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Name Occupation Name Occupation

1 Flora Mansour Radiochemist - lab manager 23 Gauri Gauri PhD Student in synthesizing Mo-based nanomaterials

2 Laurine Puren 
PhD student in production of radionuclides of medical
interest with alpha beam

24 Pirmettis Nektarios-Nikolaos PhD Student on Radiopharmaceutical Chemistry

3 Santiago Andrés Brühlmann PhD Student Accelerator-based production of radiometals 25 Valeria Narykina PhD Student developing 225AC and 212 Pb

4 Magda Silva Nuclear physicist 26 Kristoffer August Poulsen Master´s degree in Nuclear Science

5 Busani Bhengu MSc. Project: iThemba LABS 27 Om prakash Dash Researcher in experimental nuclear physics

6 ChristiAnna Brantley PostDoc in delivery systems for alpha-emmiting radionuclides 28 Ghazal Yazdanpanah Master´s student in Nuclear Applications

7 Stijn De Schepper 
Medical Physics expert and PhD Candidate: research in
quantitative SPECT/CT

29 Mohamed Nawar Radiochemist

8 Max Conroy PhD on radioisotope production 30 Aicha Nour Laouameria PhD Student in production of radionuclides for Targeted Auger Electron-Emitter Therapy

9 Davide Serafini PhD student in experimental physics 31 Anna Krzyczmonik PostDoc on production of novel prosthetic groups for radiohalogenation

10 Edward O'Sullivan 
PhD Student in Nuclear Physics on complete decay
spectroscopy of 152Tb

32 Ihab shokair PhD Student in radiolabeling various prosthetic groups

11 Mamad Eslami PhD Student in production of the 64Cu/67Cu 33 Adriano Biolognani PhD Student on radiochemistry

12 Jonathan Walg PostDoc in radionuclide production 34 Karolina Zajdel 
PostDoc in development of next-generation lanthanide-doped up-converting nanoparticles for
theranostic applications

13 Vanessa RHODEN PhD student in fabrication and characterization of Gd targets 35 Hasanul Banna 
PhD student in radionuclide production and molecular mechanism of radioactive molecules in
cellular signaling, diagnosis and therapeutics developments

14 Edoardo Renaldin PhD Student in producing medically relevant radiolanthanides 36 Nosihle Msabala 
Bc. in Physics. Investigating in finding a material that will shield healthy cells when the cancerous
ones are being irradiated

15 VARUN VIJAY SAVADI PostDoc optimization of tritium losses 37 Alexandra Fonseca PhD Student in a new generation of copper-based radiopharmaceuticals at ICNAS Pharma

16 Aurora Leso 
PhD Student evaluation of radiopharmaceuticals containing
111Ag

38 Danai Bili 
(Implementation and leading of AI projects within the medical technology sector of Johnson &
Johnson

17 Letizia Canziani 
PhD Student utilizing a TRIGA Mark II reactor to produce
radioisotopes for radiolabeling 

39 Ralitsa Mancheva PhD Student on improving radionuclide production at MEDICIS

18 Pavithra Kankanamalage R&D radiochemist 40 Konstantina Botsiou Master´s degree student in Nuclear Physics and Astrophysics

19 Lisa Gubbels 
PhD Student Development of a thorium based target for the
production and release of Ac225 at the ISOL facility of
MYRRHA

41 Nik Muhammad Fitri Radiopharmaceutical Production Pharmacist

20 James Hill 
Perform, manage and consult on radiochemistry research
projects primarily concerning therapeutic nuclides

42 Busisiwe Mbatha BSc Hydrology & physics student

21 Ho Sze Chan 
R&D manager. Mission: produce GMP grade 225Ac using a
cyclotron in the future

22 Julia Raitanen 
PhD Student assessment of new radiopharmaceuticals
radiotherapies by using of 2D and 3D cell culture models

Participants



03.06.2024Paul Scherrer Institute PSI4

Radiopharmaceutical Development Pipeline

physicists
chemists

engineers

Medical 

physicists

pharmacists biologists

Material
scientists

Medical 

doctors
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What have you learned so far?

Methods to 
measure cross 

sections

The medical 
practice 

perspective

The ISOL 
technique

Target materials 
for ISOL

Ion Sources for 
ISOL

Mass 
separators

Importance of 
beam 

diagnostics

Ion implantation, ion 
range, sputtering affect

Cyclotrons for 
medical 

radionuclides

Exotic cyclotrons 
for innovative 
radionuclides

Radionuclides 
from nuclear 

reactors

Stable isotope 
enrichment

Radiochemistry
QC in nuclear 

medicine
Medical 

radionuclide 
transport

Day 1

Day 2

Day 3

Day 4

Day 5

PRISMAP School on Radionuclide Production
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Learning objectives: Separation of Lanthanides

After attending this lecture, you will be able to:

- understand the working principle of column chromatography

- understand the working principle of ion exchange and extraction resins

- understand the method development for separation chemistry

- name the required steps for the radiopharmaceutical development pipeline

- understand the importance of each step of medical radionuclide production

- understand the selection criteria for medical radionuclide

- describe the challenges for the production of novel medical radionuclides from bench to 
bedside
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Production of Medical Radionuclides 
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Radiopharmaceutical Development Pipeline

Ligand design

Authorities

Clinical Trials

Dosimetry 

studies

Preclinical 

Studies

GMP Process

Radionuclide 

Production
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View from a producer side
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Targetry

p
n
d
γ
α

Irradiation

Separation

Nuclear Data

Quality control

Production of Medical Radionuclides 

Z. Talip et al., Molecules, 25 (2020) 966.  
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Selection of Medical Radionuclides

Decay properties Production Radiopharmaceutical

• Decay emission

• Half-life

• Energy of emission

• Associated emission

• Cross sections
• Production routes
• Targetry
• Availability of target
• Cost of production
• Separation chemistry
• Specific activity

• Synthesis of labeling precursor
• Labeling of the precursor
• Chemical purification of 

the labelled compound
• Chemical properties
• Stability

N. van der Meulen and Z. Talip, 2021, Nuclear Medicine and Molecular Imaging
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Targetry

Targetry for cyclotron produced 
radionuclides

Targetry for reactor produced 
radionuclides

The target material effects

▪ Production yields

▪ Side products

▪ Separation chemistry

5 mm
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Targetry

p
n
d
γ
α

Irradiation

Separation

Nuclear Data

Production cross section data

Production yields

Half-life, emission intensity

Precise activity measurements
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Irradiation

nt

Reseach reactors

pCylotrons

p
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Separation of Medically Relevant Radionuclides
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Separation Chemistry for Medical Radionuclides

Radiopharmaceutical

Chemical separation

mg µg or ng
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Chemical Separation
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Separation Modules

Separation Chemistry for Medical Radionuclides
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Simple
Robust 

Fast

Separation Chemistry for Medical Radionuclides
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Separation Chemistry for Medical Radionuclides

Target Product

mg < 1 µg

Target Product

Fast

Robust

Simple Development of 
chemical 

separation method

Low acidity 

Low volume (high specific activity)

High chemical and radionuclidic purity
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Method development
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Dissolution of 
the target material

Separation Chemistry for Medical Radionuclides

Characterization of 
the target (X) material

Production yields of Y
Radionuclidic impurities (A, B)
Chemical impurities (D, E)

Distribution coefficient  
data

Literature/experimental data

Column Chromatography

S Solution Selection of the separation system

Separation of Y from X, A, B, D, E
Loading solution: S

X Y
target product
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[M]stat the quantity of analyte in the stationary phase

[M]mob the quantity of analyte in the mobile phase

Distribution coefficient, KD

Distribution coefficient

Low Kd values: Elution concentration 

High Kd values: Loading concentration

Separation factor, SF



03.06.2024Paul Scherrer Institute PSI24

Chromatography

Definition:

“The term «chromatography» is the general name for a wide range of 
physicochemical separation processes in which the components to be separated 
are distributed between a stationary and a mobile phase.”

Natural bioactive compounds, Technological advancements, 2020

o Ion Exchange Chromatography

o Extraction Chromatography
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Classification of Ion Exchange Chromatography

Strongly acidic cation exchanger: 
sulphonic acid groups attached 
to a co-polymer styrene (sites for exchangeable functional groups)  
and divinyl benzene (cross linking agent).
It can exchange cations in all pH range

Weakly acidic cation exchanger: 
carboxylic acid group attached to acrylic and divinyl benzene co-polymer 

It is divided in two groups:

➢ Cation exchange chromatography

R−X−C+ + M+B− R−X−M+ + C+ + B− 

➢ Anion exchange chromatography

R−X+A− + M+B− R−X+B− + M+ + A− 
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Classification of Ion Exchange Chromatography

Cation exchange chromatography

CH2

CH2

SO3
– H+

H+SO3
–

R−SO3
−H+ R −SO3 

− + H+ 

sulphonic acid groups cross linking agent

co-polymer styrene 



03.06.2024Paul Scherrer Institute PSI27

• The selectivity is proportional to the valence. 
(For example, Na+ < Ca2+ < Al3+ < Th4+ ).

• When the valence is same, the selectivity become higher in order of increasing atomic number 
(Li+ < Na+ < K+ < Rb+ < Cs+, Mg2+ < Ca2+ < Sr2+ < Ba2+ )

Principe of Strong Cation Exchanger

• The process is reversible.

• The exchange reactions take place on the basis of equivalency in accordance with the principle of 
electro neutrality. The number of milimoles of an ion sorbed by an exchange should correspond to the    
number of milimoles of an equally charged ion that has been released from the ion exchange.
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DOWEX 50W: hydrogen form

AMINEX RESIN: hydrogen form, macroporous

SYKAM RESIN: hydrogen form, macroporous

Strong Acid Cation Exchange Resins

Cation Exchange Resins

AG MP-50: hydrogen form, macroporous
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styrene divinylbenzene
copolymer

Particle size distribution

What are the differences?

Resolution increases with decreasing particle size and narrower size distribution ranges.

Particle size

Sulfonic acid 
functional 
group

Supporting material Level of cross-link

Price

Functional group

Comparison of Cation Exchange Resins



03.06.2024Paul Scherrer Institute PSI35

Aminex resin: 15 µm

DOWEX 50W resin: 70 µm

Hohlein et al. 1969

DOWEX versus AMINEX Resin
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AMINEX Resin versus SYKAM Resin

Aminex Resin (7-11 µm) Sykam Resin (12-22 µm)

Talip et al., Anal. Chem. 2021, 93, 10798−10806.
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Dalton Trans., 2016, 45, 14832–14854.

or ordered mesoporous silica and carbon nanoparticles are used due to their high surface 
areas, tunable pore sizes, large pore volumes, and uniform morphology.

Traditional polymeric resin material employed as the backbone for EXC material

Extraction chromatography is the application of conventional 
solvent extraction chemistry in a chromatographic mode.

Extraction Chromatography
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Extraction Chromatography
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L. Houyu et al., ACS Earth Space Chem., 5 (2021) 55–65

What good separation means?

Elution Profiles
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Quality Control
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Quality Control

✓ Radioactive precursor

✓ Chemical precursor

✓ Radiopharmaceutical

For novel radionuclides For GMP

driven by EU Pharmacopiadriven by research

✓ Target material (impurities)

✓ Irradiated target (long-lived impurities)

✓ Purified solution (radionuclidic purity, chemical purity)

✓ Labelled molecule (radiochemical purity)

See Kristof’s lecture
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Examples
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Production of Cupper-64

60 mg 64Ni target (99.1 % enriched)

11 MeV, 50 μA, 4 h irradiation EOB 8 GBq 64Cu

64Ni(p,n)64Cu

Gold disk

electrodeposition

Time

dark blue Clear/colorless

(16 h)

2.6 V
30mA

N. van der Meulen et al., J. Label. Compd. Radiopharm, 2020, 62, 460.
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o Dissolution of the target? 

Characterization of the target 

o Aimed decontamination factors?

o Acidity and volume of the final solution?

Loading solution

Radiolabeling efficiency

Usage: preclinical/clinical

o Separation time?  Half-life of the desired radionuclide

o Available Kd data? Selection of the resins

o What should be separated?

Questions to be asked

o Aimed separation yields? EOB and EOS activities

To take into account: minimizing the radioactive waste volume & recycling the target material
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Separation of Cupper-64

Anion exchange resin: AG1-X8 resin
Elution order: Ni – Co – Cu

Commonly used method in the past

Separation of Ni, Co and Cu

Cation exchange resin: AG-MP 50 resin
Elution order: Cu – Co – Ni

N. van der Meulen et al., J. Label. Compd. Radiopharm, 2020, 62, 460.  

Final product in 0.05 M HCl

0.1 M HCl/60% Acetone 64Cu

0.2 M HCl/95% Acetone 55,57,61Co

2 M HCl 64Ni

F. Strelow, Talanta, 1988, 35, 385.
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25 μA, 8 h irradiation EOB: 4.4 GBq 155Tb

100 mg 156Gd2O3 target (93.3%)

100 mg 155Gd2O3 target (91.9 %)

25 μA, 8 h irradiation EOB: 200 MBq 155Tb

155Gd(p,n)155Tb

156Gd(p,2n)155Tb

Favaretto et al., EJNMMI Radiopharmacy and Chemistry, 6 (2021) 37.

Production of Terbium-155
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How we separate lanthanides?/ Why it is difficult?

J. Peter et al., Coordination Chemistry Review, 2020, 406.

electronic configuration: [Xe]4fn (n = 0–14)Lanthanide contraction
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How we separate lanthanides?/ Why it is difficult?
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Lanthanum Ytterbium Gadolinium Terbium

neighbouring radiolanthanides

Separation of neighboring lanthanides?

easier challenging
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Lns Separationo pH of the loading solution

o column dimensions

o the particle size and homogeneity of the resins 

(resolution increases with small particle size, but it will increase the back pressure)

o concentration of the eluents

o flow rate (for loading and elution)

o pH of the eluents

o …

Slight differences in the following parameters significantly affect the separation of 

the radiolanthanides, particularly for the neighboring radiolanthanides.

Lanthanides Separation: Devil in the details
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100000 µg Gd

0.75 µg 155Tb

Target: Gd2O3

Product: Tb in 0.05 M HCl

Separation of Terbium-155

Favaretto et al., EJNMMI Radiopharmacy and Chemistry, 6 (2021) 37.
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Loading solution: 5 mL 7 M HNO3

Tb fraction

Experiments using gamma emitter tracers

(5 µg Tb and 40 mg Gd)
Loading solution: Tb fractions in 0.05 M HCl

DGA Resin Sykam Resin
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Experiments using ICP-OES standards

Tb fraction

Loading solution: 5 mL 7 M HNO3
(5 µg Tb and 40 mg Gd)

Loading solution: Tb fractions in 0.05 M HCl

DGA Resin Sykam Resin
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Separation system: Sykam - HIB 

The Effect of Target Mass

5 µg Gd5 µg Tb

0.11 M α-HIBA 0.13 M α-HIBA0.08 M

50 mg Gd5 µg Tb

0.11 M α-HIBA 0.13 M α-HIBA0.08 M

100 mg Gd5 µg Tb

0.11 M α-HIBA 0.13 M α-HIBA0.08 M
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Fine-tuning

Loading solution: 5 µg Tb and 5 µg Gd in 0.13 M α-HIBA

LN3 Resin LN3 Resin
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100000 µg Gd

0.75 µg 155Tb

Target: Gd2O3

Product: Tb in 0.05 M HCl

Separation of Terbium-155

Favaretto et al., EJNMMI Radiopharmacy and Chemistry, 6 (2021) 37.
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Targetry

Irradiation

Chemical

Separation

Nuclear Data

Quality control

Mass

n
p

Production of Mass Separated Medical Radionuclides
via offline mass separation
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Targetry

Irradiation

Chemical

Separation

Nuclear Data

Quality control

Mass

n
p

Production of Mass Separated Medical Radionuclides
via offline mass separation
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Targetry

Irradiation

Chemical

Separation

Nuclear Data

Quality control

Offline Mass

Separation

n
p

Production of Mass Separated Medical Radionuclides
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Chemical Separation of Mass Separated 
Medical Radionuclides

Zn coated gold foil

Al coated gold foil

Characterization of your sample 
before and after dissolution

- Amount of coating material
- Presence of isobars?
- Other impurities (tailing?)

Commercially-available non-carrier added 177Lu (ITM, Germany) 
Zn:  ≤0.1 µg/GBq with an activity concentration of 37.5 GBq/mL 

(80 µL 3 GBq 177Lu can contain 0.3 µg Zn). 

Due to the low activity concentration of the mass-separated samples
the chemical purity of the final samples should be very high!

For the mass-separated samples, you do not need to separate macro amounts of target materials 
and the desired radionuclide.
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Production of novel medical radionuclides from bench to bedside
Example of Terbium-161
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Radiopharmaceutical Development Pipeline

Ligand design

Authorities

Clinical 
Trials

Dosimetry 
studies

Preclinical 
Studies

GMP 
Process
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Radionuclide production Ligand design Preclinical Studies GMP Production Clinical Trials

Radiopharmaceutical Development Pipeline
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Logistics
presentation of

Clive Naidoo

Supply Chain
(high development cost)
enriched target material

Regulatory 
issues

Education 
and training

Production of 
patient doses

(scale-up)

Challenges

Production of novel radionuclides from bench to bedside
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1995

Tb161-DTPA-
octreotide

2023

Clinical Translation of Tb-161
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First Preclinical Study using Tb161
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2014

Tb161-chCE7

Tb161-DOTA-folate

Tb161-PSMA-617

Dual-isotope (Lu177-Tb161) 
SPECT imaging

Theoretical 
dose calculation 

(β- and AE)

20061995

Tb161-DTPA-
octreotide

First in human
Tb161-DOTATOC 

SPECT

2020

Activity 
standardisation

Half-life
measurement

2019

Tb161-production

2022

Precise activity 
measurement

2001

Theoretical 
dose calculation 

(for β-)

2021

Theoretical 
dose calculation 

(β- and AE)

Tb-161 DOTA-LM3

2023

First in human
Tb161-PSMA-617 

SPECT

Clinical Translation of Tb-161

2011

Tb161-production
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Terbium-161 clinical studies

2021 2023
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Tb-161 bench to bedside

2020

Activity standardisation

Half-life measurement

2019

Tb161-production

2022

Precise activity 
measurement

2011

Tb161-production

2023
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Precise activity measurement of Terbium-161
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Precise activity measurement of Terbium-161

>8.5% >14%

Different calibration factors should be used for each type of vial!
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Production of Terbium-161-DOTATOC

C. Favaretto et al., J Nucl Med, 64 (2023) 1138.

161Tb specifications until end of shelf-life (9 days after end of separation).

Based on GMP guidelines
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View from 

a producer side

View from 

a user side

(preclinical and clinical studies)

Regulatory  perspective

Novel Medical Radionuclides
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Before starting to develop your separation method: first, ask the right questions!!!!

Summary
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o Dissolution of the target? 

Characterization of the target 

o Aimed decontamination factors?

o Acidity and volume of the final solution?

Loading solution

Radiolabeling efficiency

Usage: preclinical/clinical

o Separation time?  Half-life of the desired radionuclide

o Available Kd data? Selection of the resins

o What should be separated?

Questions to be asked

o Aimed separation yields? EOB and EOS activities

To take into account: minimizing the radioactive waste volume & recycling the target material
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Page 76

Before starting to develop your method: first, ask the right questions!!!!

Most of the time, there is more than one way to separate different elements.

Summary

You should adapt your method based on the usage of your final product. 

If you aim to bring medical radionuclides to the final step (clinical studies), look at the big picture.
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PRISMAP
Radiolanthanides 

Workshop

3-5 September 2024 

77

Villigen, PSI

https://indico.psi.ch/event/15961/
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Thank You For Your Attention

Dr. Zeynep Talip

zeynep.talip@psi.ch
PRISMAP School on Radionuclide Production: 31.05.2024
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