.0 1.21±0.01 <0.05±0.0 1.07±0.44 <0.06±0.01 

aAfter first purification using hydroxamate resin (n=1). bFinal product (n=2). cFinal product (n=2). Impurity concentrations 
of antimony, barium, beryllium, bismuth, cadmium, chromium, cobalt, lead, lithium, molybdenum, selenium, silver, tin were 

<0.2 ppm in all analysed [68Ga]GaCl3 batches. 

3.7. Apparent molar activity (AMA) using DOTA chelator and radiolabeling of 68Ga- DOTA-
TATE peptide  

The apparent molar activity of the isolated [68Ga]-GaCl3 was determined by DOTA titration 

method. The AMA of [68Ga]-GaCl3 for pressed target was 28.3±6.8 GBq/µmol at EOB for ~20 

min irradiation at ~5 µA and Ep = 14 MeV giving 4,6±0,1 GBq of 68Ga using a 6 mm target. This 

value was comparable to that obtained for [68Ga]-GaCl3 produced by generator 34±0.18 GBq/µmol 

at  end  of  elution  (EOE)  for  a  4-month-old  generator. The  radiolabelling  efficiency  for 68Ga-

DOTA-TATE peptide was 95±1.6 % by radioUPLC (Figure S3).  

4. Discussion 
At  the  present  time,  more  than  1700  patients  with  neuroendocrine  tumors  across  Canada 

have been enrolled in our clinical study with [68Ga]Ga-DOTA-TATE and the number of patients 

is rising, forcing us to rethink our production method. To resolve these issues, some challenges 

need  to  be  addressed  for  routine 68Ga  clinical  production  via  cyclotron  using 68Zn-based  solid 

targets. This includes reducing time spent for target preparation, dissolution and automated 68Ga 

separation (Nortier et al., 1995; Alves et al., 2017; Lin et al., 2018).  

Compared to the electrodeposition method, the preparation and assembly of 68Zn-pressed 

target  proposed  are  very  fast  and  efficient  (10-15  min)  leading  to  high  production 68Ga  yields 

(Figure  S1). 68Zn  pellets  of  different  diameter  and  thickness  can  be  prepared  offering  more 

flexibility for the production of 68Ga by cyclotron. For a low number of 68Ga doses needed per 

day, a 6 mm 68Zn target can be used to minimize the cost of a low price per dose. Moreover, a 

pressed  target  will  always  offer  a  higher  yield  than  a  liquid  target  using  a  similar  amount  of 

68Zn. Pressing procedures were optimized to provide reproducible and consistent-density pellets 

(Table 3). The irradiations at 13 and 14 MeV were done with targets having comparable target 

thickness (~5 mm, Table 3) without having to change the internal thickness of the magnetic target 
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carrier  cavity  to  maintain  good  thermal  contact  and  optimum  cooling  with  both discs  of  the 

magnetic target carrier. 

We also designed coin-shaped magnetic target carriers to be used with incident Ep of 17.2 

MeV (Figure 6). The magnetic target  carrier  cross  section  along  the  particle  beam  path  can  be 

adjusted according to the cyclotron beam energy and required target activation energy. Both robust 

and simple, the low-cost device is reusable and customizable to the target payload as well as the 

charged particle beam used. The magnetic target carrier is composed of aluminium and is only 

weakly activated by the cyclotron proton beam so it can be reused quickly after each production. 

The magnetic fastening minimizes  the  risk  of  target  contamination  during  its  transport and 

facilitates the opening  of  the magnetic target carrier with  the  hot  cell  manipulator  arms  for  the 

release of the 68Zn-pressed target in the dissolution vial.  Aluminium was selected for its thermal 

conductivity  properties (Alnahwi  et  al.,  2018;  Lin  et  al.,  2016),  which  renders  efficient  target 

cooling during the irradiation. Indeed, no dark coloration nor deformation of the front carrier disc 

were observed when 35 µA was applied to 68Zn-pressed target at 13 MeV during 1.5 h. Although 

we sometimes noticed the  presence  of  small  metal  balls  around  the  pressed  targets  following 

irradiations at high currents (25 - 35 µA), the detachment and the dissolution of 68Zn-targets in 7N 

HNO3 were not affected. Nitric acid was preferred over a larger volume of highly concentrated 

HCl for target dissolution, minimizing the amount of base for the pH adjustment and purification 

processing time (Figure 6). 

The production yield depends on incident Ep, beam intensity (µA), cross section for the 

given reaction (energy interval), irradiation time, collimated proton beam size and shape, as well 

as  the  density,  thickness  and  diameter  of  target  materials.  The  saturation  yield  of  5.0  GBq/µA 

(Table 7,  entry  3)  for 68Zn-pressed  target  was  found  similar  to  that  estimated  from  the  results 

reported by Lin et al. (5.6 GBq/µA, Table 7, entry 7) for the same amount of electrodeposited 68Zn 

solid targets (Lin et al., 2018). Unsurprisingly, higher saturation yields at EOB were obtained for 

10 mm diameter target that matches the collimated proton beam diameter (Table 7, entry 5). The 

amount of 68Ga produced using 8Zn-pressed target irradiated 90 min at 35 µA and 13 MeV (145 

GBq at EOB) was superior to the values reported in Lin et al. (Lin et al., 2018) and is roughly 

equivalent to 80 times the generator activity.  
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Several  purification  methods  were  reported  to  achieve  high-purity  [68Ga]GaCl3 using 

cyclotron irradiation of 68Zn-liquid and solid targets (Pandey et al., 2014; Alves et al., 2017; Lin 

et al., 2018). As reported previously, presence of metal impurities such as Fe3+, Cu2+ and Zn2+, 

even at low concentration (below 10 ppm) during radiolabeling decreases the yield of [68Ga]GaCl3 

with DOTA-analogs and should be limited (Chakravarty et al., 2013). Pandey et al. used a cation-

exchange column (AG-50W-X8) to separate 68Ga from irradiated 68Zn liquid target (Pandey et al., 

2014).  Their  production  yields  were  approximatively ~10-30  times  lower  than  the  solid  target 

yields  reported  herein  and  presence  of  Fe3+,  Cu2+ and  Ni  contaminants  were  found  in  purified 

[68Ga]GaCl3. In addition, the purification process was long (60-80 min). More recently, this group 

developed a purification process that were more successful by using hydroxamate resin (Pandey 

et al., 2017). 

Alves et al. purified 68Ga from irradiated liquid target using two successive columns, the first 

with a cation exchange resin (SCX; DOWEX 50W-X8) and the second with an anion exchange 

resin (SAX; Biorad AG1-X8) (Alves et al., 2017). They succeeded in radiolabeling DOTA-NOC 

with 68Ga-produced by cyclotron, to achieve Ph.Eur. compliance. However, a purification process 

greater than 60 min is not optimal for the short half-life of 68Ga (Alves et al., 2017).  

More recently, Lin et al. used consecutively AG50W cation exchange and UTEVA® anion 

resins to purify 68Ga from 68Zn irradiated solid target (Lin et al., 2018). They isolated 68Ga in curie 

amounts using an efficient purification process that took only 20 min. Although, the calculated 

AMA was 6.7±0.8 GBq/µmol, trace amount of Fe3+ metal was still present in the final product and 

peptide labeling with 68Ga was not reported (Lin et al., 2018). 

Our automated  [68Ga]GaCl3 purification  process  using hydroxamate  resin  in  combination 

with CUBCX resin provides 68Ga with high radiochemical yield and AMA. Our dissolution and 

purification method lead time is under 10-12 min offering a prompt production solution given the 

half-life of 68Ga. The CUBCX resin (Mueller et al., 2012) used for the last purification step has 

been  already  validated  in  our  Center for  the routine preparation  of  generator-based 

[68Ga]GaCl3/[68Ga]Ga-DOTA-TATE and has shown constant yields of ~65-70% over almost two 

years.  Many  factors  can  affect  the  AMA  value  for 68Ga-produced  by  cyclotron.  To  perform  an 

appropriate comparison, incident Ep, beam intensity, irradiation time, collimated proton beam (size 

and  shape),  target  shape  (density,  thickness  and  diameter)  as  well  as  the  purity  of  the  purified 

[68Ga]GaCl3 should  be  reported.   In  this  preliminary  result,  AMA  of  purified [68Ga]GaCl3 was 
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found to be similar to that of 68Ga produced by generator under our test conditions, but superior to 

the reported value by Lin and co-worker (6.7 ± 0.8 GBq/µmol) for 68Ga-produced by cyclotron  

for which the irradiation parameters were not reported (Lin et al., 2018). In addition, radiolabeling 

of DOTA-TATE with 68Ga was achieved in high yield using only ~20 nmol of peptide (Figure S3).  

The main radionuclide impurities observed are 67Ga (T1/2 = 3.26 d) and 66Ga (T1/2 = 9.45 h) 

as previously reported (Al-Saleh et al., 2007; Engle et al., 2012) and the total combined quantity 

was below 2% at 6 h post irradiation (Ep of 13 MeV). 67Ga can be produced via 67Zn(p, n)67Ga and 

68Zn(p, 2n)67Ga with incident proton energy 2-26 MeV and 13-29.5 MeV, respectively. 66Ga can 

be produced via 66Zn(p, n)66Ga and 67Zn(p, 2n)66Ga with incident proton energy 6-26 MeV and 

15-26  MeV,  respectively (Szelecsenyi  et  al.,  1998).  According  to  cross  section  data  and 

experimental measurements reported by Alves et al (Alves et al., 2017), the amount of 67Ga and 

66Ga can be kept below 2% using Ep of 13 MeV. 

5. Conclusion 
Our automated purification process in combination with the use of 68Zn-pressed target and 

magnetic  target  carrier represents  an  attractive  alternative  to 68Ga-produced  by  generator.  This 

development  is  a  very fast  and  robust  way  for  enabling large-scale  routine production  of 

[68Ga]GaCl3 to fulfill the increasing clinical demand beyond current generator production capacity. 

Further  validation  of  [68Ga]GaCl3/[68Ga]Ga-DOTA-TATE  for  clinical  use  is  currently  under 

investigation. Our data suggest that our process could be used advantageously to develop other 

68Ga-PET radioligands.  
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Résumé:  

Le  zirconium-89  (89Zr,  t1/2 = 3,27 jours)  présente  beaucoup  d’avantages  en  médecine 

nucléaire, car il est largement utilisé dans le marquage d’anticorps et de nanoparticules. Le 89Zr 

peut être produit par cyclotron selon la réaction 89Y(p,n)89Zr en utilisant une cible composée d’une 

feuille d’yttrium-89 (89Y). Au cours de la présente étude, nous avons investigué pour la première 

fois l’utilisation de cibles d’89Y composées de poudre pressée pour la préparation d’oxalate marqué 

au 89Y selon la réaction (p,n). Nous avons réalisé des études comparatives avec une cible composée 

d’une  feuille  d’89Y  montée  sur  un  support de  cible  fait  sur  mesure.  Un  nouveau  module  de 

purification  automatisé avec cassette  a  été  employé  afin  de  faciliter  la  purification  et  le 

fractionnement de l’oxalate marqué au 89Zr. L’activité molaire efficace (AME) a été calculée pour 

les  deux  approches  selon  un  titrage  à  la  déféroxamine  (DFO).  La  pureté  radionucléidique  a  été 

déterminée par spectroscopie gamma et la présence d’impuretés métalliques a été quantifiée par 

spectrométrie  de  masse  à  plasma  à  couplage  inductif  sur  la  solution  d’oxalate  marquée  au 89Zr 

obtenue. Le processus de purification à l’aide de cassette menant au fractionnement est simple, 

efficace et fournit une très haute activité molaire efficace de 89Zr-oxalate. Pour les deux approches, 

le total de l’activité récupérée atteignait 81 ± 4 %. La plus grande activité molaire efficace a été 

obtenue à une énergie de 13,3 MeV et un courant de 25 µA pour une feuille d’89Y de 0,25 mm 

d’épaisseur. Des rendements de production optimaux similaires ont été obtenus à une énergie de 

15 MeV et un courant de 40 µA pour des cibles d’89Y de 0,50 mm d’épaisseur sous forme de feuille 

ou  de  poudre  pressée.  La  concentration  en  impuretés  métalliques  était  en dessous  de  la  limite 

générale de 10 ppm de métaux lourds rencontrant les spécifications des Pharmacopées aux États-

Unis et en Europe pour les cibles d’89Y sous forme de feuille ou de poudre pressée. Globalement, 
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ces résultats démontrent que le bombardement de cibles d’89Y sous forme de poudre pressée est 

un processus très efficace offrant une méthode alternative de production de 89Zr. 

 

Mots clefs : cible d’89Y sous forme de poudre pressée; feuille d’89Y; supports de cible faits sur 

mesure; bombardement de protons; module automatisé avec cassette; fractionnement d’oxalate 

marquée au 89Zr; activité molaire efficace. 
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Abstract: Zirconium-89 (89Zr, t1/2= 3.27 days) owns great potential in nuclear medicine,

being extensively used in the labelling of antibodies and nanoparticules.89Zr can be produced

by cyclotron via an89Y(p,n)89Zr reaction while using an89Y-foil target. In this study, we investigated

for the first time the use of89Y-pressed target for the preparation of89Zr-oxalate via a (p,n) reaction.

We performed comparative studies with an89Y-foil target mounted on custom-made target supports.

A new automated cassette-based purification module was used to facilitate the purification and

the fractionation of89Zr-oxalate. The effective molar activity (EMA) was calculated for both

approaches via titration with deferoxamine (DFO). The radionuclidic purity was determined by

gamma-ray spectroscopy and the metal impurities were quantified by ICP-MS on the resulting
89Zr-oxalate solution. The cassette-based purification process leading to fractionation is simple,

efficient, and provides very high EMA of89Zr-oxalate. The total recovered activity was 81±4% for

both approaches. The highest EMA was found at 13.3 MeV and 25µA for 0.25-mm thick89Y-foil.

Similar and optimal production yields were obtained at 15 MeV and 40µA while using 0.50-mm thick
89Y-foil and pressed targets. Metallic impurities concentration was below the general limit of 10 ppm

for heavy metals in the US and Ph.Eur for both89Y-foil and pressed targets. Overall, these results

show that the irradiation of89Y-pressed targets is a very effective process, offering an alternative

method for89Zr production.

Keywords:89Y-pressed target;89Y-foil; custom-made target supports; proton irradiation; automated

cassette-based module;89Zr-oxalate fractionation; effective molar activity

1. Introduction

Zirconium-89 (89Zr,t1/2= 78.4 h) decays via both
+emission (22.7%) and electron capture

(73.3%) to an intermediate89mY state (t1/2= 15.7 s), which decays to stable
89Y via a -ray emission

of 909 keV. The long half-life of this radionuclide is well suited for the design of radiotracers, such

as nanoparticules and monoclonal antibodies (mAb), which require extendedin vivocirculation

times for optimal biodistribution and tumour targeting [1–3].89Zr-based imaging presents numerous

advantages, including a sufficiently high abundance of +emission with low maximum energy

(Emax(
+) = 897 keVandEave.(

+) = 396.9 keV), resulting in a good spatial resolution for mAb-tracking

by PET imaging [4–6]. The most widespread application for89Zr has been the development of

immuno-PET tracers based on mAb forin vivoPET cancer imaging.89Zr-immuno PET can significantly

Appl. Sci.2018,8, 1579; doi:10.3390/app8091579 www.mdpi.com/journal/applsci
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Abstract  

Zirconium-89 (89Zr, t1/2 =  3.27  days)  owns  great  potential  in  nuclear  medicine,  being 

extensively  used  in the labelling  of antibodies  and  nanoparticules. 89Zr  can  be  produced  by 

cyclotron via an 89Y(p,n)89Zr reaction while using an 89Y-foil target. In this study, we investigated 

for the first time the use of 89Y-pressed target for the preparation of 89Zr-oxalate via a (p,n) reaction. 

We  performed  comparative  studies  with  an 89Y-foil  target  mounted  on  custom-made  target 

supports.  A  new automated  cassette-based  purification  module  was  used  to  facilitate  the 

purification  and  the  fractionation  of 89Zr-oxalate.  The effective  molar  activity (EMA)  was 

calculated for both approaches via titration with deferoxamine (DFO). The radionuclidic purity 

was determined by gamma-ray spectroscopy and the metal impurities were quantified by ICP-MS 

on  the  resulting 89Zr-oxalate  solution.  The  cassette-based  purification  process  leading  to 

fractionation is simple, efficient, and provides very high EMA of 89Zr-oxalate. The total recovered 

activity was 81 ± 4% for both approaches. The highest EMA was found at 13.3 MeV and 25 µA 

for 0.25-mm thick 89Y-foil. Similar and optimal production yields were obtained at 15 MeV and 

40 µA while using 0.50-mm thick 89Y-foil and pressed targets. Metallic impurities concentration 

was below the general limit of 10 ppm for heavy metals in the US and Ph.Eur for both 89Y-foil and 

pressed  targets.  Overall,  these  results  show  that  the  irradiation  of 89Y-pressed  targets  is  a  very 

effective process, offering an alternative method for 89Zr production. 

Keywords: 89Y-pressed  target; 89Y-foil; custom-made  target  supports; proton irradiation; 

automated cassette-based module; 89Zr-oxalate fractionation; effective molar activity. 

1 Introduction  

 Zirconium-89 (89Zr, t1/2 = 78.4 h) decays via both β+ emission (22.7%) and electron 

capture (73.3%) to an intermediate 89mY state (t1/2 = 15.7 s), which decays to stable 89Y via a γ-ray 

emission  of  909 keV.  The  long half-life  of  this  radionuclide  is  well  suited  for  the  design  of 

radiotracers, such as nanoparticules and monoclonal antibodies (mAb), which require extended in 

vivo circulation times for optimal biodistribution and tumour targeting [1–3]. 89Zr-based imaging 
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presents numerous advantages, including a sufficiently high abundance of β+ emission with low 

maximum  energy  (Emax (β+)  =  897 keV  and Eave. (β+)  =  396.9 keV), resulting  in  a  good  spatial 

resolution for mAb-tracking by PET imaging [4–6]. The most widespread application for 89Zr has 

been the development of immuno-PET tracers based on mAb for in vivo PET cancer imaging. 89Zr-

immunoPET can significantly improve staging, provide an effective method to detect recurrence, 

and allow for the identification of patients who will be eligible for more personalized and adapted 

treatment to their specific cancer in order to improve their quality of life. 

Zirconium-89  can  be  produced  by  cyclotron  using  three  different  approaches  involving 

either proton (H+), deuteron (2H), or alpha (α) particle bombardment [7–11]. The production yield 

of 89Zr obtained by (p,n) reaction on 89Y is comparable to the one of (p,pxn) reaction on natZr and 

notably  higher  than  (α,n)  reaction  on natSr  and  (d,2n)  reaction  on 89Y, along  with  higher 

radionuclide purity [9,11,12].  

89Y is available under various forms, including foils, wires, and powder with purity greater 

than 99.6%. The target material is mononuclidic and the use of enriched isotopes for irradiation is 

unnecessary. 89Y  foil  is  commonly  chosen  for  its  availability  and  easy  handling [13,14].  High 

effective molar activity (EMA) of the isolated 89Zr fractions has been measured while using 89Y-

foil [5]. Zirconium-89 can also be produced using a liquid target with yttrium nitrate salts via the 

89Y(p,n)89Zr  reaction. Production  of  radiometals  in  solution  is  challenging  due  to  in-target  salt 

precipitation and unstable target pressures that are caused by gas evolution during irradiation [15]. 

Moreover,  the  production  yield  of 89Zr  in  solution  target  is  still  well  below  the  solid  target 

production  yield [5,16].  Zweit  et  al.  showed  that  the  production  of  no-carrier-added 89Zr  from 

deuteron irradiation of natural 89Y-pressed targets was obtained in high yield, but within the energy 

window  studied, 88Zr  was  also  produced [8].  Other  methods,  including  yttrium-sputtering 

deposition [17] and spot-welding [18], have been studied for the preparation of 89Zr, but pressing 

would be advantageous in view of cost and productivity. 
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In the current study, we investigated for the first time the use of an 89Y pressed powder 

target to produce 89Zr via proton irradiation. A comparative study with existing 89Y-foil target is 

presented  in  order  to  outline  the  full  potential  of  this  novel  pressed  target.  We  studied  the 

dimension  and  thickness  of  the  solid  targets under  different  irradiation  conditions  and  we 

optimized  the  design  of  the  target  supports. We  also  developed  an  automated  extraction  and 

purification  process while using  a  cassette-based  module allowing for  the fractionation  of 89Zr. 

Results are presented and discussed with the objective of maximizing the thickness of the solid 

targets and obtaining high-yield, high-purity, and high-EMA as 89Zr-oxalate. 

2. Materials and Methods  

Materials 

All the chemicals and solvents were purchased with high purity and were used as is unless 

otherwise  specified.  Yttrium-89  foil  (0.127  and  0.25-mm  thick,  99.9%)  and  yttrium-89  powder 

40–mesh (99.6%) with different metal composition (Table 9) were bought from Alfa Aesar (Ward 

Hill, MA, USA/VWR International, CA). 

Table 9: Trace metal analysis for 89Y-foil and powder (Certificate of analysis). 
Metal (ppm) 1 Fe Al Mn Ca Cu Gd Mg Nd Zr Mo 

89Y-foil 2 <110 <100 <100 <100 <100 <100 <100 <100 np np 
89Y-powder 3 ~2000 45 46 ~2000 55 100 540 200 2.8 4.7 

1 Not all elements are mentioned in this table. Fe: Iron, Al: Aluminum, Mn: Manganese, Ca: Calcium, Cu: Copper, Gd: Gadolinium, 

Mg: Magnesium, Nd: Neodymium, Zr: Zirconium, and Mo: Molybdenum. 2 Y-Foil (99.9%). 3 Y-Powder (Alfa Aesar, 99.6%). Not 

present (np). 

Hydrochloric acid (99.999%), oxalic acid (99.999%), Na2CO3 (99.999%) trace metal basis, 

sodium  hydroxide  pellets  (≥98.0%), diethylenetriaminepentaacetic  acid  (DTPA, ≥99%),  and 

deferoxamine (DFO) mesylate salt (≥92.5%) were purchased from Sigma-Aldrich (Saint-Louis, 

MO,  USA).  High-purity  water  (Optima  LC/MS, ultra-high  performance  liquid  chromatography 

ultraviolet grade, 0.03-mm filtered) and acetonitrile (HPLC grade, 99.9%) were purchased from 

Fisher Scientific (Ottawa, ON, CA). All the glass vials were cleaned while using chromic sulfuric 

acid (Fisher Scientific, Ottawa, ON, CA). Instant thin layer chromatography-silica gel (ITLC-SG) 



 

 58 

was acquired from Agilent Technology (Santa Clara, CA). The labeling efficiency of 89Zr-DFO 

was determined while using radio-ITLC-SG with 100 mM DTPA as the mobile phase. The radio-

ITLC  plates  were  scanned  using  an  instant  imager  scanner  (Bioscan,  DC,  USA).  Radioactivity 

measurements  were  performed  in  an  ionization  chamber  (CRC-25PET;  Capintec)  on  the 89Zr 

setting  to  control process  efficiency  and  by γ-ray  spectrometry  with  a  calibrated  high-purity 

germanium  detector  (GMX  HPGe;  ORTEC, Oak  Ridge,  TN,  USA)  for  analytic  quantitation. 

Experimental samples were counted for 10 min by using dynamic energy windows of 1-2000 keV. 

All of the radioactive detection devices were calibrated and maintained in accordance with our 

routine quality control procedures. 

Cyclotron Targetry and Irradiation  

Irradiations were performed using TR19 and TR24 variable energy (H–: 13–19 and 16.2–

24 MeV, respectively) cyclotrons (ACSI, Richmond, BC, CA) while using a straight 90° target 

station (ACSI). 89Zr was produced via the 89Y(p,n)89Zr transmutation reaction while using a solid 

89Y-foil or pressed target mounted on custom-made aluminum and niobium coin target supports 

(Figure 10).  Irradiation  times  (Tirr)  were  1–5 h  with  a  beam  current  of  10–40 µA  for  both 

cyclotrons. The beam size in all irradiation experiments was ~10 mm in diameter. The incident 

proton-beam  energies  were  selected  based  on  the  degrader  materials  used  and  varied  between 

16.2–18 MeV. The proton-beam energies deposited on the target materials were 11.3–15 MeV for 

all the productions and they were calculated by Monte Carlo simulation while using SRIM (SRIM, 

2013). The ACSI small solid target irradiation station provided efficient target cooling through a 

helium gas jet directed on the front side of the target while the backside was cooled by chilled 

water (16.5–18.5 °C). 

Solid Target Design and Preparation 

Four  aluminum  and  niobium  coin  target  holders/degraders  were  custom-designed  and 

manufactured  at  the  Department  of  Physics’s  machine  shop  of  the  Université  de  Sherbrooke 
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(Figure 10). Both aluminum and niobium coins have an outer diameter of 24 mm and a thickness 

of 2 mm to fit in the small solid target station, which can accommodate no more than 2.2-mm thick 

targets. Initially, the first target body Al-21-1, presenting a hole diameter of 21 mm and a thickness 

of 1 mm, was made from 6061-T6 aluminum alloy to accommodate a thickness of 0.254 mm of 

89Y-foil at maximum (Figure 10 A). As the proton beam size of both cyclotrons is ~10 mm, the 

hole diameter of the niobium degraders was reduced to 13 mm (Nb-13-0.35) and 6 mm (Nb-6-

0.35) to accommodate a 1-mm thick 89Y-foil/pressed powder (Figure 10 B,C). An aluminum open 

Degrader 

Nb-13 

Al back
support

Aluminum set (Al-21-1)

Al Degrader

A

Niobium  set (Nb-13-0.35)

NbDegrader
Al-13

B

Niobium  set (Nb-6-0.35)

Al-6

NbDegraderC

Aluminum set (Al-13)

Al Holder

D

Al-13 

Al back
support

Al back
support

Al back
support

Figure 10: Photographs of the CIMS’ (Sherbrooke Molecular Imaging Centre) custom-
made  degraders  and  holder  for  the 89Y(p,n)89Zr  reaction.  (A)  Al  degrader  with  a 
thickness of 1.0 mm and a hole diameter of 21 mm (Al-21-1). (B) Nb degrader with a 
thickness of 0.35 mm and a hole diameter of 13 mm (Nb-13-0.35). (C) Nb degrader 
with a thickness of 0.35 mm and a hole diameter of 6 mm (Nb-6-0.35). (D) Al open 
window target holder with an inner diameter of 13 mm (Al-13). 
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window holder with a hole diameter of 13 mm (Al-13) was also designed to be used with a degrader 

(Figure 10 D). As shown in Figure 10 B–D, small aluminum disks (13 and 6 mm diameter) were 

used when needed to fill the gap between 89Y-pressed or foil targets and the aluminum back support 

for  improvement  of  targets  cooling  during  the  irradiation.  The  aluminum  back  supports  were 

machined with a thickness of 0.5 mm for Al-13 holders when compared to a thickness of 1.0 mm 

for  all  other  degraders.  Target  assembly  was  performed  without  applying pressure  on  target 

material,  foil,  or  pellet. The  procedure  to  assemble  the targets  is  illustrated  in  Figure S1  of  the 

Supplementary Information.  

Before pressing, inert gas (N2) was applied into the hole in the die. The 89Y powder was 

inserted and pressed into either 6 or 13 mm diameter pellets ranging in thickness from 0.3 to 0.5 

mm. The maximum pressure applied to 6 and 13 mm dies was 3500 and 18,000 pounds per square 

inch, respectively, while using a digital hydraulic carver press (Module number: 3912, Carver, Inc, 

Wabash, IN, US). The pellets were placed in the target holders and covered with a degrader. 89Y-

foil targets of various thicknesses ranging from 0.25 to 0.51 mm were mounted on the custom-

made holders (Figure S1). Niobium and aluminum degraders were installed on the He/beam side 

to  avoid  problems, while  mounting  and  dismounting  the  disc  set  in  the  cyclotron  solid  target 

station. For the optimization of the production yield, seven 0.89-mm thick 89Y foils were mounted 

together in a round shaped 6-mm diameter Nb-6-0.35 degrader.  

Automated Cassette-Based Module and Separation Chemistry for 89Zr-oxalate 

A  cassette-based  purification  module  obtained  from  ACSI  was  modified  in-house  to 

remotely produce 89Zr-oxalate inside a hot-cell. The front panel of the module was equipped with 

two cassettes, one to allow for easy load of the liquid vials, the other for dispensing of three vials 

(Figure 11 and S2).  

The glass dissolution vial was prewashed with concentrated 6N trace metal HCl for at least 

24 h. Prior to perform purification, three and five manifold kits were installed and the unit was 
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cleaned using 6N trace metal HCl. To avoid solvent leaks, all the liquids were transferred through 

the system by polytetrafluoroethylene (PTFE) tubing while using a negative pressure generated by 

a peristaltic pump with a flow rate of 4 mL/min. To reduce exposure to metal that can affect EMA, 

all the liquid and gas connections were assembled while using PTFE and silicon connectors. Before 

each production, all solutions (30 mL of 2N trace metal HCl, 20 mL of high-purity water, and 3 

mL of 1 M oxalic acid) were preloaded into the module. Hydroxamate resin (100 mg) prepared 

and  functionalized  following  the  procedure  reported  by  Holland  et  al.  was  packed  in  a  1  mL 

cartridge between two frits (20 microns) (United chemical technologies, Bristol, PA, USA) [5]. 

The  hydroxamate  column  was  preconditioned  with  8  mL  of  acetonitrile,  20  mL  of high-purity 

water, and 3 mL of 2N trace metal HCl. The module was controlled by a laptop computer and the 

Waste 
vial

Vial 
3

Vial 
H2O

Vial
2N
HCl

N2

VENT

Dissolution 
vial

VENT

Peristaltic pump

Automated external 
injector 

1 M oxalic acid

Product vials
89Zr-Oxalate 

Air

Hydroxamate
Column 
(100 mg)

Vial 
2

Vial 
1

Figure 11: Schematic diagram of the 89Zr oxalate purification panel. 
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module functions by an easy to program user interface (RSView 32 software, Rockwell Software, 

Milwaukee, WI, USA). 

After irradiation and decay of the short half-life 89mZr (t1/2 = 4.16 min), either 89Y/89Zr foil, 

or  pressed  target  was  removed  from  the  degrader/holder  and  was  directly  dropped  in  the 

dissolution  vial  and  then  dissolved  with  10  mL  of  2N  trace  metal  HCl for  3–5  min at  room 

temperature.  If  the  foil  and  pressed  targets overheated,  they  required  more  time for  a  complete 

dissolution in HCl. The crude solution was then loaded and passed through the hydroxamate resin 

in the cartridge and transferred to the waste using a negative pressure created by the peristaltic 

pump. The column was washed with 2N trace metal HCl (20 mL) and high-purity water (20 mL). 

Then, a low helium pressure (20 psi) was applied to dry the line and the cartridge. Finally, the 89Zr 

bound to the column was eluted with 0.5 mL of 1M oxalic acid under helium pressure (20 psi). 

This  process  was  repeated  twice  to  collect  three  0.5-mL  fractions  in  different  vials.  EMA  was 

determined for each fraction. The fourth fraction was collected for half-life measurement. 

Effective Molar Activity Using DFO Chelator 

EMA (GBq/µmol) of 89Zr was calculated via titration with DFO and the purified combined 

89Zr-oxalate  fractions 1  and  2.  Solutions  of  DFO  (0.5 mL  in  1.5-mL  microcentrifuge  tube)  at 

different  concentrations  (380.6  to  2.3 × 10-5 nmol)  were  prepared  via  serial  dilution.  After 1  h 

incubation time with 89Zr (0.9 to 1.1 MBq, 50 µL), the solutions of DFO were quenched while 

using DTPA (40 µL, 1 mmol) for 10 minutes to complex free 89Zr. After incubation and quenching 

with DTPA, the EMA was determined by measuring the DFO labelling efficiency with ITLC-SG 

analysis using DTPA (100 mM) as a mobile phase solvent. 89Zr-DTPA complex eluted with the 

solvent  front, whilst 89Zr-DFO  complex  remained  at  the  origin.  ITLC-SG  was  analyzed  using 

Radio-ITLC scanner. The binding percentages were plotted on a sigmoidal dose-response curve. 

EC50 value, which is reflecting the molar concentration at 50%, was calculated by prism 7 software 
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(GraphPad Software Inc, La Jolla, CA, USA). The EMA was calculated as two times the EC50 

value. 

Determination of Radionuclide and Metal Impurities 

Samples  containing  148–222 kBq  of  purified  fraction  of 89Zr-oxalate  in  a  1.5 mL 

microcentrifuge tube were diluted with high-purity water to bring a final volume of 0.5 mL. The 

radionuclidic purity was determined by γ-ray spectroscopy on a HPGe detector with zoom energy 

window of 1–2000 KeV. With that amount of radioactivity, the dead time was below 5%. Samples 

were counted for only 10 min after the end of synthesis. In addition, the test was repeated after six 

months to qualify radionuclide impurities with long half-life, such as 88Y (t1/2 = 106.6 d) and 88Zr 

(t1/2 = 83.4 d); they were not present in the formulated 89Zr. The half-life was estimated using the 

dose  calibrator CRC-55  PET  and  was  calibrated  at  465.  Trace  metal  analysis  in 89Zr-oxalate 

solutions that were produced while using 89Y-foil and 89Y-pressed powder as  starting materials 

was  performed  by  inductively  coupled  plasma  mass  spectroscopy  (ICP-MS)  for  31  metals  in 

compliance with USP <233> (Exova, St-Augustin-de-Desmaures, QC, Canada).  

3. Results  

Cyclotron Production Yield and Degraders Used  

Several  experiments  were  performed while using 89Y-foil  and  pressed-powder  with  the 

different target holders and degraders in aluminum and niobium designed for the 89Zr production 

on  TR24  and  TR19 cyclotrons  (Figure 10).  Pressing procedures  were  optimized  to  provide 

reproducible and consistent density pellets. Yttrium powder from Alfa Aesar formed successfully 

compact pressed targets. The preparation and assembly of 89Y-pressed target are very fast and can 

be done in few minutes. 

Targets  characteristics,  measured  production  yields, and EMA are summarized  in Table 

10. The proton energies deposited on the targets were maintained between 11–15 MeV for most 

of our irradiations. The irradiations were first performed on 89Y-foil target. The production yield 
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using Al-21-1 degrader was 26.4 MBq/μA·h using 89Y-foil (Table 10, entry 1). A similar 

production yield was obtained by using Nb-13-0.35 degrader and about half the quantity of target 

material (entry 2). We noticed damage (overheating) to the Nb-13-0.35 degrader when the 

irradiation time was increased to 4.2 h with a beam current of 10 μA (Figure 10 B).  

The 89Zr yield was well correlated with proton energy (Ep) and target thickness. By keeping 

constant the amount of target material and the foil thickness, a slightly higher yield of 27.8 

MBq/μA·h was obtained by increasing the proton-beam energy deposited to the target material 

from 11.3 to 13.3 MeV (entries 2–3). When the Y-foil thickness was doubled while using two 

stacked 0.25-mm thick foils, the production yield was improved to 36.6 MBq/μA·h (entries 3 and 

6). The amount of 89Zr produced increased proportionally by increasing the current from 15 to 25 

μA with similar production yields (entries 3–5). Similar production yields were also obtained for 

irradiations that were made on TR19 and TR24 by selecting the appropriate degrader thickness 

(entries 3–4).  

To establish the optimal target thickness for the production of 89Zr, a stacked foil technique 

was used. The proton-beam energy deposited to the target material was fixed at 11.3 MeV (Figure 

12). Similar production yields were found for the first four foils of 6 mm diameter facing the proton 

Figure 12: Optimization of production yield using foil
targets.
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beam,  indicating  that  the  optimal  target  thickness  was  ~0.50 mm.  Using  these  conditions,  the 

production yield was 17.1 MBq/µA·h.  

The highest production yield of 56.1 MBq/µA·h was found by increasing the proton-beam 

energy deposited on the target material up to 15.0 MeV while using an 0.5-mm foil thickness and 

the Al-13 holder (Table 10, entry 7). Moreover, a current of 40 µA can be applied on the target 

without any target overheating when using an Al-13 holder for the irradiation (entries 7 and 11). 

The irradiations were initiated on a 0.35-mm thick 89Y-pressed target. When the 13-mm 

diameter pressed target was used with Nb-13-0.35 degrader, the production yield was 22.7 ± 1.2 

MBq/µA·h for a proton-beam energy that was deposited on the target material of 11.3 MeV (entry 

8). As seen before for 89Y-foil targets, the production yield increased by almost two-fold, reaching 

37.2 ± 1.3 MBq/µA·h, when increasing the target thickness from 0.30 to 0.51 mm and using similar 

irradiation conditions (entries 9 and 10). A high production yield of 49.5 ± 1.2 MBq/µA·h was also 

obtained for 89Y-pressed target at the optimum ~0.5 mm thickness and Ep of 15.0 MeV at 40 µA 

(entry 11). Using these irradiation parameters, similar and optimal production yields were obtained 

for both 89Y-foil and pressed targets (entries 7 and 11). 
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Table 10: Targets characteristics, measured production yields and effective molar activity (EMA). 

Entry Target 
Mass 

(mg) 

89Y-Thickness 

(mm) 

Beam  

Degrader 

Material/Thickness 

Ep  

(MeV) 1 
Tirr  

(h) 

Current  

(µA) 

Yield 

(MBq/µA·h) 

EMA 

(GBq/µmol) 

1 foil 273 0.25 Al 1.00 mm 11.3 2 3.0 15.3 26.4 85 

2 foil 145 0.25 Nb 0.35 mm 11.3 3 3.0  10.0 24.3 59 

3 foil 142 0.25 Al 0.48 mm 13.3 4 4.8  15.4 27.8 172 

4 foil 152 0.25 Al 0.29 mm 13.3 4 4.7  20.2 27.3 288 

5 foil 
155 ± 

4 
0.25 Al 0.29 mm 13.3 4 4.8  25.1 26.9 ± 1.4 329 ± 69 

6 foil 312 0.50 Nb 0.35 mm 13.3 3 4.2 9.9 36.6 51 

7 foil 303 0.50 Al 0.48 mm 15.0 4 1.5  40.3 54.0 ± 2.9 129 ± 7 

8 pressed 
141 ± 

5 
0.35 Nb 0.35 mm 11.3 3 3.0 10.0 22.7 ± 1.2 39 ± 10 

9 pressed 157 0.30 Al 0.29 mm 13.3 4 4.9  23.9 20.7 ± 1.2 156 ± 32 

10 pressed 247 0.51 Nb 0.13 mm 13.3 4 4.2 15.1 37.2 ± 1.3 88 ± 23 

11 pressed 247 0.50 Al 0.48 mm 15.0 4 1.5 42.3 49.5 ± 1.2 117 ± 13 

1 Proton-beam energies were calculated by Monte Carlo simulation using SRIM. 2 Al-21-1 degrader was used. 3 Nb-13-0.35 degrader was used. 4 Al-13 holder was used. TR19 

cyclotron was used for experiments reported in entries 4, 5, 9, and 10 only. 
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Automated Cassette-Based Module, Separation Chemistry 

The 89Zr was processed by an automated cassette-based module designed by ACSI for 

radiometal purification (Figure 11 and S2). The user interface software allows for the operator to 

control the module for producing and purifying 89Zr-oxalate from irradiated 89Y-foil and pressed 

targets. Among the ~50 productions performed, only two productions failed due to cracked or 

leaking reused manifolds. Before 89Zr elution, large volumes of 2N trace metal HCl and high-

purity water were used to remove Fe3+ and other metals present in 89Y-powder and foil. Typically, 

the recovered activity was 81.0 ± 4.4% when combining fractions 1–4 and the maximum activity 

was found in the second product fraction formulated in 0.5 mL of 1M of oxalic acid. Minimal 

losses occurred, with some 89Zr being recovered in the dissolution vial (3.8 ± 1.2%), in waste (0.5 

± 0.3%), or trapped on the resin (5.0 ± 2.8%), the 3M manifold (1.5 ± 1.1%), or the 5M manifold 

(0.1 ± 0.1%) (Figure 13). The entire procedure, from dissolution to collection of 89Zr fractions, 

takes less than 30–35 min. After dissolution, ~95% of the activity is transferred to hydroxamate 

resin and more than 80% of initial activity is collected in a total of 2 mL (4 × 0.5 mL) oxalic acid 

(fractions 1–4). 

Effective Molar Activity and Radionuclide and Metals Impurities 

The EMA of the isolated 89Zr-oxalate was experimentally determined by the DFO titration 

method and the purified combined fractions 1–2. In all isolated purified solution, the EMA of 89Zr-

Figure 13: Recovered and residual 89Zr activities in the purification 
module components (n = 7).
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oxalate for foil and pressed targets were found to be in the range of 51–329 GBq/µmol and 39–

156 GBq/µmol, respectively (Table 10). It was noticed that EMA increased proportionally with 

increasing irradiation time (Table 10, entries 2 and 3), beam current, and the proton-beam energy 

deposited on the target (entries 2 to 5) to reach 329 ± 69 GBq/µmol (8892 ± 1865 Ci/mmol) for 

the 89Y-foil target, the highest EMA value reported at this time to our knowledge. However, EMA 

decreased when increasing the target thickness and the amount of 89Y irradiated (entries 5 and 6). 

The EMA values were, to some extent, almost similar at 15 MeV and 40 µA while using 0.50-mm 

thick 89Y-foil and pressed targets (Table 10, entries 7 and 11). In addition, it was noticed that EMA 

of the isolated 89Zr-oxalate and recovery activity were higher in purified fractions 1 and 2 for both 

89Y-pressed target and 89Y-foil (Table 11).  

Table 11: EMA values and activities for 89Y-pressed target and 89Y-foil. 

Fraction 

(0.5 mL) 

89Y-pressed Target  89Y-foil 

EMA 1 

(GBq/µmol)  

Recovered Activity 

(MBq) 

EMA 1 

(GBq/µmol) 

Recovered Activity 

(MBq)  

1 150 ± 34 754 ± 3 278 ± 115 1013 ± 258 

2 162 ± 30 1232 ± 100 379 ± 23 1081 ± 175 

3 43 ± 25 109 ± 62 157 ± 95 368 ± 125 
1 Irradiation was performed for 5 h on 0.3-mm thick 89Y-target using the Al-13 holder, 0.3-mm thick Al degrader and 
a proton-beam energy of 13.3 MeV. 

To  estimate  the  radionuclidic  purity  of 89Zr  after  purification, γ-ray  spectroscopy  was 

performed. Using 89Y-foil as starting material, two peaks with high intensities at 511 and 911 keV 

were observed (Figure 14 A). In addition, measurements were repeated after six months to allow 

for a complete decay of 89Zr. Spectra of γ-ray showed no presence of 88Zr (393 keV) and 88Y (898 

and 1836 keV) impurities [20] (Figure 14 B) when the irradiation was done at 11.3 MeV. However, 

three peaks corresponding to 88Zr (<0.001%) and 88Y impurities were clearly observed on the γ-

ray spectrum six-month post-purification of 89Zr irradiated at 13.3 MeV (Figure 14 C). As obtained 

with  purified 89Zr  from 89Y-foil,  no  impurities  of 88Zr  and 88Y  were  noted  at  six-month  post-

purification for 89Zr that was produced at 11.3 MeV from 89Y-pressed powder. Nevertheless, small 

intensity peaks corresponding to long half-life radiometals, such as Co-57 (122 keV, t1/2 = 271.79 

d), Co-58 (511 keV, t1/2 = 70.86 d), and Co-56 (846 and 1238 keV, t1/2 = 77.7 d), were observed at 

this time point (Figure 14 D). They probably originated from iron impurities in 89Y-pressed powder 

(Table 9)  via 58Fe(p,n)58Co, 56Fe(p,n)56Co, 57Fe(p,n)57Co, and 58Fe(p,2n)57Co  reactions.  In 
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addition, the 1,460 keV peak decayed from K-40 (t1/2 = 1.28 × 109 y, 0.0117% neutral abundance) 

[21–23].  

The metal impurities were quantified by ICP-MS for 89Zr-oxalate fraction 2 samples that 

were produced by cyclotron, while using 89Y-foil or pressed powder as starting materials (Table 

12 and Table S1). Metallic impurities were below the general limit of 10 ppm for heavy metals in 

the US and Ph.Eur for both 89Y-foil and pressed targets. Impurity metal concentrations, such as 

antimony, arsenic, barium, beryllium, bismuth, cadmium, chromium, cobalt, copper, lithium, 

magnesium, manganese, molybdenum, nickel, selenium, silver, strontium, thallium, tin, titanium, 

vanadium, and lead, were below the detection limit of <1.0 ppm in all analyzed samples. 

 

 

Figure 14: Representative γ-spectra of 89Zr performed after (A) 89Zr purification using 89Y-foil 
and irradiation performed at 11.3 MeV, (B) six months, using 89Y-foil and irradiation performed 
at 11.3 MeV, (C) six months, using 89Y-foil and irradiation performed at 13.3 MeV, and (D) six 
months, using 89Y-pressed powder and irradiation performed at 11.3 MeV. Samples were 
measured using a HPGe detector. 
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Table 12: Inductively coupled plasma mass spectroscopy (ICP-MS) analysis of the decayed 89Zr-
Oxalate fraction 2 samples from 89Y-Foil and 89Y-pressed powder (n = 2). 
Metal (ppm) * Y Fe Al Mn Ca Cu Mg Zn Mo 
89Zr-Oxalate 1 <0.08 <4.17 <1.8 <0.1 <7.4 <1.0 <3.2 <5.2 <1.0 
89Zr-Oxalate 2 <0.44 <4.17 <0.8 <0.1 <3.0 <1.0 <1.0 <4.6 <1.0 
1 From 89Y-foil target. 2 From 89Y-pressed target. * Volume was 0.5 mL for each decayed sample. 31 element values 
are listed in Table S1. 

4. Discussion 

According to data reported by Mustafa et al., the optimal cross-section is at 750.8 ± 1.5 mb 

while using 12.46 MeV Ep [7]. Increasing Ep beyond this level will increase the 89Zr production 

yield,  but  long  half-life  by-products,  such 88Zr  and 88Y,  will  then  be  produced.  Thus, 89Zr 

production is not optimal using medium energy cyclotron, except considering the reduction of the 

Ep, which can be achieved with an energy degrader. We designed different size target degraders 

and holders in different materials (Figure 10) to be used with incident Ep of 16.2–18 MeV. An 

aluminum holder/degrader was first selected for its high-energy transfer [13], which renders more 

efficient  target  cooling  during  the  irradiation.  Niobium  has  high  chemical  resistance  and  was 

selected due to its high melting temperature and to avoid any deterioration of the target body during 

cleaning with hydrochloric acid to remove any trace of unknown metals [14]. 

The  degradation  of  the  beam  energy  with our  designed  degraders  was  achieved  without 

damage, except for the Nb degrader while using long irradiation times (Figure 10 B). Under these 

conditions,  the 89Y-pressed  powder  oxidized  into Y2O3,  which  is  poorly  soluble  and  required a 

high  volume  of 12N HCl  for  its  dissolution  and  purification [24].  Furthermore,  the  aluminum 

degrader  presents  better  heat  transfer  and  no  local  overheating  was  observed  for  the  Al-21-1 

degrader (Figure 10 A) when 15 and 40 µA were applied to 89Y-foil at 13.3 and 15 MeV for 4.5 

and 1.5 h, respectively.  

The production yield depends on the incident Ep, the degrader material, and the beam size, 

as well as the density and thickness of the target materials. The highest yields were found for 0.50-

mm thick 89Y-foil target (two foils). Increasing the number of foils beyond this thickness did not 

improve the yield for an Ep of 11.3 MeV. The production yield was also affected by the target 

diameter. Indeed, higher yields were obtained with the 13-mm diameter targets that provided a 

better fit with the beam size of ~10 mm. One should note that a current as high as 40 µA could be 

applied when the Al-13 holder was used as compared to all other degraders, the cooling system 
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being  more  efficient.  Indeed,  the  Al  back  support  is  thinner  for  the  Al-13  holder  (0.5 mm) as 

compared to that of other degraders (1.0 mm) (Figure 10). In addition, high production yield values 

were obtained while using both foil and pressed targets.  

The highest yield (54 ± 2.9 MBq/µA·h) obtained at 15.0 MeV is similar to that the one 

reported  by  Holland  et  al.  (56.24  ±  4.1  MbBq/µA·h)  [5]  for  a  similar  foil  target  thickness.  As 

shown in Table 10, the production yield reported for 89Y-pressed target (49.5 ± 1.2 MBq/µA·h) is 

slightly lower than the one that was reported by Zweit et al. (66.6 MBq/µA·h) while using 89Y-

oxide  pressed  targets  irradiated  at  16.2 MeV  from  deuteron [8].  Zweit  et  al.  reported  that  the 

increase of beam current and irradiation time was more challenging using pressed targets [8]. In 

the present study, we were able to irradiate at 15 and 40 µA for 4.2 and 1.5 h, respectively, without 

overheating the 89Y-target material. 

The automated cassette-based module that was used in this work is simple, reliable, and 

provides  reproducible  results  with  high-recovered activity. The  system  can  accommodate  three 

separate  product  vials  with  independent  controlled  valves  that  gives  an  advantage  over  the 

automated purification box developed by Wooten et al. that eluted purified 89Zr in only one fraction 

vial [14]. As the maximum activity and EMA were found in fractions 1 and 2 (Figure 13 and Table 

11), we usually prefer to combine only these two fractions for further studies. Using our system, 

greater  EMA  (1378  to  8892 vs.  5  to  353  Ci/mmol),  more  efficient  separation  with  higher 89Zr 

recovered activity (81 ± 4.4% vs. 74 ± 16%) and lower 89Zr retention on the column (5 ± 2.8% vs. 

18 ± 15%) were obtained, when compared to Wooten’s results [14]. 

Commonly, to achieve high EMA, the chemical must be metal trace with high purity 89Y. 

To  our  knowledge,  we  reported  in  these  studies  the  highest  EMA  values  for 89Zr that  were 

produced by cyclotron by optimizing the Ep, the amount/thickness and the current applied on the 

89Y-target. The highest EMA values were obtained while using packed 89Y-foils. The EMA values 

achieved while using 89Y-pressed targets well improves the value reported by Holland et al. [5]. 

Pressed 89Y targets are easy to prepare compared to electro-deposition preparation methods, which 

are  also  time  consuming  and  less  expensive  compared  to 89Y-foil.  They  could  represent  an 

excellent alternative for routine production of 89Zr. The preparation of both foil and pressed targets 

can be done in a few minutes. The cost for 89Y-foil is ~108 US$/irradiation using 2 foils (0.5-mm 

thickness and 13-mm diameter), while for 89Y powder (0.5-mm thickness, 13-mm diameter, and 
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250 mg), the cost is ~3 US$/irradiation, without considering the equipment costs. Admittedly, the 

use of pressed target comes at the cost of purchasing a press. This alternative strategy can rapidly 

be cost-effective if the press is used in the development of other solid targets and/or if the price of 

89Y-foil rises. 

One  should  note  that 89Y-powder 40-mesh  (99.6%  purity) that  was used  in  this  work 

contains  more  impurities  than 89Y-foil  (99.9%  purity).  Particularly,  2000 ppm  of  Fe+3 in 89Y 

powder is responsible for the presence of the low amount of long half-life radiometal impurities 

(56,57,58Co) observed six months post irradiation. However, the metal impurity contents were almost 

similar for purified 89Zr-oxalate solutions obtained from 89Y-foil and pressed targets and it did not 

affect the labelling of 89Zr with deferoxamine chelator (Table 12). 

Using our irradiation parameters and 11.3 MeV Ep for production of 89Zr, no radionuclide 

impurities, such as 88Zr and 88Y were observed in purified fractions. However, when we increased 

the Ep to 13.3 MeV, trace of 88Zr and 88Y were observed on γ-ray spectrum measured after six 

months in the residual 89Zr product solution after decay. The presence of 88Y in the product solution 

after 89Zr decay is not associated with the poor separation efficiency of the hydroxamate column, 

but is related to the decay chain of 88Zr to 88Y. Ep increases the production yield as well as the 

EMA,  but it also  increases  production  of long  half-life  impurities. This  contamination  will  not 

affect image quality nor increase significantly the radiation exposure of the patient, but it must be 

considered when managing radioactive waste.  

5. Conclusions 

In  this  work,  we  successfully  design  solid  target  degraders/holders  for 89Zr  production 

while using foil and pressed targets. The cassette-based purification process that is described in 

this work is both simple and efficient and can be used for routine 89Zr production. Degrading the 

proton  energy  to  15 MeV  provides  high  yields  of 89Zr,  sufficient  for  (pre)clinical  use  and/or 

commercial supply. 89Y-pressed target holds great potential and offers an alternative method for 

the production of 89Zr. EMA of purified 89Zr fractions were found to be superior to the reported 

values and appropriate for antibody-based PET Imaging.  

Supplementary Materials:  
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The  following  are  available  online  at  www.mdpi.com/link, Figure  S1:  Solid  target 

assembly, Figure S2: Remote-controlled automated cassette-based module for 89Zr-oxalate. Table 

S1:  Elements analyzed  by  ICP-MS  for 89Zr-oxalate  produced  by  cyclotron  using 89Y-foil  and 

pressed targets. 
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Résumé :  

La demi-vie physique du zirconium-89 (89Zr) est bien adaptée à la demi-vie biologique des 

anticorps  monoclonaux  (AcM)  employés  en  imagerie  immuno-TEP.  Jusqu’à  maintenant,  le 

radiomarquage  d’anticorps  monoclonaux  au 89Zr  est  exclusivement  réalisé  au  moyen  de  la 

déféroxamine  (DFO),  un  sidérophore  présentant  six  sites  de  coordination,  mais  certains  doutes 

persistent au sujet de la stabilité in vivo de ce complexe. Récemment, le chélateur N-hydroxy-N-

méthyl  succinamide  à  quatre  bras  (4HMS)  a  été préparé  dans  notre  laboratoire  pour  l’imagerie 

TEP au 68Ga. Nous avons donc proposé d’étudier ses propriétés chélatrices pour le radiométal 89Zr. 

L’efficacité  de  radiomarquage  et  la  stabilité  du  chélateur  marqué  au 89Zr  ont  été  examinées  et 

comparées à celles obtenues pour la 89Zr-DFO. Des études d’activité molaire apparente (AMA), 

de tests de compétition avec des radiométaux, de tests de transchélation avec la DPTA, des études 

de biodistribution et d’imagerie chez des souris balb/C saines ont aussi été réalisées.  

Les expériences de radiomarquage ont démontré que le marquage des deux chélateurs au 

89Zr pouvait être réalisé en 10 à 15 minutes à température ambiante et à un pH de 7. L’activité 

molaire apparente du chélateur 89Zr-4HMS était approximativement 3 fois supérieure à celle du 

chélateur 89Zr-DFO  (170  comparativement  à  57 GBq/µmol,  respectivement).  Aucune 
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transmétallation n’a été observée pour le chélateur 89Zr-4HMS en présence de 10 équivalents de 

chlorure de fer; les complexes marqués au 89Zr sont demeurés intacts à ~97 % et ~89± % pour le 

ligand  4HMS  et  la  DFO  après  7 jours.  En  présence  de  1 000 équivalents  de  DTPA,  la  DFO 

marquée au 89Zr n’était pas stable, mais le 89Zr-4HMS demeurait intact à 92 % à un pH de 7 et à 

98 % à un pH 8,5. Le chélateur 89Zr-4HMS a démontré une haute stabilité dans le plasma de souris 

pendant 7 jours. Une heure après l’injection dans des souris saines, l’activité était largement située 

dans  les  reins  pour  le  chélateur 89Zr-4HMS  (6,93 ± 1.66 %ID/g)  et  pour  la 89Zr-DFO 

(5,52 ± 0,37 %ID/g), suggérant une excrétion rénale. À 24 heures post-injection (p.i.), la majeure 

partie du chélateur 89Zr-4HMS avait été éliminée de l’ensemble des organes et la faible activité 

résiduelle dans les reins et les os (0,91 ± 0,10 et 0,02 ± 0,01 %ID/g, respectivement) était en accord 

avec l’élimination du complexe intact. Quant à la 89Zr-DFO, elle s’accumulait dans les reins, le 

foie, les os et la rate (3,02 ± 1,98, 0,22 ± 0,07, 0,17 ± 0,13 et 0,12 ± 0.1 %ID/g, respectivement) à 

24 heures post-injection. Les images TEP concordaient avec les tendances observées dans résultats 

de biodistribution.  

En  matière  de  chélation  et  de  stabilité  du  Zr4+,  le  ligand  HMS  s’est  montré  un  meilleur 

chélateur que la déféroxamine. La validation du chélateur bifonctionnel 4HMS correspondant et 

sa conjugaison à un anticorps monoclonal est en cours de réalisation. 

 

Mots  clefs :  chélateur N-hydroxy-N-méthyl  succinamide  (4HMS)  et  déféroxamine  (DFO), 

zirconium-89 (89Zr). 
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Abstract 

We report the synthesis of a novel acyclic N-hydroxy-N-methyl succinamide-based chelator 

(4HMS) and its first investigations for zirconium-89 (89Zr) complexation. 4HMS is prepared in 

four steps with an excellent overall yield. 89Zr-4HMS showed superior stability and in vivo 

performance than 89Zr-DFO, the chelator used for immuno-PET imaging. Based on DFT 

calculations, a rationale is provided for the superior stability of 89Zr-4HMS. This makes the new 

4HMS a promising chelator for future development of 89Zr-radiopharmaceuticals.   
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Introduction  

Recent years have seen an increased interest in the therapeutic potential of high affinity 

monoclonal  antibodies  (mAb)  and  consequently  an  increased  number  of  clinical  trials.1 Most 

mAbs have long biological half-lives that can be advantageously used for the treatment of tumors 

if rapid clearance from non-target tissues can be reached. Labeling of mAb with 89Zr in conjunction 

with  PET  imaging  are  important  steps  in  the  planning of  immunotherapy  and  radio-

immunotherapy.2,3 With  its  long  half-life (78.4h) that  well  matches  the  circulation  half-live  of 

mAbs, 89Zr is preferred over other positron emitters such as 64Cu (t1/2=12,7h) or 68Ga (t1/2=67.8 

min) for mAb-based PET imaging. 

 

Up to now, radiolabelling of mAbs with 89Zr was mostly achieved using desferrioxamine 

(DFO), a bacterial siderophore with six coordination sites (Figure 15 A).4 To allow conjugation to 

biomolecules,  DFO  amine  function  has  to  be  first  functionalized.2,5-8 DFO  has  permitted  the 

development of many 89Zr mAb conjugates, which were successfully used in preclinical research, 

with a few of them having translated to the clinic.9-16 Despite being the gold standard chelator for 

mAb  labelling  with 89Zr,  DFO  remains  suboptimal  in  terms  of in  vivo stability.17,18 A  potential 

explanation is that DFO does not saturate the coordination sphere of 89Zr. The stability of the 89Zr 

complex in vivo is  a  critical  factor  for  optimal  radiopharmaceutical  design. 89Zr  is  a  strong 

oxophilic metal cation carrying a +4 charge. It has been proposed that four hydroxamate units can 

form  an  octa-coordinate  zirconium  complex,  which  can  induce  the  formation  of 

 

 

Figure 15:  A)  DFO  chelator  bearing  three  hydroxamate 
groups and B) 4HMS chelator bearing four hydroxamate 
arms. 
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thermodynamically more stable chelates.17 Although significant efforts have been made to design 

better 89Zr  chelators,19 there is  still  a  need for  new  chelators  that  firmly  bound 89Zr in  order  to 

prevent its release, which may lead to unwanted radiation dose to the bone marrow. 9,13,20  

In this study, we present the synthesis and characterization of a new chelator bearing four 

N-hydroxy-N-methyl succinamide arms (4HMS) (Figure 15 B). The radiolabelling, stability and 

in  vivo behavior  of  the 89Zr-4HMS  complex  were  examined  and  compared  with 89Zr-DFO 

analogue. The 89Zr-4HMS structure and binding was also investigated by density functional theory 

(DFT) calculations. All these studies demonstrate the great potential of 4HMS as chelators for 89Zr 

(IV).   

A fundamental component of a radiometal-based radiopharmaceutical is the chelator, the 

ligand  system  that  stably  binds  the radiometal  ion.21 Our  current  research  focused  on  the 

development of a new class of chelators bearing hydroxamate pendant arms to form highly stable 

	

Scheme 1. Synthesis of 4HMS 
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complexes with an arsenal of new emerging radiometals. In our previous work, we reported the 

synthesis  of N-methylhydroxamates  derived  from  tetraaza- and  triazamacrocycles,  named 

DOTHA2 and NOTHA2.22 As suggested in previous studies,17 we introduced a methyl group on 

the  hydroxamate  nitrogen  to  increase  the  stability  of  the  complexes  while  facilitating  the 

preparation of the new chelators. In the light of these promising results, we rationalized the design 

of  a  new  chelator  for 89Zr complexation.  We  were  interested  in  whether  spermine,  a  natural 

tetraamine, could be advantageously used as a template for preparing an acyclic chelator with four 

N-hydroxy-N-methyl succinamide pendant arms. The new acyclic chelator 4HMS has a branched 

structure  by  contrast  to  DFO  that  displays  a  linear  scaffold for  metal  complexation.  Therefore, 

4HMS ligand was synthesised, labelled with 89Zr and its stability was tested against transchelation 

and transmetalation. 

The  synthesis  of  the  hydroxamate  pendant  arms  was  straightforward  starting  from  the 

commercially  available N-methyl-O-benzylhydoxylamine  (Scheme  1).  The  partially  protected 

hydroxylamine was treated with succinic anhydride in THF at reflux to give the carboxylic acid 1. 

The  later  was  quantitatively  converted  into  the  corresponding N-hydroxysuccinimide  ester 2 

following activation  with N-hydroxysuccinimide (NHS)  / ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) in DMF. The NHS-activated ester was used for direct coupling with spermine 

in DCM. By carefully controlling the temperature, the fully protected chelator was obtained in a 

very good yield of 78% after purification by Biotage. The final deprotection was performed with 

palladium on charcoal affording the new chelator 4HMS 3 in a quantitative yield. At the end, the 

total  synthesis resulted  in  an overall yield of 72%, which was  also  favorable. The  product  was 

characterized by HPLC, NMR and mass spectroscopy (Fig. S12-S15). The 4HMS chelator shows 

a high flexibility in solution, which resulted in many overlapping multiplets observed in proton 

NMR spectrum due to the presence of several conformers (Fig. S13). The product results a single 

peak by UPLC analysis (Fig. S12).  

First insights in the characterization of 4HMS as complexing moiety were carried out in 

presence of nonradioactive zirconium (natZr). The natZr-4HMS complex was formed by mixing the 

4HMS ligand with a slight excess (1.5 equiv) of Zr(IV) acetylacetonate Zr(acac)4 in MeOH for 5 
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min at room temperature. The natZr-4HMS complex was purified by precipitation from ether and 

analyzed by UPLC, NMR, HPLC and mass spectroscopy (Fig. S16-S18). The retention time for 

natZr-4HMS and 4HMS chelator were 4.2 and 4.5 min respectively, Fig. S16. The participation of 

the hydroxamate groups in the complexation with Zr(IV) was also confirmed by 1H NMR (Fig. 

S17). The 1H NMR of the natZr-4HMS complex still presents overlapping multiplets as seen with 

4HMS alone but with substantial changes in the proton signals associated to the metal. A 1:1 metal-

to-chelator ratio was confirmed by mass spectrometry, which displays the expected mass signal 

(806.6, [M + 1]+), Fig. S18. 

Figure 16: A) B3LYP/SBKJC DFT calculations of Zr(IV)•(DMSO)8 

with S8 symmetry; input coordinates from crystal.27 Only the O atoms 

and the metal are shown. B) Crystal structure of Zr(IV)•(hydroxamate)4. 

C) and D) Alternative structures of Zr(IV)•(hydroxamate)4. The relative 

energies are those obtained after B3LYP/SBKJC DFT calculations. The 

stars indicate where the arms of our tetrapod ligand should be added. 

The rest of the ligand cannot be built around the crystal structure, 

because the positions marked with stars are too distant from each other, 

being located on both hemispheres around the metal.
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To get a deeper understanding into the bonding aspect and the stability , an accurate picture 

of the 3D arrangement of the four chelating arms of our chelator and the way they hold the Zr(IV) 

metal, we performed density functional theory (DFT) calculations using the B3LYP functional 

with the SBKJC basis set,23-25 as implemented in GAMESS.26  

Although the high level B3LYP/SBKJC DFT method is well suited for transition 

elements23,27 and particularly zirconium,24,25  we first tested its accuracy with the known 1:1 Zr-

HOPO complex,28  a related but much more rigid system, whose structure had been energy 

minimized with the B3LYP/CEP-121G DFT method. The RMSD between the input 

(B3LYP/CEP-121G DFT)28 and output (minimum obtained after 53 iterations with 

B3LYP/SBKJC DFT) structures was 0.032 Å, indicating a close match between the two methods. 

From its crystal structures with DMSO and water,29,30 it had been demonstrated that Zr(IV) 

is eight-coordinate in a square antiprismatic configuration, with average Zr-O distances of 2.19 Å 

in both cases (Figure 16 A), D4d point group symmetry). When bidentate hydroxamates replace 

monodentate water or DMSO molecule, the perfect square antiprism described by the eight oxygen 

atoms is only marginally disturbed, because the distance of 2.55 Å between the two oxygen atoms 

of each hydroxamate chelator is quite close to the theoretical O-O length of 2.58 Å  within the 

same square) and not too far off the 2.79 Å (O atoms on opposite squares) expected in an ideal 

square antiprism (d Zr-O: 2.19 Å). 

Figure 17: A) and B) Zr(IV)•(hydroxamate)4
templates from which were built the input files

leading to C) the preferred geometry of Zr(IV)

complex after B3LYP/SBKJC DFT calculations.
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We then proceeded to explore our complex. Several input structures were created from two 

minimized Zr(IV)•(hydroxamate)4 geometries (with relative energies of 0.05 Kcal.mol−1 and 2.93 

Kcal.mol−1 in Figure 16 and Figure 17 considered to be suitable templates capable of holding the 

rest of the ligand with minimal tension. B3LYP/SBKJC DFT calculations were carried out in the 

gas phase and produced a structure significantly more stable than all others. It is worth noting that 

this  lowest  energy  structure  corresponds  to  the  stabilized  Zr(IV)•(hydroxamate)4 geometry  of 

highest energy (Figure 17) and that it was also obtained from input files generated from the other 

Zr(IV)•(hydroxamate)4 template, obviously through relaxation of strain. Overall, its geometry is 

rather simple: the symmetry of the ligand is partially transferred to the complex, which mostly 

consists in two pseudo-C2-symmetric regions linked by a tetramethylene bridge. The hydroxamate 

arms are held rigid through complexation with the Zr ion and by intramolecular H-bonds between 

the NH and CO groups from secondary and tertiary amides respectively (Figure 17). The chelating 

N-O− and the C=O parts of the hydroxamates occupy opposite hemispheres of the Zr metal. The 

former stronger chelatants are exposed to the solvent, whereas the latter are hidden from it. The 

longer  and  the  shorter  arms  bearing  the  chelating  hydroxamates  act  like  complementary  claws 

reaching the outmost and the innermost regions of the complex respectively.  

The preparation of 89Zr-4HMS was performed by incubating the chelator with 50 MBq of 

89Zr-oxalate31 5-10 min at pH 7. The quantitative radiolabelling yield (>99%) for 89Zr-4HMS was 

confirmed  by radio-TLC  and radio-HPLC (Fig.  S19-20).  We  then  used chelator  titration  to 

determine apparent molar activity  (AMA) for both 4HMS and DFO with 89Zr-oxalate. AMA of 

89Zr-4HMS was approximately 3 fold higher than value calculated for 89Zr-DFO (170 GBq/µmol 

for 4HMS versus 57 GBq/µmol for DFO (Fig. S21). Based on these results, greater AMA can be 

expected for 89Zr-labeled antibody conjugated with 4HMS.  

The stability of the 89Zr-chelator is a critical factor in the development of antibody-based 

radiopharmaceutical. In fact, 89Zr-4HMS was extensively challenged in presence of a large excess 

of DTPA, biologically relevant metal ions and human serum proteins. 89Zr-4HMS demonstrated a 

remarkable resistance to transchelation and remained almost unchanged when incubated with 100 

equivalent of DTPA over 7 days for the entire range of pH values tested (Table S1). In contrast, 

some transchelation was observed at day 7 with 89Zr-DFO. This difference in stability between the 

two  chelators  is  more  pronounced with  a  1000-fold  excess of  DTPA,  the 89Zr-4HMS complex 

being more stable over a large range of pH compared to 89Zr–DFO. 89Zr-4HMS also showed a 
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good stability upon transmetalation with a wide range of metal cations. In fact, when tested with a 

10-fold metal excess, it showed no demetallation as a result of the enhanced coordination of the 

metal centre by the octadentate ligand. 89Zr-4HMS remained stable in presence of FeCl3 for over 

7  days  (97%)  while  the  amount  of  intact 89Zr-DFO  fell  around 88%  at day 7 (Table  S2).  The 

experiments were repeated using a 100-fold excess of FeCl3. In these conditions, the loss of 89Zr 

was observed for both chelators within the first day. Overall, 89Zr-4HMS was the most stable of 

the  two  complexes  with 74%  of  the 89Zr  still  bound  at  day  7  compared to 60%  for 89Zr-DFO. 

However, both chelators remained stable in presence of all other metals (Table S2). 

To  gain  insight  into  the  in vitro and  in vivo behavior of 89Zr-4  HMS  complex,  plasma 

stability  and  protein  binding  tests  were  performed  to  simulate  biological  conditions. 

Approximatively 13% of the 89Zr-4HMS complex was transchelated at this time point in presence 

of a 10-fold excess of transferrin, the major protein in the plasma known to form strong complexes 

with various metals (Table S3).32 We also showed that when incubated with human plasma for 7 

days, 89Zr-4HMS was partially bound with 22% to human proteins (Table S3). Plasma stability 

data suggest that 89Zr-4HMS is more stable in mouse than 89Zr-DFO. Indeed, when incubated in 

mouse plasma for 7 days, 89Zr-4HMS remained intact (100%) but not 89Zr-DFO (78%) (Table S4). 

Nevertheless, both 89Zr-4HMS and 89Zr-DFO complexes stayed stable in human plasma over 7 

days.  Finally,  it  is  worth  mentioning  that  both 89Zr-4HMS  and 89Zr-DFO  are  stable  for  a  week 

when formulated in phosphate buffer or saline and can be prepared in advance and stored until 

needed (Table S5).

Biodistribution studies were performed in healthy mice injected via the caudal vein with 

either 89Zr-4HMS or 89Zr-DFO. The animals were euthanized at 1, 4 and 24 hours post-injection. 

Blood and various organs were removed to measure tissue-specific activity.  For both chelators, 

the  radioactivity  was  mostly  concentrated  in  kidneys  (89Zr-4HMS,  6.93  ±  1.66 %ID/g vs. 89Zr-

DFO, 5.52 ± 0.37 %ID/g, p < 0.05) at 1h post-injection suggesting renal elimination (Figure 18 

and Table S6). At 4 h post-injection, higher retention of radioactivity was seen for 89Zr-DFO in 

the pancreas (0.83 ± 1.38 %ID/g vs. 0.02 ± 0.00 %ID/g), liver (1.72 ± 1.32 %ID/g vs. 0.08 ± 0.01 

%ID/g), heart (0.04 ± 0.02 %ID/g vs. 0.02 ± 0.0 %ID/g), lungs (0.14 ± 0.09 %ID/g vs. 0.05 ± 0.01 

%ID/g) and bone (0.04 ± 0.01 %ID/g vs. 0.02 ± 0.0 %ID/g) as compared to 89Zr-4HMS, p < 0.05 

for all data. At 24 h after injection, 89Zr-4HMS was almost cleared from all tissues and the amount 

of 89Zr-4HMS remaining in the kidneys had dropped by a factor of 7.5 as compared to 1 h post-
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injection (6.93 ± 1.66 vs. 0.91 ± 0.10 %ID/g) and by about half for 89Zr-DFO at the same time 

points (5.52 ± 0.37 vs. 3.02 ± 1.98 %ID/g). Even at this time point, a fair amount of 89Zr-DFO was 

still seen in the kidneys (3.02 ± 1.98 %ID/g), spleen (0.12 ± 0.01 %ID/g), liver (0.22 ± 0.07%ID/g) 

and bone (0.17 ± 0.13%ID/g), Figure 18 and Table S6. It is to be noted that the bone uptake for 

89Zr-4HMS at 24 h post-injection was very low (0.02±0.0 %ID/g) as predicted by the in vitro 

stability results and expected from a stable chelator. 

Pharmacokinetics of 89Zr-4HMS was compared to that of 89Zr-DFO at 1h (dynamic 

acquisition), 4h, and 24h post-injection by PET (Figure 19). The higher retention of radioactivity 

in the kidneys and bladder saw at all time-points on PET images of 89Zr-DFO and 89Zr-4HMS was 

consistent with the results of the biodistribution. However, kidney and bladder uptakes fell rapidly 

in the mice receiving 89Zr-4HMS, suggesting a better excretion profile from these tissues for our 

chelator. In addition, less radioactivity accumulated in the bones of mice injected with our chelator 

compared to 89Zr–DFO in static images acquired after 24 h, further demonstrating the superior 

stability of 89Zr-4HMS (Figure 19).  The overall in vivo data suggest that 89Zr-4HMS accumulated 

less in the tissues and is cleared more rapidly as compared to 89Zr-DFO. 

Figure 18: Biodistribution of 89Zr-DFO and 89Zr-4HMS in healthy Balb/c mice. The animals 
(n = 3 per group) were injected with 89Zr-labeled chelators and were sacrificed after 1, 4, 
and 24 h post-injection. The organs were harvested, weighed, and counted in the gamma 
counter. The percent injected dose per gram of tissue (% ID/g) was determined by decay 
correction of each sample normalized to weight. The data for each group represents the 
mean ± SD. 

Fi 18Bi ditibti f89ZDFO d89Z4HMS ih lthBlb/ i Th i l
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Based on these encouraging results, it seemed reasonable to propose a comparison with 

macrocyclic and acyclic chelators recently developed for improving the stability of the 

corresponding 89Zr-complexes. The advantage of macrocyclic chelators is that they form a metallic 

complex having a marked kinetic inertness.33 A macrocyclic tetrahydroxamic acid C7 chelator 

designed by Guérard et al. was successfully labelled with 89Zr and proved more stable than DFO 

for up to seven day in presence of 50 mM EDTA (1750 equivalents). Direct comparison cannot be 

done with 89Zr-4HMS since the transchelation studies were not performed using excess of the same 

chelator (DTPA vs. EDTA). More in vitro and in vivo data are needed to prove the  utility of 89Zr-

C7.34 Another chelator of interest is fusarinine C (FSC) a macrocyclic chelator that provides three 

hydroxamic groups to form an hexadentate coordination complex with Zr(IV).35 Direct in-vivo 

comparison with DFO was not performed for this chelator, but the corresponding 89Zr-FSC-RGD-

conjugate showed high bone uptake at 4 h post-injection restricting the use of this chelator for 

89Zr-immuno-PET applications. More recently, Pandya et al. showed that 89Zr-DOTA was superior 

to 89Zr-DFO.36  Although the in vitro stability of 89Zr-DOTA seems higher to that of 89Zr-4HMS, 

biodistribution data for both chelators were quite similar. The elevated temperature needed for 89Zr 

DOTA complexation may be a potential limitation for immune-PET application.36   

Figure 19: Coronal and sagittal PET images of 89Zr-DFO and 89Zr-4HMS in
healthy Balb/c mice at 1, 4, and 24 h post-injection. 
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Our in vivo data suggest that 89Zr-4HMS is more stable in presence of biologically relevant 

metal ions than the acyclic chelator HOPO.28 When challenged with 10 equivalent of Fe3+ ions, 

only 83% of the 89Zr-HOPO complex remained intact after 7 days. By contrast to our chelator, 

89Zr-HOPO is excreted via the liver contributing unwanted radiation dose to the liver and GI tract. 

Recently, Vugts et al. and Raavé et al. group developed respectively tetrahydroxamic DFO* and 

DFOcyclo*derivatives with higher stability that the parent DFO chelator.37,38 Both octadentate 89Zr 

chelators are promising candidates for the preparation of conjugated mAb and PET imaging.  

Although being limited, this comparative study underlined the importance of developing 

improved  chelator for 89Zr  and  clearly  suggested that  4HMS  is  among  the  most  stable  with  an 

advantageous fast clearance. The intramolecular H-bonds between the NH and CO amide groups 

seen in the preferred geometry of Zr(IV) complex (Figure 17), maintain the 4HSM in a pseudo-

cage structure that may explain the great in vitro and in vivo stability of this chelator. Finally, the 

very mild 89Zr complexation conditions is another key factor in favor of the bifunctionalization of 

the 4HMS to explore its full potential for immunoPET applications. 

This  report  is  the  first  to  depict  the  structural  characterization  of  Zr-4HMS  using  DFT 

calculations and the use of 4HSM as 89Zr-chelator. Comparison of in vitro and in vivo behaviour 

suggests  that 89Zr-4HMS  is  among  the  most  promising 89Zr-chelator  reported  to  date.  The 

development  of  bifunctional  4HMS  chelator  is  promising  for  further  exploration  of 89Zr  mAb-

based PET imaging. 
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6 DISCUSSION 

Why metallic radioisotopes are used? The straightforward answer is that the radiometals 

isotopes  can  provide  flexibility,  simplicity,  modularity  and  the  unmatched  ability  to  facilitate 

imaging or therapy isotopes. In addition, the purification of the radiometals is simple and most of 

the radiometals use cation exchange chromatography or reversed phase-C18 cartridges. In general, 

the radiolabeling of the radiometals is simple, rapid and achieved in mild conditions (Zeglis et al., 

2014). Radiometals that are commonly used for diagnosis (PET or SPECT imaging) or targeted 

radiotherapy  can  also  be  used  with  same  target  vector (Kelkar  et  Reineke,  2011).  Ideally,  the 

physical  half-lives  of  radioisotopes  should  be  selected  based  on  the  biological  half-life  of  the 

targeting vectors such as peptides, antibodies and others. For example, the short half-life 68Ga is 

generally used in combination with peptides having short biological half-live. Conversely, the long 

half-life 89Zr is routinely used for the radiolabeling of antibodies with an extended half-life (Wadas 

et al., 2010; Zeglis et Lewis, 2011).  

6.1 Production and purification of 68Ga radiometal produced by cyclotron  

Holder/degrader units play a key role for the cyclotron solid target cooling system. Zinc 

target has a very low melting point (419.5 °C). In the lack of an efficient cooling system, 68Zn can 

easily melt and get stuck in the holder/degrader units. Aluminium holder and degrader were used 

in  this  project  for  its  high  heating  transfer (Wooten et  al.,  2013).  The  magnetic  aluminium 

holder/degrader  units  were  designed  with  three  different  internal  diameters  (7,  9  and  11  mm 

diameter) to accommodate small, medium and large 68Zn pressed targets. The thickness of the 68Zn 

pressed target material was calculated using SRIM software with the cross-section data reported 

for the 68Zn(p,n)68Ga (Szelecsenyi et al., 1998).  

During the highest current test, the pressed starting material started to melt at 30 µA and 

Ep =14 MeV or at 35 µA and Ep = 13 MeV. In one of the unsuccessful attempts, the irradiated 68Zn 

melted in  the holder/degrader  unit  and  the  pressed  target  did  not  dissolve  completely  in  the 

concentrated nitric acid. The maximal production activity was ~145 GBq (~4 Ci), which is about 

80 times different in quantity than 68Ga-produced by 68Ge/68Ga generator. In 2009, Sadeghi and 

co-workers  used  enriched 68Zn solid  target  electroplated  on  cooper  target  for  the  production  of 
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68Ga (Sadeghi et al., 2009). They irradiated 434 mg of 68Zn during 0.25h at 150 µA and Ep = 15 

MeV (6° grazing geometry). Under these parameters, 5.1 Ci of 68Ga was produced at EOB. Our 

produced activity was lower compared to Sadeghi due to three possible factors: we irradiated at 

lower Ep and current and we used lower amount of expensive enriched 68Zn (250 mg versus 434 

mg for Sadeghi’s group). The utilization of such high proton energy (15 MeV) shall also generate 

67Ga  and 66Ga as  by-products. In  fact,  they reported presence  of 67Ga,  but  not 66Ga.  Lin  and 

collaborators  also  used  enriched 68Zn  solid  target  electroplated  on  a  platinum  disk  for  the 

production of 68Ga (Lin et al., 2018). By using ~105 mg of enriched 68Zn, Ep =14.5MeV at 30 µA, 

they  produced ~61  GBq  after  1  hour irradiation. They reported  no 68Zn  overheating  during  the 

bombardment at 40 µA. Regardless of the cyclotron parameters, others groups used 68Zn target 

solution and reported lower production activities in comparison with solid targets (Alves et al., 

2017; Pandey et al.,2014; Byrne et al., 2014; Riga et al., 2018). The maximum activities of 68GaCl3 

that  have  been  produced  were  between  1-6  GBq at  EOB.  In  addition,  the  cyclotron  production 

using  liquid  target  of  enriched 89Zn  was  not  without  difficulty  as  discussed  in  the  introduction 

chapter. Due to the cost of enriched 68Zn ~2.9 US$ per mg, Pandey and co-worker were able to 

recover  85-90%  enriched 68Zn  after  the  purification  process  in  the  form  of  Zinc  nitrate  (68Zn-

(NO3)2) that can be re-used for bombardment as liquid target (Pandey et al., 2014). They estimated 

the  cost  of  a  single  dose  (370  MBq)  of 68Ga,  which  is  about  20-25  US$  using  recycled 68Zn-. 

While, recovering the enriched 68Zn on metallic form is under investigation by our group.  

Several 68Ga purification strategies were reported in the literature, but the resulting 68GaCl3 

was  not  necessarily  tested  in  labeling  studies.  As  mentioned  in  the  introduction  chapter, the 

presence  of  metal  impurities  with  concentrations  less  than 5-10  ppm  in  the  final solution  does 

compete with 68Ga during DOTA radiolabeling (Chakravarty et al., 2013). The presence either 5 

ppm of Fe3+ or 10 ppm of Zn2+ in 68Ga solution will reduce the radiolabeling yields with DOTA to 

20±2% and 76±3%, respectively. In addition, The content of iron and zinc must be kept bellow 10 

µg/GBq as stated in European monograph for Gallium (68Ga) chloride solution (07/2013:2464). In 

this work, two cation purification columns were used to purify the 68Ga produced by the cyclotron. 

The first column is the hydroxamate column, which was discussed deeply in the chapter 3 (Article 

1). The second purification column was a CUBCX123 column that consists of a benzenesulfonic 

acid  sorbent  loaded  on  silica  based-support  (-Si(CH2)2-C6H4-SO3H).  CUBCX123  is  a  cation 

exchange  resin,  which  was  preconditioned  with  6  N  HCl (0.5  mL)  to  remove  traces  amount  of 
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metals. After loading the 68GaCl3 to the column, the 68Ga3+ is trapped and other metal impurities 

pass through. A concentrated NaCl and HCl solution (12.5µL of 5.5N HCl/500 µL of 5N NaCl) is 

then used to elute 68Ga3+. The CUBCX column was also used in our Centre for the purification of 

68Ga3+ produced by 68Ge/68Ga generator. 

Sadeghi and co-workers used both an ion exchange chromatography (AG 50W resin, H+ 

form) and liquid-liquid extraction methods to purify 68GaCl3 (Sadeghi et al., 2009). The authors 

did  not  verify  the  presence  of  metal  impurities  and  use  the  purified 68GaCl3 for  DOTA 

radiolabeling.  

Pandey and co-workers used 68Zn liquid target and a cation exchange resin (AG 50W-X, 

H+ form) for the separation/purification of 68Ga (Pandey et al., 2014), Table 13. They used 0.5N 

HBr in 80% acetone to washout the column and remove 68Zn followed by an elution with 3N HCl 

to recover 68GaCl3. They analyzed the presence of metal impurities by ICP-MS. Briefly, iron (~8 

ppm) and copper (~4.6 ppm) were observed in the purified 68GaCl3 solution. With this amount of 

metal  impurities,  the  labeling  with  the  DOTA  could  be  challenging.  But  unfortunately,  the 

radiolabeling  step  was  not reported.  In  addition,  the  separation  process  was  automated,  but  the 

process was lengthy (between 60 to 80 min). 

Recently, Lin and co-worker reported their results on the purification of 68Ga using solid 

target, which was dissolved in 10 mL of 10N HCl in 10 minutes, Table 13. The dissolution time 

was longer compared to our value of one minute using 7N nitric acid. For the purification, they 

used sequentially a two-column system with AG50W-X4 cation and UTEVA (based on dipentyl 

pentylphosphonate, H+ forms columns (Lin et al., 2018). The final 68Ga3+ activity was obtained in 

0.05 N HCl solution as 68GaCl3 and they reported similar effective molar activities of 6.7±0.8 and 

7.1±1.6 GBq/µmol for both 68Ga3+ produced by cyclotron and 68Ge/68Ga generator, respectively. 

However,  these  researchers  performed  an  important  dilution  before  the  EMA  test  and  the 

radiolabeling  with  DOTA  was  not  reported.  Recently  Pandey  and  co-workers  implemented 

(Pandey et  al.,  2017)  a  purification  process using  hydroxamate  resin,  but  the  amount  of  metal 

impurities in the final product was very high, especially for zinc and iron ( Pandey et al., 2017).  
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Table 13: Comparitive studies for 68G produced via solid and liquid target.  

All the author used similar enriched Zinc-68 (99.26%) from ISOFLEX, USA supplier (Cost ~2.9 
US$/mg). 

Alves and colleagues produced 68Ga by cyclotron using liquid target and they purified the 

radionuclide using both a cation (SCX, DOWEX 50W) and an anion exchange (SAX, Biorad 1X8) 

columns, Table 13.  The  separation  process  was  automated  and  lengthy  (<60  min).  The  final 

product  was  in  the form  of 68GaCl3. The  labeling  with  DOTA-NOC  peptide  was  achieved  in  a 

good yield (66.64±7.58 %).  

 
Liquid target Solid target 

References Pandey, M.K., et 
al (2014) 

Alves, F., et al. 
(2017) 

Lin, M. et al. 
(2018) 

This work 

Target preparation  68Zn(NO3)2-
diluted HNO3 

68Zn(NO3)2-diluted 
HNO3 

Electroplating 
methods 

Pressed target 

Handling No (Transfer 
line) 

No (Transfer line) No (Transfer 
system) 

No (Transfer 
system) 

68Zn mass (mg) Not reported 100 (30mg/mL) 104±2.7 and 434 95 and 250 

Production yield 
(GBq/µA·h)/Ep 

0.193 ± 0.01 
(14MeV) 

0.599 
(14.16MeV) 

2.72±0.08 and 5.03 
(14.5MeV) 

1.9±0.1 and 
4.9±0.4 

(13 and 14 MeV) 

Activity (GBq) at EOB 1.93 ± 0.11 6 60.9±1.8 32.8 and 
144.8±6.4 

Problematic during 
and after irradiation 

High cyclotron 
target pressure 

Required weekly 
maintenance 

No No 

Target preparation 
time  

Dissolving time Dissolving time Not indicate Pressing time (5-
10 min) 

Target overheating N/A Not applicable No At high current 

Dissolving time (min) Not required Not required 10 <1 

Purification time (min) 60-80 <60 10 9 - 14 

EMA (DOTA titration) 
(GBq/µmol) 

  
6.7 ± 0.8 28.3±6.8 

Peptide labeling yield Not achieved 66.64±7.58 
(DOTANOC) 

Not reported 95.0  ± 1.6 % 
(DOTATATE) 

Comply with 
pharmacopeia 

Not achieved Achieved (EUP) Not achieved Full QC not yet 
completed 
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From the above  published  work,  only  Alves  and co-workers  performed labelling  with  a 

DOTA-peptide.  Nevertheless,  the 68Ga  activity  produced  by  liquid  target  was  not  significantly 

different  form  the 68Ga  generated  by 68Ge/68Ga  generator  by  considering  that  the  60  minutes 

required to complete the purification almost correspond to one 68Ga half-life, Table 13. 

6.2 Production and purification of 89Zr radiometal produced by cyclotron 

In our work, the two different degrader/holder materials (aluminum and niobium) used for 

production  of  pressed  target 89Zr  were  designed by  us. Of  a  note, the  ACSI Company 

recommended to use 40 µA as a maximum current irradiation on our solid targets. The melting 

points for niobium, aluminum  and 89Y are 2477 °C,  660.3 °C and 1526 °C,  respectively. Both 

niobium  and  aluminum  are  well  known  for  their high thermal conductivity to guarantee an 

efficient heating dissipation (Wooten et al., 2013; Walther et al., 2011). Surprisingly, the highest 

current that we could apply on our niobium disk was 10 µA. Increasing current beyond this value 

caused  niobium  disk to deteriorate as  it was noticed when  15 µA was  applied for  irradiation. 

Although there was no overheating on aluminium disk (Open window disk) at 40 µA, the highest 

current used in most of the previous work was 15 µA for the production of 89Zr (Holland et al., 

2009; Queern et al., 2017; Walther et al., 2011; A. Wooten et al., 2013). Only few researchers did 

current test on their solid target systems. Lin and coworkers applied up to 40 µA to their aluminum 

target holder without any overheating problem (Lin et al., 2016). Queern and co-workers observed 

damage  on  their 89Y-sputtered  niobium  targets  used  with  aluminum  degrader  following  2  h 

irradiation at 40 µA and 12.8 MeV (Queern et al., 2017).   

The  production  yields  mainly  depend  on  the  incident  proton/deuteron/α-particle energy, 

the applied current, the cross-section for each nuclear reaction, the thickness and density of target 

material. We reached a yield of 1.3±0.03 MBq/μAh of 89Zr from 89Y-pressed target at 40 μA and 

Ep of 15 MeV and a target thickness of 0.5 mm (≈86.4 mg/cm2) (Alnahwi et al., 2018). Using 89Y-

pressed target and a 16 MeV incident deuteron energy, Zweit and co-workers prepared 89Zr with 

a production yield of 1.8 mCi/μAh for a target thickness of 240 mg/cm2  (Zweit et al., 1991). It is 

difficult to directly compare Zweit and co-worker results with our resulted data due to different 

bombardment  energy  and  particle.  Ivanov  and  co-workers  reported  a production  yield  of 3.1 
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MBq/μAh for 89Zr production via a natSr(α,xn)88,89Zr nuclear reaction along with  high radionuclide 

88Zr impurity in the final product (Ivanov et al., 2014).  

Most of the published data reported the use of cation hydroxamate resin to purify 89Zr from 

89Y target. Achieving high EMA is essential for antibody radiolabeling in order to obtain efficient 

accumulation  in  cellular  targets (Maguire et  al.,  2014). Indeed,  antibodies  target  receptor  or 

enzyme at the surface of cell membrane or inside the cell. The number of receptors or enzymes 

may vary  from  one  cell  type  to  another  and  may  be  saturated if  the  injected 89Zr-radiolabeled 

antibody has a low EMA. Holland and co-workers reported the highest EMA for a purification 

completely done manually, which is 470-1195 mCi/μmol (17.4 - 44.2 GBq/μmol) (Holland et al., 

2009). Recently, few attempts to automate the 89Zr purification process were published, but the 

EMA  reported low values  for  most  of  the  developed  automation  system (Queern et  al.,  2017; 

Wooten et  al.,  2013).  Wooten  and  co-workers  were  the  first  group  to  use  a  fully  automated 

purification module for isolating 89Zr (Wooten et al., 2013). For their separation method, they used 

a hydroxamate resin and 1mL of oxalic acid (1  M) for 89Zr elution. Their resulting EMA was low 

(5-353 mCi/μmol/0.185-13.1 GBq/μmol) compared to other reported values. Similarly, González-

Lepera  group  also  developed  an  automated  synthesis  and  they  eluted 89Zr  on  a  hydroxamate 

column  with  1.5  mL  oxalic  acid  (1  M)  and  their  reported  EMA  value  was  also  low  (75 -158 

GBq/μmol).  We  developed  a  very  similar  purification  method,  but  using  for  the  first  time  a 

cassette-based module to minimize the radiation exposure to the radiochemist and facilitate the 

routine production of 89Zr. To achieve high EMA, we proposed to fractionate the purified 89Zr. We 

noticed that each fraction of 0.5 mL oxalic acid has different EMA value. The first and the second 

fractions recorded the highest EMA of 150 ± 34 GBq/μmol and 162 ± 30 GBq/μmol 

respectively. Some metal impurities were detected in further fractions. To our knowledge, these 

are the highest EMA values reported to date for an automated 89Zr purification. 

6.3      Validation of the 89Zr-4HMS complex  

It  is  important  that  the  radiopharmaceutical binds  the  radiometal (within  the  chelator 

pocket) in a stable complex in order to deliver the radiometal to the desirable molecular target in 

vivo (Okoye et  al.,  2019). To  obtain  a  stable  complex,  certain  factors  need  to  be  taken  into 

consideration  during  the  development  and  the  validation  of  the  chelator with  the  radiometal  of 

interest including the complexation kinetics, thermodynamic stability, kinetics stability, and in-
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vitro and in-vivo stabilities (Okoye et al., 2019; Price et Orvig, 2014). The complexation kinetics 

refer  to  the  complexation  yield  (ideally  quantitative),  reaction  time,  and  reaction  temperature. 

Generally, the optimum reaction time for complexation of a radiometal should be below 15 min, 

especially for short half-life radionuclide. High radiolabelling temperature may cause deterioration 

of the biological activity of most biomolecules such as antibodies and peptides. Thus, the chelate 

must  coordinate the  metal  at  room  temperature (Deri et  al.,  2014;  Okoye et  al.,  2019;  Price  et 

Orvig, 2014). The thermodynamic stability constant metal/ligand (KML) refers to  complexation 

(Forward  Rate,  Kforward)  and decomplexation  (Revers  Rate,  Krevers)  constants.  The 

radiometal/chelator complex with high KML value is thermodynamically more stable than one with 

lower  KML value.  Due  to  the  high  dilution  of  the  low  amount  of  radiometal/chelator  complex 

(nanomole  or  picomole)  in  the  blood  pool,  the  kinetic  stability  is  a  more  important  factor  than 

thermodynamic  stability.  Kinetic  stability  deals  with  the  dissociation  or  decomplexation  rate 

(Krevers). Radiometal/chelator complex with a high kinetic stability has a negligible dissociation 

rate and will be less sensitive to transchelation by in-vivo competing ligands or transmetalation. A 

large number of biomolecules in the body have high binding affinity with various metals and they 

can  compete  with  the  chelator  to  offer  a  stronger  radiometal/biomolecule  complex.  These 

biomolecules  include  metal  storage  proteins  (ferritin),  metal  transport  proteins  (transferrin, 

lactoferrin,  and  metallothionein),  enzymes  (Ceruloplasmin,  superoxide  dismutase)  and 

hydroxyapatite (bone). In addition, if the radiometal/chelator complex has a high dissociation rate, 

transmetalation could occur with one of the various metals present in blood circulation (Such as 

Fe3+, K+, Zn2+, Mg2+, Cu2+, Ca2+, Na+, or etc). A large number of in-vitro experiments must be 

done  to  evaluate  the  stability  of the radiometal-chelator  complex  before  performing  the in-vivo 

study. Finally, biodistribution and/or imaging in-vivo studies  with appropriate control experiments 

(injection of the radiometal alone) will give the complete answer for radiometal/chelator complex 

stability (Okoye et al., 2019; Price et Orvig, 2014).             

The  optimum  chelator  for  Zr4+ must  accomplish  few  core  requirements.  Octadentate 

chelator is required to fully coordinate the sphere of Zr4+. The new design chelator required to have 

oxygen donors to match the hard oxophilic Zr4+ cation. In addition, it must provide proper size 

cavity for the effective ionic radius of Zr4+ (0.84 Å) (Guérard et al., 2013). Moreover, an acyclic 

chelator is more favorable due to efficient radiolabeling condition with protein (Deri et al., 2014, 

2015).            
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Many results in the literature indicate that DFO, the chelator the most commonly used for 

89Zr-complexation  and  antibody  radiolabeling  has  low complexation  stability  and  slow 

demetallation is observed in vivo (Deri et al., 2015a). For 89Zr-complexation, a chelator having 

eight donor atoms, preferably oxygen-rich, is highly required to coordinate the sphere of Zr4+ ion.  

For  this  reason,  we  designed  and  synthesized  the  4HMS  chelator.  The  resulting 89Zr-4HMS 

complex was extensively validated in vitro and in vivo and the stability results showed that 4HMS 

chelator  is  superior  to  DFO.  Recently  several  other  chelators  based  on  hydroxamate, 

hydroxypyridinone,  terephthalamide carboxylate and  phosphonate based ligands  were  also 

developed (Deri et al., 2014; Pandya et al., 2017, 2015; Patra et al., 2014; Zhai et al., 2015). Since 

we cannot study all of them, we propose to compare them to DFO used as a standard chelator in 

these studies. This allow us to create a link with our 4HMS chelator in the following discussion.  

DFO* bearing  four  hydroxamate  ligands  was  engineered  based  on the  commercial  DFO 

(Patra et al., 2014). The radiolabeling yield of this chelator with 89Zr was greater than 95% and 

comparable to the one of 4HMS. Although 89Zr-DFO*-tz conjugate showed significantly lower 

bone  uptake  than 89Zr-DFO-tz (Vugts et  al.,  2017),  the  bioconjugation  of  DFO* to tz  was  less 

efficient. Moreover, DFO* has poor solubility in water (Vugts et al., 2017), which may increase 

aggregation propensity of the corresponding conjugated antibody.    

The macrocyclic chelator C7 with four hydroxamate groups radiolabeled with 89Zr and, as 

our chelator 4HSM, showed higher stability in vitro than 89Zr-DFO when challenging with EDTA 

chelator (Guérard et al., 2014). However, the synthesis of C7 chelator is laborious. In addition, no 

bifunctional version derivatized from this promising chelator is yet available.  

Like 89Zr-4HSM, 89Zr-labeled fusarinine C derivatives showed higher stability than 89Zr-

DFO in vitro over 7 d at pH 7  (Zhai et al., 2015). The major disadvantage of FSC chelator series 

is that a pre-complexation with Fe3+ is needed prior its conjugation to the antibody. These extra 

steps  of  complexation/decomplexation  with  Fe  are  not  needed  for  the  conjugation  of  the 

bifunctional version of 4HSM to antibody (results not published).   

89Zr-HOPO showed higher stability than 89Zr-DFO when challenge with Fe3+ and remained 

intact after 7 days. Surprisingly, this chelator showed higher uptake in bone compared to 89Zr-DFO 

at 24 h post-injection in healthy mice. HOPO is hydrophobic and a high uptake in the gall bladder 

was observed for this chelator by PET imaging (Deri et al., 2014).  
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Although 89Zr-TAM1 has similar in vivo stability and bone uptake in healthy mice than 

89Zr-DFO, higher liver and kidney uptakes have been found for this chelator.  Indeed, 89Zr-TAM1 

is also highly hydrophobic and the aggregation of the complex leads to high liver uptake (Pandya 

et  al.,  2015). In comparison, 89Zr-4HSM  is  more  quickly  eliminated  from  blood  and  different 

organs than 89Zr-DFO.   

The 89Zr-labeled  tripodal  tris(hydroxypyridinone) CP256  chelator  has  higher 

thermodynamic  stability  than 89Zr-DFO  at  ligand  concentation  <100 µM (Ma et  al.,  2014). By 

contrast to 4HSM, the CP256 chelator has a slow rate of complexation to 89Zr. This is also a major 

drawback of using DOTA for 89Zr-complexation (Pandya et al., 2017). Indeed, even if 89Zr-DOTA 

is far superior to 89Zr-DFO in term of stability and clearance, high temperature and long incubation 

time  (45  min  at  90 °C)  are  needed  to  reach  a high  radiolabeling yield.  These  radiolabeling 

conditions may cause decomposition of temperature sensitive 89Zr-DOTA-antibody conjugates. 

In summary, we showed that our acyclic chelator 4HMS bearing four hydroxamate ligands 

with  8  oxygen  donor atoms  as  resulted  in  DFT  calculation offers  its  own  huge  advantages 

compared to other reported chelators. High radiolabeling yield was achieved in a short time under 

mild conditions; this will add golden point in the radiolabeling of conjugated-antibodies/proteins 

with 89Zr. By comparison, C7 and CP256 chelators have low radiolabeling efficiency and DOTA 

required high temperature and longer time for 89Zr-radiolabeling. The stability of 89Zr-4HMS is 

greater than the one of 89Zr-HOPO over 7 days at 37 ℃ in presence of 10-fold excess of Fe3+ (94.3 

± 1.0% versus 83.0 ± 4.2%, respectively). After 24 hours, there was almost no accumulation in the 

bone  for 89Zr-4HMS  with 0.02  % ID/g.  At  the  same  time  point,  DFO,  HOPO  and  TAM1  have 

higher accumulation in the bone with 0.17, 0.17 and 0.07 %ID/g, respectively.  
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7 CONCLUSION  

The development of new production strategies for 68Ga- and 89Zr-radiometals using pressed 

target were successfully achieved. We showed that the pressed target method is efficient especially 

for routine radiometal production; the main advantage is the short preparation time as opposed to 

the electroplating method, which requires almost one day of preparation for one target. In addition, 

the designed magnetic and non-magnetic solid target holders/degraders allowed large-scale 68Ga 

and 89Zr production using advantageously pressed target.      

Large-scale production of 68Ga was successfully accomplished using pressed target. The 

dissolution  and  purification  of 68Zn/68Ga  target  was  efficient  and  rapid  using  a cassette-based 

automated module. The low metal-concentrations measured by ICP-MS confirmed the high purity 

of 68GaCl3 that was crucial to the success of 68Ga labeling procedures with DOTA-TATE. A non-

objection letter was issued (September 2019) from Health Canada (HC) for human use of 68Ga-

DOTA-TATE in our imaging center. 

We also showed that 89Y-pressed target offers an alternative approach to 89Y-foil for 89Zr 

production. Both 89Y/89Zr pressed and foil targets were successfully dissolved and purified using 

a cassette-based automated module giving similar metal impurity profiles, reducing the radiation 

exposure to the radiochemist and being useful for routine 89Zr-production. By judiciously selecting 

irradiation parameters and fractionation of 89Zr, excellent EMA, appropriate for antibody labeling, 

was obtained. 

Finally,  the  new  chelator  4HMS  bearing  four  hydroxamate  arms  was  successfully 

complexed 89Zr in high radiochemical yield in mild conditions compatible with mAb radiolabeling. 

89Zr-4HMS  was  found  to  be  superior  to 89Zr-DFO  in  terms  of in  vitro and in  vivo stability.  In 

addition, 89Zr-4HMS  was  cleared  quickly  through  the  urinary  tract  resulting  in a  low  residual 

activity  in  different  organs.  The  fast  clearance  of 89Zr-4HMS offers  another  advantage  if  the 

chelator is  cleaved  from the  biomolecule  (mAb). The 89Zr-BFC  may  be  cleared  from  the  body 

before the release of free 89Zr from the chelator preventing its accumulation in the bone. 
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8 PERSPECTIVES 

More  experiments  are  needed  to  test  the  feasibility  of  the  developed  process.  However, 

future works should consider the points below:  

1. Production  and  purification  methods  were  optimized  for 68Ga-produced  by 

cyclotron  using  highly  enriched  of 68Zn.  The  highest  activity  of 68Ga  produced could  induce 

radiolysis of DOTA-TATE or other molecules of biological interest. Stability studies will have to 

be performed with quenchers or reducing agents, if needed, to reduce radiolysis and determine the 

appropriate formulation of 68Ga-conjugates.  

2. Although production and purification processes were developed for 89Zr-produced 

by cyclotron, the presence of long half-lives of radio cobalt impurities were found in the purified 

89Zr-samples  when 89Y-powder  was  used  for  the  irradiation  by  cyclotron.  A  new purification 

process can be optimized by combining the hydroxamate resin with other type or resins to reduce 

the amount of metal and radiometal impurities, facilitate the radiolabeling and improve the EMA. 

3.  89Zr-4HMS chelator showed to be more stable in vitro and in vivo than 89Zr-DFO. 

For  immunoPET  applications,  a  bifunctional  chelator  (BFC)  analog  substituted  with  an 

isothiocyanate or maleimide group for the conjugation to proteins via lysine or cysteine residues 

should  be  developed  and  validated. The Figure 20 showed  the  proposed  two  BFC  versions  of 

4HMS for its conjugation to biomolecules such as peptides (Figure 20 A) or monoclonal antibodies 

(Figure 20 B).   

4. The best imaging time for immunoPET studies is after 4-9 days which also depends 

on the optimal accumulation of the mAb to the target antigen. 89Zr has a long physical half-life 

and  a  high  gamma  energy  (909  keV)  that  may  increase  the  effective  dose  to  the  bone  marrow 

following  the  release  of  free 89Zr  when  a  non-stable 89Zr  chelator  is  used. The BFC  version  of 

4HMS, if highly stable in vivo, may add great value to immunoPET by offering long imaging time 

while maintaining a high target to background ratio and ultimately, improving image quality and 

patient safety. In addition, 4HMS and its BFC derivatives, may form stable complexes with other 

radiometals.  
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Figure 20: The proposed bifunctional version of 4HMS chelator. (A) 4HMSA with a carboxylic 
acid  fonction. (B) 4HMS with isothiocyanate group.   

A 

B 
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Figure S2. Hydroxamate resin after 68Ga elution with 2 mL of HCl. A) 
100 mg of resin eluted with 2N HCl. B) 100 mg of resin eluted with 0.75N 
HCl. C) 200 mg of resin eluted with 0.75N HCl. 

Figuer S1: Preparation and assembly of  68Zn pressed powder target (6mm, 95 mg) in 
Al set (Al- 7-0.4).  The  enriched 68Zn  was  pressed  in  6  mm  die  with  maximum  die 
pressure (3500 pounds per square inch). The time for assembled and disassembled the 
die 5-10 min. The pressure was released slowly after reaching maximum die pressure.    
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Figure S3: UPLC chromatogram for 68Ga-DOTA-TATE peptide. Retention time for 
[68Ga]GaCl3 and [68Ga]Ga-DOTA-TATE were 0.39 min and 2.8 min, respectively. The 
radiochemical purity was always above 95±1.6 % (n=3). 
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10.2Supplementary information for article 2 

Supplementary Materials: Comparative Study with 89Y-foil and 89Y-pressed 

Targets for the Production of 89Zr † 

Aiman H. Alnahwi, Sébastien Tremblay and Brigitte Guérin 

Figure S1. Solid target assembly. 
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Figure S2. Remote controlled automated cassette-based module for 89Zr-oxalate. 
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Table S1. Elements analyzed by ICP-MS for 89Zr -oxalate produced by cyclotron using 89Y -foil and pressed targets. 

          89Zr-oxalate 

Metal (ppm)  
  

Foil 1 Foil 1 Pressed 1 Pressed 2 

Aluminum 1.83 <0.83 <0.83 <0.83 

Antimony <0.083 <0.083 <0.083 <0.083 

Arsenic <0.083 <0.083 <0.083 <0.083 

Baryum 0.01 0.01 <0.83 <0.83 

Beryllium <0.083 <0.083 <0.083 <0.083 

Bismuth <0.083 <0.083 <0.083 <0.083 

Boron 55 15.8 24.7 14.7 

Cadmium <0.0417 <0.0417 <0.0417 <0.0417 

Calcium 1.77 7.4 2.41 2.95 

Chromium <0.083 <0.083 <0.083 <0.083 

Cobalt <0.083 <0.083 <0.083 <0.083 

Copper <0.083 <0.083 <0.083 <0.083 

Iron <4.17 <4.17 <4.17 <4.17 

Lead <0.083 0.586 <0.083 <0.083 

Lithium <0.083 <0.083 <0.083 <0.083 

Magnesium 1.12 3.15 <0.83 0.96 

Manganese <0.083 <0.083 <0.083 <0.083 

Molybdenum <0.083 <0.083 <0.083 <0.083 

Nickel <0.083 <0.083 <0.083 <0.083 

Potassium <25.0 <25.0 <25.0 <25.0 

Selenium <0.083 <0.083 <0.083 <0.083 

Silica 49.3 34.7 44.6 36.6 

Silver <0.0417 <0.0417 <0.0417 <0.0417 

Sodium 53 <25.0 <25.0 <25.0 

Strontium <0.083 <0.083 <0.083 <0.083 

Thallium <0.083 <0.083 <0.083 <0.083 

Tin <0.083 <0.083 <0.083 <0.083 

Titanium 0.129 0.116 0.386 0.507 

Vanadium 0.296 0.303 <0.083 <0.083 

Zinc 5.2 3.08 4.6 4.47 

Yttrium 0.05 0.08 0.44 0.15 
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Abbreviations  

CPM: counts per minute; DFO: Desferrioxamine; DOTA: 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid; DTPA: diethylenetriaminepentaacetic acid or pentetic acid; EDC-HCl: 

1-éthyl-3-(3-diméthylaminopropyl) carbodiimide-HCl; HEPES: 4-(2-Hydroxyethyl)piperazine-1-

ethanesulfonic  acid;  HPLC:  High  performance  liquid  chromatography;  HRMS:  High  resolution 

mass spectrum;  MeOH: Methanol; NMR: Nuclear magnetic resonance; RT: retention time; Rf: 

retention  factor;  ITLC:  Instant thin layer chromatography;  ITLC-SG:  ITLC-Silica  gel;  kBq: 

Kilobecquerel; LC/MS: Liquid chromatography/mass spectroscopy; MBq: Megabecquerel; PET: 

Positron emission tomography; %ID/g: Percent injected dose per gram of tissue; ROI: Region of 

interest; Na2CO3: sodium carbonate; TFA: Trifluoroacetic acid; TLC: Thin layer chromatography; 

UPLC: Ultra-performance liquid chromatography; UV-HPLC: Ultraviolet-HPLC; 89Y: Yttrium-

89; Zr(acac)4: Zirconium(IV) acetylacetonate. 

Material and Methods  

The 89Y target (0.25 mm thick, 99.9%) was purchased from Alfa Aesar (Ward Hill, MA, 

USA/VWR  International,  CA).  Hydrochloric  acid  (99.999%),  oxalic  acid  (99.999%),  Na2CO3 

(99.999%)  trace  metal  basis,  sodium  hydroxide  pellets  (≥98.0%),  Apo-transferrin  (≥98.0%), 

DTPA (≥99%), and DFO mesylate salt (≥92.5%) were obtained from Sigma-Aldrich (Saint-Louis, 

MO, USA). Acetonitrile (HPLC grade, 99.9%) and High-purity water (Optima LC/MS, ultra-high 

performance  liquid  chromatography  ultraviolet  grade,  0.03  mm  filtered)  were  purchased  from 

Fisher Scientific (Ottawa, ON, CA). 1H and 13C NMR spectra were recorded in deuterated solvents 

on a Brucker Ascend 400 NMR instrument. The residual solvent peaks have been used as internal 

references. The peak multiplicities are described as follows: s (singlet), d (doublet), t (triplet), q 

(quartet), quin (quintet), m (multiplet) and br (broad). HRMS were recorded on a Triple TOF 5600, 

ABSciex mass spectrometer. Analytical HPLC was performed on an Agilent 1200 system (Agilent 

Technologies, Mississauga, Ontario, Canada) equipped with a Zorbax Eclipse XDB C18 reversed-

phase  column  (4.6 ×  250  mm,  5  µ)  and  Agilent  1200  series  diode  array  UV-Vis  (Agilent 

Technologies)  using  a  linear  gradient  of  0%  to  76% acetonitrile (TFA:  0.025%)  in  H2O  (TFA: 

0.05%) over 23 min, 76% to 100% acetonitrile in water over 1 min, and 100% to 0% acetonitrile 

in  water  over  6  min  with  a  flow  rate  of  1  mL.min.  Alburex®-25  (Human  plasma,  USP)  was 

supplied  by  Grifols  Canada  Ltd.  (formerly  Talecris),  CSL  Behring.  Instant  thin-layer 
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chromatography paper (ITLC-SA) was acquired from Agilent Technology (Santa Clara, CA). All 

glassware were cleaned with chromic sulfuric acid (Fisher Scientific). The labeling efficiency of 

89Zr-4HMS and 89Zr-DFO was assessed using ITLC-SG with 100 mM DTPA (pH=7) solution as 

eluent. The radio-TLC plates were scanned using an Instant Imager scanner (Bioscan, DC, U.S.A.). 

Radioactivity measurements were performed in an ionization chamber (CRC-25PET; Capintec) 

on the 89Zr setting (Calibration factor: 465) to control process efficiency. 
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N-Methyl-N (benzyloxy)succinamide 1 

N-methyl O-Benzylhydoxylamine (3 g, 22 mmol) and succinic anhydride (2.2 g, 22 mmol) 

were dissolved in dry THF (50 mL) at refluxed overnight. The solvent was removed under vacuum 

and the resulting slurry was dissolved in ethyl acetate and precipitated with ether to provide 86% 

of the desired compound 1 as a white solid. Product purity was confirmed to be 96% by analytical 

reversed  phase  HPLC:  retention  time  of  14.4  min.  MS  (LC-ESI-MS)  m/z:  calculated  (237.1), 

found,  239.0  (M+2),  498.0  (2M+1+Na). HRMS  (ESI-Q-Tof,  m/z):  calcd.  for [C12H15NO4], 

260.0893 [M + Na]+, found: 260.0901 [M + Na]+ (-3.1 ppm). 1H  NMR  (CDCl3): 2.56 (m, 4H), 

3.18 (s, 3H), 4.82 (s, 2H), 7.38 (s, 5H), 10.78 (br, 1H, COOH). 13C NMR (CDCl3): 26.06, 27.36, 

27.67, 75.26, 127.75, 128.07, 128.31, 169.71, 176.80. 

 

 

Figure S1. UV-HPLC chromatogram (223nm) of N-Methyl-N (benzyloxy)succinamide 1. 
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Figure S2. 1H-NMR spectrum (CDCl3-400 MHz) of N-Methyl-N (benzyloxy)succinamide 1. 
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Figure S3. 13C-NMR spectrum (CDCl3-101 MHz) of N-Methyl-N (benzyloxy)succinamide 1. 

 

 

Figure S4. HR ESI FT-ICR MS (Positive mode) analysis of N-Methyl-N (benzyloxy)succinamide 1. 
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Succinimido ester of N-Methyl-N (benzyloxy) succinamic acid 2 

N-Methyl-N (benzyloxy)succinamide 1 (4 g, 17 mmol) was disolved in dry DMF (5 mL), 

to which N-hydroxy-succinimide HOSu (2 g, 18.4 mmol) and  EDC-HCl ( 3.5 g, 18.4 mmol) were 

added at 0°C. The mixture was stirred at 0°C for 30 min and then at room temperature overnight.  

The reaction was diluted with ethyl acetate, washed with 10% of citric acid, saturated NaHCO3 

and water. The organic layer was dried over sodium sulfate and evaporated under vaccum. The 

crude was dissolved in ethyl acetate and precipitated with ether to give 88% of compound 2 as a 

white  solid.  MS  (LC-ESI-MS)  m/z:  calculated  (335.1),  found,  220.8  (M-ONSu),  336.0  (M+1), 

670.1 (2M+1). 1H NMR (CDCl3): 2.92-2.64 (m, 8H), 3.18 (s, 3H), 4.80 (s, 2H), 7.38 (s, 5H). 13C 

NMR (CDCl3):  25.59, 25.93, 27.10, 76.33, 128.82, 129.15, 129.42, 168.37, 168.96 

 

Figure S5. 1H-NMR spectrum (CDCl3-400 MHz) of succinimido ester of N-Methyl-N (benzyloxy)succinamic 
acid 2. 
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Figure S6. 13C-NMR spectrum (CDCl3-101 MHz) of succinimido ester of N-Methyl-N (benzyloxy)succinamic 
acid 2. 
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Figure  S7. MS  (LC-ESI-MS) analysis  of succinimido  ester  of N-Methyl-N 

(benzyloxy)succinamic acid 2. 
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Preparation of benzyl-protected tetrahydroxamate of 4HMS 

A  solution  of  succinimido  ester  of N-Methyl-N(benzyloxy)  succinamic  acid 2 (1.6  g,  5 

mmol) in dry methylene chloride (5 mL) was added dropwise to a stirred solution of spermine (0.2 

g, 1 mmol), triethylamine (1.4 mL, 10 mmol) and catalytic amount of DMAP (5% w/w) in  15 mL 

of  dry  methylene  chloride  at  0°C.  The  reaction  mixture  was  warmed  to  room  temperature  and 

stirred for 24 h. The crude was washed with 10% NaHCO3 solution followed by water. The organic 

phase  was  dried  over  sodium  sulfate  and  the  solvent  was  removed  under  vacuum.  The  crude 

product was purified by Biotage to yield to 78% of protected 4HMS as a fluffy beige solid. Product 

purity was confirmed to be 100% by analytical reversed phase HPLC: retention time of 22.17 min. 

MS (LC-ESI-MS) m/z: calculated (1079.28), found, 1080.7 (M+1), 541.2 (M/2+1). HRMS (ESI-

Q-Tof, m/z): calcd. for [C58H78N8O12], 1101.5631 [M + Na]+, found: 1101.5641 [M + Na]+ (-0.9 

ppm). 1H NMR (CDCl3): 1.52-1.85 (m, 8H), 2.40-2.80 (m, 16H), 3.10-3.4 (m, 24H), 4.82-5.10 (m, 

8H), 6.90 (m, 1H, NH), 7.15 (m, 1H, NH), 7.3 -7.50 (m, 20H). 13C NMR (CDCl3):  (mixture of 

rotamers),  24.95,  25.97,  26.22,  27.21,  27.24,  27.26,  27.35,  27.45,  27.61,  27.66,  27.72,  27.73, 

27.80, 28.02, 30.49, 30.53, 30.57, 33.57, 33.61, 33.66, 33.68, 33.75, 36.15, 36.21, 36.83, 36.90, 

42.65, 42.81, 44.72, 44.91, 47.27, 76.31, 128.69, 128.88, 128.95, 128.97, 129.21, 129.27, 134.44, 

134.58, 171.72, 172.20, 172.24, 172.46, 174.15, 174.17, 174.19, 174.21. 
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Figure S8. UV-HPLC chromatogram (223nm) of protected 4HMS. 

Figure S9. 1H-NMR spectrum (CDCl3-400 MHz) of protected 4HMS. 
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Figure S10. 13C-NMR spectrum (CDCl3-101 MHz) of protected 4HMS. 

 



 

 135 

 

      Figure S11. MS (LC-ESI-MS) m/z and HR ESI FT-ICR MS (Positive mode) analysis of protected 4HMS.
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Preparation of 4HMS 3 

A solution of protected 4HMS and 10% Pd/C (20% w/w) was suspended in methanol. The 

reaction  mixture  was  purged  with  hydrogen  gas  at  room  temperature  overnight.  The  crude  was 

filtered and washed with methanol. The solvent was evaporated to give quantitatively 4HMS 3 as 

a beige fluffy solid.  The compound is very hydroscopic and must be kept under nitrogen at -20°C. 

The HPLC spectrum revealed a mixture of three conformational isomers or conformers in variable 

compositions. MS (LC-ESI-MS) m/z: calculated (718.38), found, 720.3 (M+2), 761.2 (M/2+1). 

HRMS (ESI-Q-Tof, m/z): calcd. for [C30H54N8O12], 741.3753 [M + Na]+, found: 741.3761 [M + 

Na]+ (-1.1 ppm). 1H NMR (DMSO): 1.22-1.55 (m, 8H), 2.30-2.80 (m, 16H), 2.90-3.44 (m, 23H), 

7.75 (m, 1H, NH), 7.80 (m, 1H), 9.75 (m, 4H). 13C NMR (DMSO):  (mixture of rotamers), 25.09, 

25.10, 25.19, 26.15, 26.29, 27.19, 27.21, 27.22, 27.25, 27.28, 27.69, 27.74, 27.78, 28.08, 29.02, 

30.26, 30.27, 30.31, 36.18, 36.25, 36.61, 36.82, 43.48, 43.81, 44.83, 45.10,45.12, 45.14, 45.16, 

45.19, 45.21,  47.34, 47.36, 47.38, 49.06, 55.37, 171.32, 172.50, 172.74, 172.00, 172.67, 172.84, 

172.85. 
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Figure S12. UV-HPLC chromatogram (223nm) of 4HMS 3. 
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Figure S13. 1H-NMR spectrum (DMSO-400 MHz) of 4HMS 3. 

 

 

Figure S14. 13C-NMR spectrum (DMSO-111 MHz) of 4HMS 3. 
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Figure S15. MS (LC-ESI-MS) and HR ESI FT-ICR MS (Positive mode) analysis of 4HMS 3.
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Synthesis of natZr-4HMS 

To a solution of 3 (2 mg, 2.8 µmol) was added Zr(acac)4 (1.6 mg, 3.4 µmol) in 1 mL of 

MeOH. The resulting solution was stirred for 5 min at room temperature. Then the mixture was 

evaporated to half solution and 1 mL of cold ether was added to give a white solid. The complex 

has a very low solubility, however, enough compound remained in solution to allow some analysis.  

MS  (LC-ESI-MS)  m/z:  calculated  (805.2),  found,  806.6  (M+1),  404.4  (M/2+1).  1H  NMR  in 

DMSO  remained  difficult  because  of  the  solubilty  as  well  as  the  overlapping  signals  of  4HMS 

ligand itself (Figure S18) but we can see the disappearance of the proton in N-OH bond.  

 

Figure S16. UPLC chromatogram (ELSD) of NatZr-4HMS (Red line) and 4HMS ligand 3 (Green line). 

 

 



 

 141 

 

 

 

 

Figure S17. 1H-NMR spectrum (DMSO-400 MHz) Comparison of the 4HMS ligand (top) and the NatZr-4HMS 3 complex 

(bottom). 
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Figure S18. MS (LC-ESI-MS) analysis of NatZr-4HMS 3. 
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89Zr-oxalate production and purification 

Irradiation  was  performed on  a  TR19  and  TR24  cyclotron  (H-:  16.1  MeV)  (ACSI, 

Richmond, BC, CA) equipped with a straight 90° target holder (ACSI). 89Zr- was produced via 

89Y(p,n)89Zr  transmutation  reaction  using  a  solid 89Y-foil  target  mounted  on  custom-made 

aluminium coin target holders described previously (Alnahwi et al. Appl. Sci., 2018, 8, 1579).  

Chelation chemistry  

 89Zr-oxalate solution was neutralized with sodium carbonate 1 M to pH ~7-7.5. 4HMS and 

DFO were prepared, respectively in ethanol and water (1.1 mg/ml and 1 mg/ml). An aliquot of 

4HMS or DFO (5µL, 7.65 nmol) was radiolabelled with neutralised 89Zr-oxalate (30 MBq, 200 

µL) in either water or 0.9% NaCl at room temperature for 5 to 10 min with total volume 205 µL  . 

The radiolabeling was monitored by radio-TLC using Varian ITLC-SG strips and 100 mM DTPA 

(pH 7) as the mobile phase. In this system, free 89Zr forms a complex with DTPA and eluted with 

the solvent front, while 89Zr-ligand complex remained at the origin (Fig. S19). The identity of 89Zr-

4HMS radioactive complex was further confirmed by comparing its radio-HPLC elution profile to 

the UV-HPLC spectrum of natZr-4HMS (Figs. S20).  

 

 

Figure S19: 89Zr-4HMS was analyzed using ITLC system. (A) 89Zr-4HMS remained in the origin line. (B) free 
89Zr reacted with DTPA (Mobile phase) and eluted with the solvent front. 

A B 
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Figuer S20: 89Zr-4HMS and 4HMS chelator were injected to the HPLC system. Retention time for 
89Zr-4HMS was 11.1 min and for 4HMS chelator was 10.8 min.Eclipse XDB-C18 column (5µm, 
4.6 x 250mm, Agilent) was used in HPLC analysis with using a gradient of 0-100% Acetonitrile 
in water over 20 min. Both solvent contained 0.1% TFA. 

Determination of Apparent Molar Activity (AMA)  

Apparent molar activity of 89Zr was determined experimentally via titration of the purified 

[89Zr] Zr-oxalate with DFO and 4HMS. Briefly, stock solution of DFO and 4HMS (1.52 mM) were 

prepared in water and ethanol respectively. Nine reactions were prepared in 1.5 mL 

microcentrifuge tube via 1:10 and 1:2 serial dilution to give final DFO and 4HMS amount in the 

range of (0.0001-0.08 nmol). [89Zr]Zr-oxalate in 1.0 M oxalic acid was neutralized with the 

appropriate volume of 1.0 M Na2CO3 and diluted with Water. Aliquots of the [89Zr]Zr-oxalate (50 

μL, 1 – 1.2 MBq) were added to each solution and the reactions were vortexed for 15 s, then 

incubated  at room temperature for 1 h. The solutions were then quenched with 30 μL of DTPA 

(50mM) pH=5-6 and incubated for another 15 min.). Aliquots were withdrawn and analyzed by 

ITLC using DTPA (100 mM, pH 7) as a mobile phase solvent. Free 89Zr forms a complex with 

DTPA and eluted with the solvent from, while [89Zr]Zr-DFO and [89Zr]Zr-4HMS remained at the 

origin. The binding percentages were plotted on a curve (Figure S21). The minimum ligand 

concentration of DFO and 4HMS for which 100% labelling occurred was assumed to be equal to 

the concentration of 89Zr present, and the AMA of 89Zr, in both ligands in GBq/μmol of zirconium 

was calculated by correcting for the total activity.  
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Figure S21. 89Zr-4HMS and 89Zr-DFO titration curve that resulted in an AMA for 89Zr production 
(n=2). AMA of 89Zr-4HMS and 89Zr-DFO are 170 GBq/µmol and 57GBq/µmol, respectively. 
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Transchelation studies using DTPA  

Both  4HMS  and  DFO (100  uL,  100  uM)  were  labeled  with  neutralised 89Zr-oxalate  (15 

MBq) at room temperature for 10 min and then incubated with 100 and 1000 fold excess of DTPA 

(200ul of 5 mM and 50 mM), respectively at a range of pH values (5, 7, and 8.5) at 37°C for a 

period  of  7  days. To  maintain  the  pH,  100  µL  of  sodium acetate  buffer  (0.5  M,  pH ~ 5.5)  was 

added  to  the  solutions.  Each  solution  was  prepared  in  triplicate  and  the  quality  control  was 

performed as described above for different time points (Table S1).  

 
Table S1: Transchelation results with DTPA for both 89Zr-ligands (n=3). 

 

 

 

 

 

 

 

 

 

 

 

DTPA pH 

% intact starting species by incubation time at 37 οC 

1 d 3 d 5 d 7 d 

89Zr-4HMS 89Zr-DFO 89Zr-4HMS 89Zr-DFO 89Zr-4HMS 89Zr-DFO 89Zr-4HMS 89Zr-DFO 

100 

 
 

5 98.7 ± 0.5 99.9 ± 0.1 98.0 ± 0.4 97.4 ± 0.9 99.0 ± 0.7 95.6 ± 1.3 98.2 ± 1.0 92.2 ± 0.8 

7 98.7 ± 0.6 99.6 ± 0.4 98.4 ± 1.4 98.1 ± 0.2 98.3 ± 0.5 98.1 ± 1.1 97.8 ± 1.1 93.3 ± 2.7 

8.5 99.7 ± 0.4 100 99.4 ± 0.6 98.4 ± 1.7 99.9 ± 0.1 95.5 ± 1.9 97.0 ± 3.5 88.9 ± 0.3 

1000 

5 83.9 ± 1.6 89.6 ± 0.9 83.1 ± 4.0 79.8 ± 2.9 83.2 ± 1.7 68.9 ± 2.0 80.8 ± 1.8 59.4 ± 1.4 

7 94.5 ± 0.8 92.6 ± 0.6 91.6 ± 1.1 83.0 ± 3.1 92.9 ± 0.9 72.0 ± 2.9 91.9 ± 0.1 64.1 ± 0.8 

8.5 99.3 ± 0.5 98.3 ± 0.7 99.2 ± 0.7 92.6 ± 0.5 99.4 ± 0.6 85.5 ± 0.9 98.2 ± 1.4 77.3 ± 1.4 
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Transmetalation studies  

Both 4HMS and DFO (1 mL, 200 µM) were labelled with 100 MBq of neutralized 89Zr-

oxalate diluted in 1 mL of water at room temperature for 10 min for a total volume of 2 mL. Each 

ligand was then incubated with 10-fold excess of various metal salts at pH=7-7.2. In the case of 

FeCl3,  100  equivalents  were  also  tested. 200  µL of  each  metal  solution  (1  mM,  10mM  for  100 

equivalent FeCl3) was added to 200 µL of each 89Zr-ligand and the solutions were incubated for 7 

days  at  37°C.  To  maintain  the  pH,  sodium acetate  buffer  (0.1  M,  pH~5.5)  was  added  to  the 

solutions. The samples were monitored for 7 days by radio-TLC to determine the percentage of 

intact 89Zr-ligand complex. All the studies were done in triplicate (Table S2). FeCl3: iron chloride, 

CoCl2:  Cobalt chloride,  CuCl2:  copper  chloride,  NiCl2:  nickel  chloride,  MgCl2:  Magnesium 

chloride, CaCl2: Calcium chloride were used in transmetalation test.  

 
 
Table S2: Transmetalation results for both 89Zr-ligands pH=7.2 

Metal 

competitor 

Fold 

excess 

% Intact starting species by incubation time at 37 οC 

1 d 3 d 7 d 

89Zr-

4HMS 
89Zr-DFO 89Zr-4HMS 89Zr-DFO 89Zr-4HMS 89Zr-DFO 

FeCl3 10 94.6 ± 0.4 92.2 ± 1.5 95.4 ± 2.5 88.2 ± 3.5 96.6 ± 1.0 89.2 ± 0.8 

FeCl3 100 64.2 ± 0.3 46.6 ± 0.6 58.1 ± 1.0 40.7 ± 3.1 73.6 ± 0.3 60.4 ± 1.6 

CoCl2 10 97.7 ± 1.4 97.1 ± 1.3 97.8 ± 2.0 96.7 ± 2.3 99.0 ± 0.7 96.4 ± 1.4 

CuCl2 10 97.9 ± 1.3 98.6 ± 0.6 99.5 ± 0.9 96.7 ± 2.2 99.6 ± 0.4 98.1 ± 1.8 

NiCl2 10 99.0 ± 0.5 97.2 ± 1.4 96.8 ± 2.8 98.7 ± 1.3 99.5 ± 0.5 98.6 ± 1.6 

MgCl2 10 99.7 ± 0.6 98.4 ± 1.0 98.1 ± 1.8 98.2 ± 2.0 99.6 ± 0.4 98.7 ± 1.1 

CaCl2 10 99.5 ± 0.9 98.3 ± 0.9 99.6 ± 0.8 99.0 ± 1.0 98.9 ± 1.0 98.4 ± 1.6 
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Human Apo-Transferrin challenging study  

Apo-transferrin (77kDa) was diluted with 10mM of sodium carbonate (pH 6.5-7) to reach 

a final concentration of 10 mg/mL. 10 equivalents of Apo-transferrin (820 µL, ~1.3x105 nM) was 

added to diluted 89Zr-4HMS (820 µL, ~40 MBq). The solution was divided into four aliquots that 

were incubated at 37°C for 1, 3, 5 and 7 days. An aliquot was transferred to Amicon Ultra 0.5ml 

50 kDa filter (Merck KGaA, Darmstadt, Germany) and centrifuged at 7400G for 12 min. In this 

system, 89Zr-4HMS will pass through the filter while Apo-transferrin and 89Zr-Apo-transferrin will 

remain on the filter. The radioactivity in each fraction was measured using a dose calibrator. The 

percentage of transchelation was then calculated. The study was performed in triplicate (Table S3-

A). 

Human plasma binding assay  

To  measure  the in  vitro binding  of 89Zr-4HMS  to  plasma,  205  µL  of  radiolabeled 89Zr-

4HMS (30 MBq) was added to 1 mL of human plasma in 200 µL of phosphate buffer (pH 7). After 

gentle mixing, the solution was divided into 4 microcentrifuge tubes (1.5 mL) that were incubated 

at 37°C. Protein binding was measured at day 1, 3, 5 and 7 days. Acetonitrile was added into the 

microcentrifuge tube to precipitate the plasma protein (1/1, acetonitrile/plasma). The sample was 

then centrifuged for 6 min at a speed of 4700G and the supernatant was recovered. This process 

was repeated three times with the same volume of acetonitrile and the supernatants were pooled. 

The radioactivity content of the supernatant and the precipitated protein were measured in a dose 

calibrator to obtain the protein binding percentage. The study was performed in triplicate (Table 

S3-B). 

 

Table S3: (A) Human apo-transferrin assay results for 89Zr radiolabeled with 4HMS chelator. (B) 
Human plasma assay results for 89Zr-4HMS.   

Transferrin binding %(A) Protein binding %(B) 

Day 1 12.5 ± 1.3 16.9 ± 1.3 

Day 3 12.1 ± 1.6 17.6 ± 0.7 

Day 5 11.1 ± 1.2 22.1 ± 2.2 

Day 7 13.0 ± 0.4 22.4 ± 2.1 
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Stability assay  

The stability assay of both 89Zr-DFO and 89Zr-4HMS were evaluated in fresh mouse and 

human plasma. A volume of 30 µL (4 MBq) of the 89Zr-ligands was incubated over 7 days at 37°C 

in human plasma (0.5 mL), and mouse plasma (0.2 mL) in either 0.5 mL of phosphate buffer (pH 

7) or 0.9% NaCl (0.5 mL). The samples were analyzed by ITLC-SG, intact 89Zr-ligand remained 

at the origin of the ITLC strip, while free 89Zr was either bound by serum protein or complexed to 

DTPA  in  the  mobile  phase  and  migrated  along  the  ITLC  strip.  Free 89Zr  incubated  in  serum 

appeared to be as large broad peaks on radio-TLC, this is probably due to different components in 

plasma. In order to confirm the stability results, Amicon Ultra 0.5 mL 50 kDa filter (Merck KGaA, 

Darmstadt, Germany) were used and the 89Zr-DFO and 89Zr-4HMS ligands were centrifuged at 

9000 rpm  for  15  min.    The  liquid collected  at  different time  points  (1d,  3d,  5d  and  7d) post-

incubation were spotted directly on SG-ITLC plates using DTPA (100 mM, pH 7) as a developing 

solvent.  

 
Table S4: In-vitro stability test results for both 89Zr-ligands in human and mouse plasma. 
Day 89Zr-DFO  

(mouse plasma) 

89Zr-4HMS  
(mouse plasma) 

89Zr-DFO  
(human plasma) 

89Zr-4HMS  
(human plasma) 

1 97.8 ± 1.0 99.2 ±0.8 100 99.9 ± 0.0 

3 92.7 ± 3.4 99.6 0.4 97.8± 1.0 100 

5 85 ±7.1 100 99.1 ± 0.8 100 

7 78.4±2.0 100 99 ± 1.2 99.2 ± 0.8 

 
Table S5: Stability test results for both 89Zr-ligands in PBS buffer (pH=7) and saline (0.9 % NaCl, 
pH=4.5).   
Starting complex 

Incubated in 
% Intact starting species by incubation time at 37 οC 

1 d 3 d 5 d 7 d 

89Zr-DFO PBS buffer 

Saline Buffer 

98.0 ± 0.6 

97.8 ± 1.6 

99.9 ± 0.1 

98.3 ± 0.8 

95.6 ± 4.2 

98.2 ± 2.1 

97.6 ± 1.0 

96.2 ± 2.9 

89Zr-4HMS PBS buffer 98.5 ± 0.7 99.9 ± 0.1 98.0 ± 1.7 97.7 ± 0.8 

Saline Buffer 98.9 ± 0.6 99.9 ± 0.1 99.0 ± 1.0 95.9 ± 2.7 
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Animal studies  

Animal experiments were performed in adult female BALB/c mice, in accordance with the 

guidelines of the Canadian Council on animal Care and of the in-house Animal Experiment Ethic 

Committee.  

Biodistribution studies  

Under  isoflurane  anaesthesia  (Induction  2-2.5  %,  maintained  1-1.5%  oxygen  flow  1-

1.5L/min) the mice (n = 3/group) were injected via the caudal vein with either 89Zr-DFO or 89Zr-

4HMS (~15 MBq, 0.2mL, ~3.8nmol of ligand). At 1, 4 and 24 hours post injection the mice were 

euthanized by  CO2 inhalation  under  isoflurane  anaesthesia  and  the  organs  of  interest  were 

collected, washed, blotted dry, weighted and counted in a γ-counter (Cobra II auto-gamma counter, 

Packard). The results were expressed in terms of percentage of injected dose per gram (% ID/g). 

PET imaging studies 

PET  imaging  was  done  under  isoflurane  anaesthesia  (Induction  2-2.5  %,  maintained  1-

1.5% oxygen flow 1-1.5L/min); a catheter was installed in the caudal vein for the administration 

of the radiotracer. The mouse was positioned in the field of view of the PET scanner (LabPET-8, 

Gamma Medica-IDEAS Inc., Sherbrooke, Quebec, Canada), a 60 min dynamic acquisition was 

initiated followed immediately by the administration of either 89Zr-DFO or 89Zr-4HMS (~15 MBq, 

0.2mL, ~3.8nmol of ligand). The dynamic acquisition was followed by static images (30 min) at 

4,  6  and  24  h.  The  images  were  reconstructed  using  three-dimensional Maximum  Likelihood 

Estimation Method (MLEM-3D) algorithm and analysis was performed using AMID software.  

Statistics 

Triplicate data was performed and collected for all experiments. Accordingly, mean and % 

of standard deviation were calculated. In addition, p-value was calculated using t-test formula with 

two tails method for biodistribution study data.  
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Table S6: Biodistribution results in table for 89Zr-DFO and 89Zr-4HMS 

 

 
1 h 4 h 24 h 

 
89Zr-4HMS 89Zr-DFO 89Zr-4HMS 89Zr-DFO 89Zr-4HMS 89Zr-DFO 

Blood 0.80±0.13 0.56±0.20 0.01±0.00 0.06±0.01 0.00±0.0 0.02±0.01 

Plasma 1.24±0.23 0.74±0.20 0.01±0.00 0.08±0.03 0.00±0.0 0.03±0.0 

Adrenal 0.54±0.21 0.86±0.34 0.06±0.00 0.58±0.67 0.03±0.0 0.08±0.01 

Fat 0.21±0.08 0.06±0.02 0.01±0.00 0.02±0.01 0.01±0.0 0.03±0.01 

Kidneys 6.93±1.66 5.52±0.37 2.44±0.44 5.18±2.36 0.91±0.10 3.02±1.98 

Spleen 0.24±0.05 0.19±0.02 0.05±0.01 0.20±0.21 0.04±0.0 0.12±0.01 

Pancreas 0.29±0.08 0.14±0.03 0.02±0.00 0.83±1.38 0.01±0.0 0.03±0.0 

Liver 0.53±0.23 0.94±0.08 0.08±0.01 1.72±1.32 0.04±0.0 0.22±0.07 

Heart 0.29±0.06 0.16±0.03 0.02±0.00 0.04±0.02 0.01±0.0 0.02±0.0 

Lungs 0. 55±0.25 0.61±0.23 0.05±0.01 0.14±0.09 0.01±0.0 0.04±0.01 

Muscles 0.39±0.33 0.11±0.02 0.01±0.00 0.02±0.01 0.01±0.0 0.01±0.0 

Bone 0.12±0.04 0.08±0.05 0.02±0.00 0.04±0.01 0.02±0.0 0.17±0.13 

Brain 0.09±0.05 0.03±0.00 0.02±0.01 0.01±0.00 0.00±0.0 0.00±0.0 


